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ABSTRACT

The central cholinergic system is thought [0 be an integral component of the

neural circuitry involved in mnemonic processes. The seplOhippocampal cholinergic

pathway is considered crucial in this respect. In addition. however. other

neurotransmiller systems are also likely involved in learning and memory either by

interacting with the cholinergic system or on their own. Dopamine is postulated 10 be

one such neurotransmiller. Accordingly. this thesis examines the possible interactions

between dopamine and acetylcholine in the hippocampus, in particular in relation to

cognitive processes.

llsing a fimbriaectomy / receptor autoradiography approach. we examined the

location of hippocampal dopamine reccptors and found that a proportion of dopamine

DI-Iike receptors are Iikely located on cholinergic terminaIs in the hippocampus.

Moreover, the stimulation of Ol-Iike, but not 02-like, receptors enhanced in vivo

hippocampal acetylcholine release, in a phasic manner. The loci for this action is

apparently at the level 'Jf the cholinergic terminais within the hippocampus.

There are at least IWO members of the DI-Iike family of dopamine receptors.

namely DI and 05 subtypes. Owing to the unavailability of selective ligands. we

utilized a combined antisense-in vivo dialysis approach in order to ascertain which of

these two receptors is involved in modulating hippocampal acetylcholine release. lt

appears that the 05 receptor subtype is responsible for this function. Interestingly,

this is the first evidence of a possible function for the dopamine D5 receptor subtype

in the mammalian brain.
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This dopaminergic modulation of hippocampal acetylcholine release is

preserved as the animal ages. Interestingly. stimulation of DI-like receptors

attenuated the memory deficits observed in aged rats in the Morris water maze task.

Thus the hippocampal dopamine-acetylcholine interactions likely have a cognitive

significance.

Finally. dopamine Dl-Iike receptors were also found in the hippocaml'al

formation of monkey and human brains. It is concelvable. therefore, that dopamine

acting via these receptors might serve similar functions in primates as those described

above for the rat.

Taken together. the results presented in this thesis provide information about

the hcteroregulation of the cholinergie synapses in the hippocampus. Most

importantly, this work suggests a novel approach to alleviate age-associated memory

deficits by stimulating D5 receptors.



•

•

viii

RESDIE

L'innervation cholinergique eSl considàée comme un élément essentiel des

voies nerveuses impliquées dans les processus mnésiques. En particulier. le faisceau

cholinergique septo-hippocampique jouerait un rôle primordial. Par ailleurs. d'autres

neurotransmelleurs seraient également impliqués soit directement ou en interaction

avec le système cholinergique. l.a dopamine est l'un des candidats. Le but de celle

thèse est donc d'examiner une évemuelle interaction entre la dopamine el

l'acétylcholine au niveau de la formation hippocampique. en relation notamment avec

les processus cognitifs.

Par tïmbriaectomie/autoradiographie des récepteurs. nous avons observé que

des récepteurs dopaminergiques de type DI som possiblement localisés sur les

terminaisons cholinergiques de l'hippocampe. De plus. la stimulation des récepteurs

de type DI. contrairement à celle des récepteurs de type D:!. augmente la libération

d'acétylcholine. et ce de manière phasique. Celle action serait localisée au niveau des

terminaisons cholinergiques situées dans l'hippocampe.

La sous-tàmille de type DI des récepteurs dopaminergiques comporte les

récepteurs DI et D5. L'absence de ligands sélectifs pour ces:! sous-types de

récepteurs nous a conduit à utiliser la combinaison "antisense-dia:yse in vivo" alÏn de

déterminer le sous-type impliqué dans la libération de l'acétylcholine. Les résultats

suggèrent que les récepteurs \)5 sont responsables de celle fonction. Cela constitue la

première démonstration d'un rôle possible des récepteurs D5 dans le cerveau des

mammifères.
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La modulation par la dopamine de la libération d'acétylcholine hippocampique

persiste chez lè rat âgé. La stimulation des récepteurs de type Dl atténue les détïcits

mnésiques observés chez le rat âgé dans le test de Morris. L'interaction entre la

dopamine et l'acétylcholine dans l'hippocampe semble donc être fonctionelle en

terme de comportement.

Enfin. nous avons observé que les récepteurs de type Dl sont présents dans la

formation hippocampique du singe et chez l'homme. Il est donc probable que la

dopamine, en interagissant avec ces récepteurs, exerce des fonctions similaires chez

le primate à celles décrites chez le rat.

En conclusion, les résultats présentés dans cette thèse fournissent des

informations sur "hétérorégulation des synapses cholinergiques dans l'hippocampe.

Ces travaux suggèrent une nouvelle approche dans le traitement des déficits

mnésiques par la stimulation des récepteurs D5.
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PREFACE TO CHAPTER 1

This general introduction discusses the basic characteristics of the central

dopamine and acetylcholine systems. First, the history, neurochemistry, anatomy and

receptors of dopamine are addressed. Next, the neurochemistry and receptors of

acetylcholine as weil as the anatomy and the possible functions of the

septohippocampal cholinergie innervation are discussed. In the final section, the

rationale and objectives of this thesis are set forth.
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1. CENTRAL DOPAMINERGIC SYSTEMS

1.1 Dopamine - A historyl

3-hydroxytyramine (dopamine. DA) is a neurotransmitter of great importance in

the central nervous system (CNS). The establishment of this facto however. has been a

rather recent event. relative to other c1assical neurotransmitters. In 1938 the enzyme

dopa decarboxylase was discovered and shown to be involved in the formation of the

catecholamines epinephrine (E) and norepinephrine (NE) with dopamine as an

intermediary (Blaschko, 1939; Holtz et al.. 1938). Due to an apparent weak

sympathomimetic activity, however. dopamine was not considered an active entity in

its own right. Rather, dopamine was designated as a precursor of the other two

catecholamines, namely E and NE.

AbOlit twenty years later, this picture altered drastically. In 1957 Montagu

isolated a compound that he termed "X" l'rom brain extracts with chromatographie

properties similar to dopamine (Montagu, 1957). Subsequently, as a resuh of a series

of monoamine depletion experiments utilizing reserpine, Blaschko, Carlsson and

colleages found dopamine to occur normally in the brain at levels comparable to NE

and proposed dopamine as an agonist in its own right in the brain (Carlsson et al.,

1958). Shortly afterwards, these and other investigators using techniques such as

histotluorescence showed a unique distribution profile for dopamine that was markedly

different l'rom NE (Carlsson, 1959). In particular, the highest amounts of DA were

found in the basal ganglia. Around this same lime period and in relatively quick

succession, a number of other discoveries were made which established DA as a

bonafide CNS active compound once and for ail.

1Base<! on reviews by Anden, 1979; Carlsson, 1987 and 1993
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For example. low levels of dopamine in the striatum of Parkinsonian patients

and a therapeutic effect of L-dihydroxyphenylacetic acid (the immediate precursor of

DA) in this disorder were demonstrated (Barbeau et al.. 1962; Birkmayer and

Hornykiewics. 1962; Ehringer and Hornykiewics. 1960). Most importantly. the major

neuroleptics (antipsychotics) such as chloropromazine and haloperidol were found to

accelerate the turnover of dopamine and this was interpreted as a negative feedback

response to postsynaptÎC dopamine receptor blockade (Carlsson and Lindqvist. 1963).

This. in part. ushered in the modern era of psychopharmacology.

Today, DA is implicated in a myriad of brain functions; both normal and

pathological. In most animais DA is thought to modulate a variety of processes

including motor, cognition, neuroendocrine regulation, arousal, feeding and addiction

among others. In addition, a growing list of neurological and psychiatric disorders such

as tardive dyskenisia, Gilles de la Tourette syndrome, Huntil'gton's chorea, bipolar

affective disorder, schizophrenia and hyperprolactinemia are tt..lUght to involve

dysfunctions of the dopaminergic system. These observation have served to underscore

the sigmficance of dopamine transmission in the CNS.
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1.2 Dopamine Neurocbemistry2

/.2./ General

To date the most extensive work has been carried out in the nigrostriatal DA

sytem. Although biochemical heterogcneity exislS among the various DA ccli groups.

cnough basic similarities exist between ail DA systems in terms of symhesis. release

and metabolism. Therefore. gcneral neurochemical characteristics of DA neurons.

which in most part are derived from the nigrostriatal system. are considered below.

/.2.2 Synthesis

Dopamine is symhesized from the essemial amino acid tyrosine which must be

transported across the blood-brain-barrier and into DA neurons. A number of

conditions including dietary restriction and the presence of other amino acids that

compete with tyrosine for transport into the brain can affect tyrosine availability and

thus dopamine synthesis. The first step in the formation of DA is the conversion of L

tyrosine to L-dihydroxyphenylalanine (L-Dopa) catalyzed by the enzyme tyrosine

hydroxylase (TH). This enzyme which appears to be a unique constituent of

catecholamine-comaining neurons and chromaffin cells is stereospecific and requires

molecular 02 and Fe2+. TH utilizes tetra-hydropteridine (DMPH4) as a cofactor in

the hydroxylation reaction of L-tyrosine. Next, L-dopa is converted to DA by L

aromatic acid decarboxylase. This enzyme requires pyridoxal phosphate (vitamin B6)

as a cofactor and has a very rapid turnover rate so that, under normal circumstances,

L-DOPA levels in the brain are negligible.

2Adaptedfrolll Cooper etai.. 1991; Roth and ElslVonh. 1987 and 1995



•

•

•

6

The rate limiting step in the biosynthesis of DA is the formation of L-dopa by

TH. Consequently. mechanisms for regulating DA levels involve primarily the

manipulation of the activity of this enzyme (Cooper et al.. 1991). Four such

mechanisms exist :

A) End-product inhibition : DA and other catecholamines inhibit TH activity by

displacing the DMPH4 cofactor from its binding site on the enzyme.

B) Colactor availability : TH activity is dependent on the availabilty of an adequate

concentration of the DMPH4 cofactor. Endogenous levels of DMPH4 are such that TH

is normally unsaturated with respect to this cofactor. Therefore, manipulation of the

formation of this cofactor provides a possible way to regulate the activity of TH.

C) Phosphorylation by impulse flolV : Dopamine neurons are similar to other

monoaminergic neurons in that they respond to increased impulse tlow by increasing

neurotransmitler synthesis. During periods of increased impulse tlow. the efficiency of

TH is increased primarily via a kinetic activation that increases the affinity of the

enzyme for its cofactor and decreases its affinity for the normal end product inhibitor,

DA.

D) Feed-back inhibition by synthesis-modulating autoreceptors: Stimulation of nerve

terminal, and possibly somatodendritic, autoreceptors inhibits DA synthesis.

Although, the mechanistic basis of this autoregulation is not weil established at the

present time, a reduction in TH phosphorylation has been sugge.~ted as a possibility

(Wolf and Roth, 1990). Interestingly, these autoreceptors are differentially expressed

in the various DA systems (see section 1.3).
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1.2.3 Release

DA is released in an exocytotic manner following action pOlential invasion.

The magnititude of DA release is a function of the rate and pattern of impulse tlow

(Bean and Roth. 1991: Gonon. 1988). Moreover. the rate of dopamine release is

coupled to ilS rate of synthesis. Generally. this release is regulated by aUlOreceplOrs

that appear distinct l'rom the synthesis-regulating-aUloreceptors discussed above.

Stimulation of these receptors. which belong to the D2-like family (see section

1.4.2.3). inhibilS DA release. In general. this is thought to be due to increased

potassium conductance and thu~ hyperpolarization of target cells (Wolf and Roth.

1990).

ln addition. however. there have been reporlS of a nonexocytotic mode of DA

release (Arbuthnott et al.. 1990; Fischer and Cho. 1979: Heikkila et al.. 1975: Raiteri

et al.. 1979). This is a carrier-mediated process by which DA is either accumulated

(see section 1.2.5) or released depending on the existing concentration gradient. This

process is inhibited by drugs such as cocaine and nomifensine which inhibit DA

uptake. At the present time it is not fully c1ear if the same protein is involved in both

uptake and release.

1.2.4 Metabolism

Following release, the action of DA is terminated by reuptake into the

presynaptic terminaIs via a high-affinity transporter (section 1.2.5). Once inside the

neuron, dopamine is either packaged into synaptic vesicles for rerelease or catabolized

into dihydrophenylacetic acid (DOPAC) by intraneuronal monoamine oxidase (MAO).

This enzyme which converlS catecholamines to their corresponding aldehydes is

intraneuronally found in a pa.·ticle-bound form, largely localized in the outer
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membrane of mitochO!ldria. In human and rat brains MAO exis[s in at least IWO forms

designated type A and B based on substrate specitïcity and sensitivity to inhibitors.

However. DA appears to be a good substra[e for both forms of the enzyme.

Next. the MAO-generated DOPAC diffuses l'rom the neuron and is converted

into homovanillic acid (HVA) by extraneuronal catechol-o-methyltransferase (COMT).

COMT is a relatively nonspecific enzyme that catalyzes the transfer of methyl groups

l'rom S-adenosyl methionine to the m-hydroxyl group of catecholamines and various

other catechol-containing compounds. In addition [0 S-adenosyl me[hionine. this

enzyme requires Mg2+ for activity. In sorne instances. released DA is converted

extraneuronally into 3-methoxytyramine (3-MT) by COMT and in tum into DOPAC

by extraneuronal MAO. The major DA metabolite is HVA in primates and DOPAC in

rut. Changes in the concentration of these metabolites have been used extensively as

indices of DA neuronal activity.

Manipulation of the enzymes involved at this stage of the Iife cycle of DA

influences transmiuer dynamics (Fig 1). For instance, inhibition of MAO by drugs

such as pargyline or COMT by tropolone increases DA levels. However, although such

drugs provide useful pharmacological tools for modifying DA activity, their actions are

not confined to DA neurons but will also interact with other catecholamines.
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1.2.5 DA Traflsporre,J

The dopamine plasme membrane transponer (DAT) is a unique constitueJ1[ of

dopaminergic nerve terminais. DAT is a glycoprotein with an apparent molecular

weight of approximately 80 kd. It is a member of a family of substrate-specitic. high

aftïnity membrane transponers. The functions of DATare temperalure and Na + ICI +

dependent and can be inhibited by various pharmacological agents. including cocaine.

DAT is capable of transponing DA in either direction depending on concentration

gradient. Therefore. in addition to DA-action-termination. DAT can panicipate in the

release of this neurotransmitter. Recently. the DAT gene has been cloned l'rom rat.

bovine and human brains (KiltYet al.. 1991; Shimada et al.. 1991; Usd in et al.. 1991;

Vanderbergh et al.. 1992). Ba~ed on sequence information. DAT is postulated to

contain twelve putative transmembrane domains of 20-24 amino acids. Moreover.

DAT is differentially distributed. has differential glycosylation patterns and probably

dissimilar kinetic propenies in the various central dopaminergic systems (see section

1.3). Although. the mechanism of transport of this carrier is not established at the

presem time. a sequemial binding of ions and substrate leading to a conformational

change whereby the extracellular binding fàce of the protein is flipped imracellularly

has been (.'ostulated (Hoffman. 1994)

3Recently reviewed by Boja et al.. 1994; Hojfmall. 1994
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Fig 1. Schematic model ofa prototypic dopaminergic nerve tenninal illustrating
the life cycle of dopamine and mechanisms which modulate dopamine synthesis
and release. Adaptedfrom Roth and Elsworth, 1995.
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1.3 I.Iistribution of CentraI Dopaminergic Innervation

1.3.1 General

Since the original histochemical detection of monoamine-containing neurons in

the brain during the 1960'5, considerable advances have been made in delineating the

anatomy of CNS DA neurons. The advent of modern neuroanatomicaI techniques from

histofluorescence to immunocytochemistry to retrograde tracing has led to the

appreciation of the striking heterogeneity of these neurons. DA subsystems can be

distinguished on the basis of various criteria including the location of the projecting

neurons, intrinsic characteristics of these neurons (such as shape, dendritic

arborization, colocalization of other neurotransmitters and the presence of

autoreceptors), extrinsic afferents, area of projection and their reactivity to

pharmacological and enviromental manipulations (Roth and Elseworth, 1995). On

these bases, the central dopamine systems have been variably divided in to as many as

twenty or more subsystems. For the purposes of this thesis, however, only IWO general

divisions are made and briefly discussed. These are : the dopamine neurons of

midbrain origin collectively called the mesotelencephalic dopamine system and those

with their cell bodies in the hypothalamus.

1,3.2 Mesotelencephalïc DA SYSte1n4

The dopamine neurons of the ventral mesencephalon are popularly designated

AS, A9 and A10 following the original classification of catecholamine-containing

neurons by Dahlstrom and Fuxe (1964). The A9 (substantia nigra par compacta, SN)

cells project principally to the striatum whereas those of A10 (ventral tegmentum,

VTA) provide the main dopaminergic projection to mesocortical and mesolimbic areas

4Based on review by Roth and Eisworth, 1987
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of the brain. The A8 (retrorubral field, RRF) DA neurons contribute to the

nigrostriatal and mesolimbic but not mesocortical projections. [t is important to point

out, however, that there are no c1ear anatomical boundaries between these subsystems

and in fact there are considcrnble overlaps between their areas of projection. At best,

these systems might be thought of as interdigitating.

Recently, a number of brain areas that were previously considered devoid of

DA input were shown to contain DA terminais. One such structure is the hippocampus

(Verney et al., 1985). ln the rat, the hippocampus receives relatively sparse DA

innervation arising mainly from the VTA but a[so in part from the SN. The temporal

(ventral and caudal) part of the hippocampal formation receives the bulk of the

dopaminergic innervation whereas no fibers were observed in the septal pole. Very few

positive axons are visualized in the hilus of the gyrus dentatus and the CA3 field. The

most innervated area is the ventral part of the subiculum, in particular the

prosubiculum. The ventral CA 1 field (stratum oriens) also receives dopaminergic

innervation. The presence of dopaminergic innervation in the hippocampa[ formation

provides the basis of this thesis (see section 3).

There are considerable pharmacological differences between members of the

mesotelencephalic DA systems. Many of these differences appear to be as a

consequence of autoreceptor function. For example, although ail nigrostriatal,

mesocortical and mesolimbic neurons examined to date possess neurotransmitter

release-regu[ating autoreceptors, this is not the case when DA-synthesis-regulating

autoreceptors are considered. The dopamine neurons which project to the cingulate and

prefrontal cortîces as weil as the amygdala appear to be devoid of this type of

autoreceptor. Generally, DA autoreceptors are pharmacologically c1assified as D2-like

type (see section 1.4.2.3). It is possible that synthesis-regulating and release-regulating
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autoreceptors belong to two distinct protein receptors of the D2-like family.

Alternatively. the same receptor species which is nevertheless coupled to different

second messenger systems in the various tissues could be involved in these two

different functions. Finally. midbrain DA neurons also differ in the nature of their

interaction with other neurotransmitters.

ln general. the nigrostriatal pathway is thought to be responsible for motor

control and the degeneration of the DA cell bodies in the pars compacta of the

substantia nigra leads to Parkinson's disease. The mesocortical and mesolimbic DA

systems are thought to be involved in cognition, learning and memory as weil as

motivated behaviors and reward. Dysfunction of these latter two systems is implicated

in a number of psychiatric disorders incluoing schizophrenia.

1.3.3 Hy'pothalamic DA Sy.stem

The anatomy and functional properties of DA neurons in the hypothalamus have

been extensively reviewed recently (Moore and Lookingland, 1995). ln brief, four

subdivisions of this system are currently recognized. The best studied of these

comprise the tuberoinfundibular dopaminergic system (TIDA) whose cell bodies are

located in the mediobasal hypothalamus with projections terminating in the external

layer of the median eminence. The second set of neurons are located in rostral

periventricular nucleus. These neurons are designated as incertohypothalamic ((HOA)

and project out of the hypothalamus to such areas as the central nucleus of the

amygdala. Next, are the periventricular-hypophysial dopaminergic neurons (PHDA)

with cell bodies in the periventricular nuclei projecting to posterior as weil as

intermediate lobe of the pituitary. The remaining periventricular DA neurons project

laterally into adjacent regions such as the medial preoptic and anterior hypothalamus.
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There are number of unique neurochemical characteristics of hypothalamic DA

systems when compared to their mesotelencephalic counterparts. For example. DA

neurons such as those from the TIDA do not form synapses but rather release DA

directly into perivascular spaces in the median eminence and thus into the blood of the

hypophysial portal system. Furthermore, the dopamine uptake system in TIDA and

PHDA has a lower affinity for DA than the nigrostriatal pathway. This could in part be

because since DA from these hypothalamic neurons is carried to a distant site of action

by the blood stream. a different mode of action-termination is required other than

reuptake in to the releasing terminaIs, as is the case for the nigrostriatal pathway.

Here, an alternate mode of signal transmission than the classical synaptic one is called

fOi. This is termed volume transmission and has been amply demonstrated in the TIDA

system. Interestingly, the hippocampal dopaminergic innervation has been postulated to

utilize a similar mode of transmission.

There are also differences between the various hypothalamic dopamine

subsystems. The activity of TIDA neurons is not controlled by autoreceptor-mediated

mechanisms whereas that of IHDA neurons is. In this respect, IHDA neurons resemble

the nigrostriatal neurons rather than the anatomically related TIDA neurons. TIDA

neurons regulate the release of prolactin from the anterior pituatary and arc, in part,

regulated by this hormone. PHDA neurons modulate the release of various hormones

including a-melanocyte stimulating hormone and their activity is sensitive to changes

in blood osmolarity. The functions of the two other hypothalamic DA subsystems are

currently unkown.
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1.4 Dopamine Receptors

/.4./ A Historical Prespective

The concept that most drugs. hormones and neurotransmitters produce their

biological effects by interacting with receptor "substances" in cells was introduced by

Langley as early as 1905. This was based on the observation that sorne drugs mimicked

while others prevented biological response. Today. this concept forms a cornerstone in

biologyand macromolecules that fit receptor criteria have been identified, isolated and

c10ned for a long Iist of molecules, including neurotransmitters.

Two years following the identification of DA as a bonafide transmitter in the

central nervous system, the existence of specifie receptors for this amine was suggested

(Ernst, 1965; van Rossum, 1966). Soon, it was discovered that DA stimulates the

activity of the enzyme adenylate cyclase (AC) and this property was used as an indirect

method to assay for DA receptor function (Brown and Makman, 1972; Kebabian et al.,

1972; Kebabian and Grcengard, 1971; McAfee et al., 1971). However, not ail the

actions of DA couId be Iinked to this enzyme and thus the idea of multiple DA

receptors was introduced.

The advent of specifie radioreceptor assay in the mid 1970's revolutionized the

study of receptor functions, including those of DA (Burt et al., 1975 and 1976; Creese

et al., 1975; Seeman et al., 1975). Based on the differential potencies of a series of

agonists and antagonists, DA receptors were c1assified (and practically, this

classification is still valid today) into two genera1 subtypes, namely DI-Iike and D2

Iike (Kebabian and Caine, 1979). In this schema, DI-Iike receptors were responsib1e

for the stimulation of AC and had a low affinity for butyrophenone neuro1eptics,

whereas D2-like receptors had no effect on or inhibited AC and possesses high affinity
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for butyrophenones and substituted benzamides (Kebabian and Caine. 1979; Stoof and

Kebabian. 1984).

The next major advance in DA receptors came from molecular biology with the

development of c10ning techniques in the 1980·s. To date. at least five functional DA

receptor subtypes have been c10ned from a variety of species and tissues. There are

many recent excellent reviews dealing with different aspects of DA receptor properties

(Jackson and Westlind-Danielsson. 1994; Gingrich and Caron. 1993; Niznik and Van

Toi. 1992; Strange, 1991;). Based on these reviews and for the purposes of this thesis

sorne of these characteristics are summarily discussed below.

1.4.2 Dopamine Receptor Sub!Jpes

1.4.2.1 General Features

DA receptors belong to the superfamily of G-protein-coupled receptors which

includes among many others B-adrenergic. muscarinic and rhodopsin receptors. From

the amino acid sequence, a general topology is predicted for the members of this

family (Fig 2). This topology is characterized by extracellular N-terminus. an

intracellular carboxyl tail and the putative presence of seven trans-membrane (TM)

helices which would form a narrow dihedral hydrophobic c1eft surrounded by three

extracellular and three intracellular loops. The TM helices are believed to form the

major binding determinants for this c1ass of receptors. Based on chimeric and deletion

studies, the third cytoplasmic loop is proposed to confer interaction with G-proteins

(reviewed by Dohlman et al., 1991). SeveraI structural features which allow for post

transational modifications or potential regulatory control are common between the G

protein coupled receptors. These include, the presence of asparagine-Iinked (N-Iinked)
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glycosylation sites. consensus sites for phosphorylation by regulatory kinases and a

conserved cysteine in the carboxyl tail where anchoring via palmitolylation is thought

to occur, thus giving rise to a possible fourth cytoplasmic loop (O'Dowd et al.. 1989).

ln addition, ail of the DA receptor subtypes share several conserved residues within

their TM region which are thought to be the minimal requirement for catecholamine

binding: the two serine residues in the putative tïfth TM segment thought to be

involved in recognition of the two hydroxyl groups of catecholamines and the aspartic

acid residue in the third TM segment, which is thought to act as a counterion for the

amine moiety in biogenic amines (Strader et al.. 1987 and 1989).

•
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Fig 2. A representative model of G-binding protein topography.
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1.4.2.2 DI-like DA Receptors

On the basis of structural, biochemical and pharmacological similarities, two

DA receptors belong to this tamily, namely DI (Dia) and 05 (Dib). The DI gene is

found on chromosome 5 (Sunahara et al., 1990) and the 05 gene locus is on the short

arm of chromosome 4 (Tiberi et al., 1991). These two DI-like receptors share an

overall sequence homology of 60%. When this comparison is restricted to the

hydrophobic TM regions the homology increases to about 80 %. In common with most

other G-protein coupled receptors, 01105 receptors lack introns in their coding region,

although the DI gene has been reported to contain an intron in the 50 untranslated

region (Minowa et al., 1992). When compared to other members of DA receptor

family, 01105 receptors have a relatively short intracellular loops and long carboxy

terminais. This structural arrangement is common among receptors that function by

signalling via the G-protein Gs (Strange, 1993).

A unique property of the 05 receptor is the presence of two pseudogenes in the

human genome (Grandy et al., 1991; Nguyen et al., 1991; Weinshank et al., 1991).

These two pseudogenes contain an 8-base-pair insertion that leads to a frame shift and

a premature stop-codon, and thus a truncated and presumably nonfunctional receptor.

So far, these pseudogenes have been demonstrated only in humans, suggesting that the

evolution of these genes might be a recent event restricted to primates.

The similar structure of these two receptor subtypes leads to similar

pharmacological profiles. Both DI and 05 receptors bind benzazepine ligands such as

SCH 23390 and SKF 38393 and their analogues with high affinity anà have a low

affinity for butyrophenones (spiperone, haloperidol) and substituted benzamides such

as sulpiride (Niznik and Van Toi, 1992). Interestingly, however, these two receptors

have different binding affinities for the endogenous ligand, DA. In transfected cells,
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the 05 receptor has a 3 10 10 fold higher aftinity for DA than the Dl receplOr

(Sunahara et al.. 1991). At present. there are no known compounds (with the exception

of DA. of course) that can sufficiently distinguish between the two members of the 01

like family. This situation, in part, frustrates attempts to assign specific functions to

either subtype.

The free energy of binding of DA to its receptors initiates a ca~cade of events

that result in the external information carried by the DA molecule being transduced

over the plasma membrane and then translated into an intracellular response. The first

step in this cascade is mediated by molecules collectively termed second messengers.

The adenylate cyclase (AC) system is the earliest discovered second messenger system

(Rail and Sutherland, 1962). The pharmacologically-defined Dl-Iike receptors were

originally shown to stimulate AC activity. Subsequently, both cloned members of this

tàmily were shown to do the same via interaction with Gs G-proteins (Dearry et al.,

1990; Grandy et al 1991; Monsma et al., 1990; Sunahara et al., 1990 and 1991; Tiberi

et al., 1991; Zhou et al., 1991), Currently there are controversial suggestions of other

second messenger systems being coupled to the 01105 receptors, in particular the

activation of phospholipase C (Jarvie et al., 1994). Alternatively, it is possible that

there are additional as-yet-uncloned subtypes of this family of DA receptors that signal

via systems other than the AC pathway.

The Dl subtype is the most abundant DA receptor in the brain. The mRNA of

this receptor (4.2 Kb) is widely distributed in the mammalian brain (Fremeau et al.,

1991; Sunahara et al., 1991; Tiberi et al., 1991; Weiner et al., 1991). High levels of

DI mRNA are found in the caudate-putamen, nucleus accumbens, the olfactory

tubercule, amygdala and island of Caleja whereas lower levels are detected in the

septum, hypothalamus, cortex and hippocampus among other regions. In general, the
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distribution of the DI receptor protein ascertained by autoradiography and

immunocytochemistry agrees weil with that of the mRNA. A c1ear exception to this

rule is the substantia nigra where high levels of DI receptors but sparse or nonexistent

DI mRNA are found (Fremeau et al., 199\). Il is thought that these Dl receptors

function as presynaptic heteroreceptors on striatal projections whose cell bodies contain

abundant DI mRNA.

The D5 receptor mRNA (3.0-3.7 Kb) is expressed at a level that is many folds

lower than the Dl subtype. Moreover, unlike the DI receptor, the distribution of the

D5 receptor is reportedly highly restricted. The D5 mRNA is detected only in the

hippocampus, the hypothalamus and the parafascicular nucleus of the thalamus (Tiberi

et al., 1991). Nevertheles, a recent higher resolution immunoctyochemical evidence in

primate brain has shown the presence of D5 receptor protein in additional structures

such as the cortex and caudate (Bergson et al., 1995a). However, there is a possibil ity

that the antibodies utilized in these studies might be labelling other proteins in the

mammalian brain that have similar epitopes as the D5 receptor. At any rate, at the

present time it appears that D5 receptor brain distribution might not be as restricted as

had been proposed originally.

Both Dl and D5 receptors have been found at extra-synaptic sites such as cell

bodies and have been proposed to partake in nonsynaptic modes of communication,

namely volume transmission (Bergson et al., 1995b, Smiley et al., 1994).

Interestingly, the Dl and D5 receptor proteins are frequently co-expressed in the same

pyramidal neurons both in the neocortex and hippocampus, However, although the

distribution of the two members of the Dl-like family overlaps somewhat, at higher

resolution, a differential and distinct cellular and subcellular localization is observed
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(Bergson el al.. 1995a). Therefore. allhough DI and 05 receplors have similar

pharmacologica! properties. lhey are mosl likely nol funclionally redundalil.

1.4.2.3 D2-like DA Receptors

This family of DA receplors conrains al leasl lhree sublypes. namely 02. 03

and 04 (DaI Toso el al.. 1989; Sokoloff el al.. 1990; Van Toi el al.. 1991). Each of

lhese receplors is similar in size. conraining aboul 420 amino acids wilh 120 of lhese

amino acids identical. giving an overall homology of 30%. This sequence homology

rises to between 51 % to '15 % when the TM segments are considered. The common

structural elements of these receptors include a similarly sized amino terminus. a large

third cytoplasmic loop and a very short carboxy rail terminating at the same cysteine

residue. This type of structure appears to be characteristic of receptors that couple to

Gi (see below).

The inclusion of introns in the protein coding region distinguishes the D2-like

receptors from most members of the G-protein coupled superfamily. The 02 receptor

coding region is interrupted by five to six introns (Dai Toso et al.. 1989; Selbie et al.,

1989), the 03 by five (Sokoloff et al.. 1990) and the 04 receptor by four introns (Van

Toi ct al., 199\). Furthermore, most of the introns in the D2-like receptor genes are

located in similar positions, indicating a common phylogenic origin. [ntrons are

thought to allow the generation of receptor variants by alternative splicing. For

example, the 02 receptor exists in two alternatively spliced forms (Dai Toso et al.,

1989), These two receptor isoforms differ by the inclusion in one of additional 29

amino acids in the third cytoplasmic loop. Splice variants of 03 receptor have also

been detected (Giros et al., 1991). Thus far, no alternative spliced products of the 04

receptor have been reported.
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Ali members of the 02-like family bind butyrophenones (e.g. spiperone) and

substituted benzamides (e.g. sulpiride) with high affinity and show exceedingly low

affinity for 01 prototypic compounds such SCH 23390 and SKF 38393 (Niznik and

Van ToI. 1992). Interestingly. 02 and 04 but pot 03 recept(lrs exhibit agonist-binding

profile sensitivity to guanine nucleotides. Unlike the 01 family. there are several

antagonists that can distinguish between the different members of the 02 family. For

example. the compound 7-0H-OPAT is under certain conditions selective for the 03

receptor whereas the atypical neuroleptic. c1ozapine. has the highest affinity for the 04

subtype (Sokoloff et al.. 1992; Van Toi et al.. 1991) .

The 02 receptor inhibits adenylate cyclase via interaction with Gi/Go proteins

(Ouman and Nestier. 1995). Ouring the last fifteen years, however, many other second

messenger systems have been shown to couple with the 02 receptor (Memo, 1992;

Vallar and Meldolesi. 1989). These include, the phospholipase C pathway, arachidonic

acid and metabolites. Na+/K+-ATPase. the Na+/K+ antiporter and several distinct

K+ and Ca2 + currents. ln contrast, the second messenger systems coupled to 03 and

04 receptors are not as c1ear. This may arise, in part, from the nature of the G-protein

complement of the cell systems used for transfection of these receptors as weil as the

unavailabilty of tissues that express one subtype exclusively. At any rate, the 04

receptor subtype has been reported to couple to inhibition of AC activity (Tang et al .•

1994) whereas the second messenger system involved in transducing the OA signal via

the 03 receptor is essentially unknown, at the present time.

The members of the 02-like family exhibit differential distribution patterns.

The 02 subtype is the most abundant of this c1ass of receptors in the brain (Bunzow et

al., 1988; Giros et al., 1989; Meador-Woodruff et al., 1989; Mengod et al., 1989;

Monsma et al., 1989 and 1990; Mansour et al., 1990; Najleranim et al., 1989; Weiner
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and Brann 1989: Weiner et al.. 1991). High 02 mRNA (2.9 Kb) levels are found in

the basal ganglia structures such as the caudate-putamen. nucleus accumbens and

oltàctory tubercle but also in septal reg ions. amygdala. mammilary nucleus and a

number of regions in the mesencephalon. Lower levels have been reported in cortical

and hippocampal areas. In general. there appears to be no signitïcant differential

distribution between the two 02 receptor isoform3.

The 03 and 04 receptors are expressed at a level which is one to two orders of

magnitude less than the 02 receptor (for a recent review see Jackson and Westlind

Oanielsson. 1994). 03 mRNA (8.3 kb) levels are reportedly abundant in the island of

Calleja. vertical limb of the diagonal band. the bed nucleus of the stria terminalus.

sorne thalamic nuclei and the medial mammilary nucleus. The mRNA for the 04

subtype is enriched in the frontal cortex. amygdala. oltàctory bulb. mesencephalon and

medulla oblongata. Receptor protein localization slUdies. generally. agree with this

overall distribution prome of the mRNA for the members of the 02-like family.

1.4.3 Dl and D2 Receptor lnteractions

There is an extensive body of behavioral. ~Iectrophysiological and biochemical

evidence that documents the existence of a functional interaction between 01-like and

02-like families of OA receptors (for a recent review see Waddington et al.. 1994).

The nature of this interaction varies from synergistic to co-operative to antagonistic and

is apparently species specifie (Waddington. 1993). Conceptually. two possibilities exist

as to the basis of this phenomenon. Either the interacting 01-like and 02-like receptors

are anatomically linked or communicate downstream via more integrative mechanisms.
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ln support of the tirst possibility. in situ hybridization studies of DI and

D2 mRNA have suggested that both receptors may be at times co-expressed in the

same neurons in areas like the striatum (Lester et al.. 1993: Mansour et al.. 1991:

Weiner et al.. 1991). There is also evidence that these two families of receptors

interact at the level of the transduction mechanisms such as the regulation of AC

activity (Waddington et al.. 1994). Although the mechanistic basis for this interaction

is not clear at the present time. it has been suggested that colocal ized D I/D2 receptors

may share the 6T subunit of the heterotrimeric G-protein used in their respective

signalling mechanisms (Seeman et al.. 1989). The shuuling back and forth of the 6T

subunit between the two receptor subtypes is thought to represent a possible mechanism

via which occupancy of this subunit by one receptor subtype keeps the other receptor

subtype in astate that has low affinity for DA. in effect desensitizing the receptor.

As it relates to the integrative concept. there is a very pertinent

neurochemical example, considering the nature of this thesis. This is the regulation of

striatal hippocampal acetylcholine (ACh) release by DA (for review see Stoof et al..

1992; Lehmann and Langer, 1983; This thesis. General Discussion). The activation of

D2 receptors inhibits striatal ACh release locally within the striatum. In contrast, DI

receptor activation reportedly stimulates striatal ACh release by an indirect mechanism

via action on cells other than cholinergie interneurons (but see General Discussion).

Finally. the individual member(s) (i.e DI-D5) of the DI-Iike and D2-like receptor

families involved in these functional interactions is(are) not clear at the present time.
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2. CENTRAL CHOLINERGIC SYSTEMS

2.1 General

The neurophysiological activity of ACh has been known since the turn of the

century and its neurotransmiller role since the mid-1920's (for review see Holmstedt.

1975). It is ironic. therefore. that the deliaeation of the property of the systems

subserved by this substance lagged behind those of other more recently identified

neurotransmiuers. such as the biogenic amines. In the last two decades. as a result of

the introduction of sophisticated methods to identify ACh. there has been an explosion

in knowledge concerning the anatomy. chemistry. pharmacology and functions of

central cholinergic neurons.

Currently, cholinergic action is intimately implicated in a wide array of central

processes including motor functions, nociception, temperature regulation, water intake

as weil as more species-specific behaviors such as grooming, aggression, social play,

response to novelty and sexual behaviors (for review see Bartus et al., 1987) ln

addition, more complex behaviors such as depression, delerium, response to stress,

arousal, sleep and dreaming as weil learning and memory have been shown to have a

cholinergic component. Most aspects of the biology of the central cholinergic systems

have been recently reviewed extensively (Arneric et al., 1995; Ehlert et al., 1995;

Mesulam, 1995; Reiner and Fibiger, 1995; Richelson, 1995). For the purposes of this

thesis, only key characteristics of the biochemistry of the central cholinergic systems

and the anatomy as weil as possible functions of the hippocampal cholinergic

innervation are considered below.
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2.2 Acetylcholine NeurochemistryS

2.2./ ACh SV1llhesis

ACh is synthesized from acetyl coenzyme A (AcCoA) and choline. The AcCoA

used for this reaction is thought to be derived from glucose or citrate metabolism.

Regardless of its source, AcCoA is primarily synthesized in mitochondria and is

transported out into the cytoplasm where ACh synthesis occurs. On the other hand,

choline is transported to the brain primarily by the blood, although ACh hydrolysis and

membrane phospholipids can also serve as sources. Choline crosses cell membranes

primarily by a high-affinity carrier mediated transport thought to be specifie to

cholinergie neurons but also via a low-affinity non-specifie passive diffusion process.

The synthetic reaction of ACh wherein an acetyl group is transferred from

AcCoA to choline is catalyzed by the enzyme choline acetyl-transferase (ChAT)

(Nachmansohn and Machado, 1943). In vivo, ChAT, a protein of 66-70 kD molecular

weight, is likely present in the cytoplasm in a soluble form (Benishin and Carroi,

1983). In addition, however, a particulate form of ChAT with kinetic characteristics

similar to those of the soluble form has been identified (Benishin and CarroI, 1983).

There are three mechanisms for regulating ACh synthesis; feedback inhibition

by ACh of ChAT, mass action and the availabilty of AcCoA and/or choline. Of these,

the major regulatory factor is thought to be choline levels and thus high-affinity choline

transport.

5Based on reviews by Cooper et al.• 1991: Israel alld DImont, 1993: Massol/llie et 011993
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2.2.2 AC/z Release

Most of the newly synthesized ACh is packaged into vesicles. This is an active

process driven by an outward prolOn gradient that is generated by a bicarbonate

activated Ca2+ or Mg2 + ATPase. These vesicles serve as storage depots but also

participate in evoked release via exocytosis. Depolarization results in Ca2+ influx into

the neuron which eventually leads to the ACh-containing-vesicles in opposition to the

terminal to fuse with the presynaptic membrane thus releasing ACh into the synaptic

clef!. Subsequently, the presynaptic membrane is pinocytotically recaptured, vesicles

resynthesized and repleted with ACh for the next quantal release.

There is another pool of ACh, however, that is found in the cytoplasm (Israel

and Dunant, 1979). It has been proposed that evoked release occurs from thisfree

cytoplasmic pool via a gating mechanism in the plasma membrane (for review see

Israel and Dunant, 1993). AIthougli ail the steps in this gating mechanism are not

clearly understood at the present time, a protein named mediatophore which was

originally isolated from the Torpedo electric organ but also found in mammalian

nervous tissue has been implicated in this process (Israel et al .. 1986). When this

protein is incorporated into ACh-loaded proteoliposomes, the addition of calcium and

the calcium ionophore A23187 to the medium triggers the relcase of the transmitter.

Similar to DA, there are presynaptic release-regulating autoreceptors on the

cholinergie synapse (for review see de Lorez Arnais, 1993). These receptors belong to

the muscarinic family of cholinergie receptors and are pharmacologically classified as

M2-like (see section 2.3). At the present time, it is not clear which of the two subtypes

(m2 or m4) of these M2-like muscarinic receptors is responsible for this action. In

general, the stimulation of these receptors inhibits whereas their antagonism increases

ACh release.
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Through the years. there have been a number of methods employed in studying

ACh release. In 1938, Mann, Tennenbaum and Quastel demonstrated the synthesis and

release of ACh in cerebral cortical slices. Since then this method has been extensively

used. Another in vitro approach upon which much of the current understanding on the

release of ACh from the brain is based involves the use of nerve ending particles.

synaptosomes. There have also been a number of allempts to measure ACh release in

vivo which culminated in the technique of microdialysis (Westernik et al., 1987).

Microdialysis is a relatively new technique that is now being used to determine

cholinergie activity in awake and freely moving animais. In brief, this procedure

involves the stereotaxie implantation of a small dialysis membrane in the brain of an

experimental animal. Perfusion of the dialysis tube with a physiological solution forms

a c10sed flow system, which is separated from the nervous tissue. Small molecules

which have dialysed through the membrane can then be collected in the effluent

dialysate. The dialysate is assayed for ACh in a variety of ways. In addition, this

technique is suitable for the application of minute quantities (through the dialysis

probe) of pharmacologically active compounds to restricted brain regions. Brain

dialysis, which is extensively employed in the current thesis, offers considerable

promise for measuring basal and evoked ACh release under various experimental

conditions.
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2.2.3 AC/z Metabolism

The action of ACh is terminated by its hydrolysis to choline and acetic acid. In

the brain, this reaction is catalysed primarily by the enzyme acetylcholinesterase

(AChE). AChE occurs in both water-soluble and membrane bound state and is one of

the most efficient enzymes extant. ft has a turnover of 150 microseconds, equivalent to

hydrolyzing 5000 ACh molecules per second per enzyme molecule. In other words,

most of the released ACh is catabolized very rapidly. Therefore, in most studies

examining the release of ACh, at least a partial inhibition of this enzyme is required to

obtain measurable ACh levels.

2.3 Cholinergie Reeeptors6

Actions of acetylcholine are mediated via two quite distinct classes of receptors,

namely muscarinic (mAChRs) and nicotinic (nAChRs). These two classes of

cholinergie receptors were originally defined on the basis of tissue response to certain

agonists and antagonists (Dale, 1914). Either a mimic or antagonism of acetylcholine

response caused by the alkaloids muscarine and atropine, respectively, characterized

mAChRs. On the other hand, nAChRs were defined by an acetylcholine-Iike response

induced by nicotine and the blockade of cholinergie response by d-tubocurarine.

Today, much more is known about both classes of cholinergie receptors.

In the CNS, the majority of cholinergie receptors belong to the mAChRs type.

To date, five (m 1-m5) mAChRs subtypes have been cloned and shown to exist in the

CNS (for recent review see Ehlert et al., 1995). Like the DA receptors, mAChRs

belong to the family of G-protein binding seven-transmembrane-domain receptors.

Moreover, as is the case with the dopaminergic receptor family, there are no ligands

6Reeently reviewed by Amerie et al.. 1995: Eh/ert et al.. 1995
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that can identify each mAChR exclusively. ln general, mAChRs are classitïed in to

two pharmacological groups; MI-Iike (m 1, m3 and mS) and M2-like (m2 and m4).

ln contrast, nAChRs are ligand-gated ion channel receptors composed of

multiple subunits (Arneric et al., 1995). To date, ten genes encoding putative subunils

of neuronal nAChRs have been identified in the mammalian brain. This provides for a

multitude of potential combinations suggesting that many functional subtypes of

neuronal nAChRs are possible. However, the negative connotations associaled with the

use of nicotine in tobacco products and the ensuing health problems diminished inlerest

in nAChRs. Recent reports implicating nAChRs in cognitive processes (Arneric and

Williams, 1993) have rekindled interest in these receptors and their pharmacology is

beginning to emerge.

2.4 The Septo-hippoeampal Cholinergie System

2.4./ Anatomy

Neurons in the basal forebrain provide cholinergie innervation 10 the

hippocampal formation (Semba and Fibiger, 1993), Specifically, neurons in the medial

septum and the vertical Iimb of the nucleus of the diagonal band of Broca provide this

innervation via the fimbria-fornix. The principal hippocampal cells, pyramidal neurons

and granule cells, receive dense cholinergie innervation. The septo-hippocampal

cholinergie fibers form a pericellular plexus around the bodies of these cells and make

symmetric synaptic contacts on the cell bodies of both types of neurons. Cholinergie

fibers are also found in ather layers such as the stratum oriens, and stratum radiatum of

the hippocampus as weil as the molecular layer of the dentate gyrus where they make
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contacts on dendritic shafts and spines. The target cells also include GABAergic and

peptidergic nonpyramidal neurons.

2.4.2 FUllctïol/s

Because most regions of the hippocampal formation receive intense cholinergic

innervation, many aspects of hippocampal function are influenced by cholinergic

neurotransmission. Paramount among these are the neural mechanisms underlying

mnemonic processes. The hippocampal formation has been Iinked to memory function

especially since patient H. M. was first described (Scoville and Milner, 1957). This

patient exhibited a severe anterograde amnesia that was dissociated from other

perceptual and cognitive abilities following a bilateral surgical removal of the medial

temporal lobe. Since then, similar observation have been described in cases involving

damage restricted to the hippocampus proper (Zola-Morgan et al., 1986; Victor and

Agamanolis, 1990). In addition, a hallmark of Alzheimer's disease (AD) is the

profound loss of cortical and hippocampal cholinergic innervation and the

concommitent memory deficits (Davies and Maloney, 1976; Coyle et al., 1983).

These c1inical observations are backed up by a wealth of evidence from experimental

animais including non-human primates and rodents (for review see Zola-Morgan and

Squire, 1993). Taken together, these findings support the view that the hippocampal

cholinergie system is involved in mnemonie proeesses (but see Fibiger, 1991).

The role of aeetyleholine in hippoeampal long term potentiation (LTP) may

provide a meehanistie Iink between cholinergie pathways and memory. LTP is a

phenomenon whieh was first deseribed in the perforant path-granule eell synapses of

the rabbit hippocampus and refers to an enduring inerease in synaptie effieaey

following a brief train of high frequeney stimulation (Bliss and Lomo, 1973). This
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phenomenon has been shown to persist for days o\" even weeks (Bliss and Gardner

Medwin, 1973) and it is this persistence, resulting from a relatively modest train of

stimuli, which suggests that LTP may provide a cellular basis for learning and

memory. Cholinergie systems in the hippocampus lower the threshold requirement for

LTP induction by evoking theta rhythms (Bland, 1986; Huerta and Lîsman, 1993). In

this way hippocampal cholinergie stimulation may facilitate learning and memory.

3. RATIONALE AND OBJECTIVES

As stated earlier, preponderance of evidence implicates the central cholinergie systems in

mnemonic processes. For example, one of the hallmarks of AD is the loss of cholinergie

integrity in cortical areas and concomitant memory deficits. Recently, however, a

cholinergie deficit comparable to that seen in AD has been observed in cortical areas of

non-demented Parkinsonian patients (Aubert et al, 1992). The Parkinsonian disorder is

primarily due to a loss of dopaminergic cells in the substantia nigra and a subsequent

diminution of dopaminergic tone in the basal ganglia (for recent review see Comford et

al., 1995). Nowadays, as a matter of course, Parkinsonian patients are administered sorne

form of dopaminergic therapy to counter-balance the dopaminergic deficit. Could it be

possible, then, that this dopaminergic therapy either directly, or indirectly via an

interaction with the cholinergie system, masked the cognitive deficits that would have

been expected in the non-demented parkinsonian patients given the cholinergie losses in

cortical and hippocampal areas? The present thesis adresses this question by examining

the possible dopaminergic modulation of the septohippocampal cholinergie system. This

system, in addition to being implicated in mnemonic processes, is one of the cortical

structures most affected in degenerative diseases such as AD.
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ln chapter 2, the existence and nature of a possible interaction between

hippocampal DA and ACh were investigated using mcthods including fimbriaectomy,

receptor autoradiography and in vivo dialysis. In chapter 3, in an attempt to ascertain

which receptor subtype is responsible for the dopaminergic modulation of hippocampal

cholinergic activity, we utilized a combined antisense-in vivo dialysis approach focusing

on the DI1D5 receptors.

Next (Chapter 4), we investigated the behavioral sequelea of hippocampal DA

ACh interaction. We utilized aged-memory-impaired (AI) and aged-memory-unimpaired

(AU) animaIs and the Morris Water Maze (MWM) task. These animaIs are thought to

model sorne aspects of the memory deficits observed in aged population. The MWM task

was chosen to examine spatial memory, a hippocampal function that is compromised in

certain age-related cognitive deficits.

The series of studies described above were aIl conducted in the rat. Therefore, we

also investigated the potential existence of such DNACh interactions in other species

(chapter 5). This was done by examining the distribution profile of the implicated

receptors in the septohippocampal area of monkey and human brains as an index of the

Iikelihood that these receptors might serve functions similar to those described for the rat.

This thesis is presented as a series of manuscripts. Thus more details on the

objectives of each study are provided in the preface, abstract and introduction sections of

each chapter. A general discussion is presented as the last chapter.
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PREFACE TO CHAPTER 2

Dopamine has been demonstrated to regulate acety!choline release from striatal

interneurons. In this chapter. we investigated the existence as weil as the nature of such

a regulation in the septohippocampal cholinergie system, a system that is intimately

involved in mechanisms thought to underlie mnemonic processes.
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ABSTRACT

The modulation of in vivo hip;:'vcampal acetylcholine (ACh) release by

dopaminergic DI and D2 receptors was examined in this study. Additionally. in an

allemptto ascertain the location of these receptors in relation to hippocampal cholinergic

terminais. fimbriaectomy and quantitative autoradiography were used. Following

unilateral fimbriaectomy. whereby at least 50% of hippocampal cholineacetyltransferase

(ChAT) activity was lost. a significant ipsilateral decrease in DI/[3H] SCH23390 binding

was observed in the molecular layer of the dentate gyrus while hippocampal D2/[3H]

raclopride binding was unaffected. The effects of prototypical DI and D2 receptor

agonists and antagonists on hippocampal ACh release were examined next using in l'il'o

dialysis in freely moving rats. The DI agonist SKF 38393 (I0J.lM-IOOJ.lM) administered

directly into the hippocampus via the dialysis probe stimulated ACh release in a

concentration dependent manner. The effect of the agonist was blocked by the

coadministration of the DI receptor antagonist SCH 23390 (1 J.lM). which by itself failed

to modulate ACh release. In contrast, neither the D2 agonist quinpirole (1-1 OJ.lM) nor the

D2 antagonist sulpiride (I-IOJ.lM) had any direct effect on hippocampal ACh release.

Additionally, the infusion of these DI and D2 drugs in the septal area failed to affect

hippocampal ACh release. Taken together. these results suggest that a proportion of

hippocampal DI receptors are located on cholinergic nerve terminaIs and that dopamine.

acting via DI receptors, can locally stimulate hippocampal ACh release.
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INTRODUCTION

Dopamine (DA) is thought 10 modulate the activity of the septo-hippocampal

cholinergie pathway (Costa et al., 1983; Robinson et al,. 1979). Infusions of dopamine

antagonists into the septum increase the firing iate of this pathway (Robinson et al., 1979)

and elevate acetylcholine (ACh) turnover (Robinson et al., 1979) and high affinity

choline lIptake (Durkin et al., 1986) in the hippocampus. Similar efTects are also observed

following either intraseptal 6 - hydroxydopamine injc:t;on (Robinson et. al., 1979) or the

destruction of the ventral tegmental AI 0 dopaminergic neurons (Gaiey et al., 1985;

Robinson et.al., 1979). It has becn suggested that AIO dopaminergic neurons projecting

to th.. lateral septum interact with cholinergie fibers originating l'rom the medial septal

nucleus, possibly via septal GABAergic interneurons, to bring about this inhibitory

influence (Wood, 1985). On the other hand, a variety of wide ranging studies including

morphologica! (Scatton et al., 1980; Simon et al., 1989; Verney et al., 1985),

electrophysiological (GribkofT et al., 1984; Smialowski et al., 1987; Stanzione et al.,

1984) and biochemical (BischofT, 1979; Ishikawa, 1982) approaches provide evidcnce

suggesting that the hippocampus receives direct dopaminergic innervation. This

innervation apparently originates mainly l'rom the ventral tegmental area (VTA; and 10 a

lesser extent l'rom the substantia nigra) and ascends in the medial forebrain bundle to

innervate various limbic structures, including the hippocampus (Verney et al., 1985).

Dopamine receptors have been c1assified in Iwo broad l'amilies (DI-like and D2

Iike) on the basis of the activity ofvarious agonists and antagonists (Kebabian and CaIne,

1979; Seeman 1980). More reeently, molecular c10ning techniques have shown that the

DI family comprises Iwo receptors (d 1 and d5) while the D2 family consists of at least

three different receptor proteins (d2, d3 and d4) (for a reeent review see Niznik and Van

ToI, 1992). DI receptors activate adenylate cyclase whereas members of the D2 reeeptor

c1ass have been shown to couple to numerous efTector systems, including the inhibition of
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adenylate cyclase and the activation of potassium channels, among others (Monsma et al.,

1990; Sibley and Monsma. 1992). Both the DI and the 02 receptor subtypes have been

localized in the septum ~s weil as the hippocampus of various mammalian species

including the rat (Bischoff et al., 1980; Bruink et al., 1986; Dawson et al. 1986; Grilli et

al., 1988; Mengod et al., , 992; Tiberi et al., 1991).

Given this background, it is thus likely that dopamine may act as a modulator of

the septo-hippocampal cholinergie pathway both at the level of the cell bodies in the

septal area and at the nerve terminais within the hippocampus. In the present study, these

two possibilities were investigated directly by examining the effects of local

administration of selective dopamine DI and 02 receptor agonists and antagonists on

hippocampal ACh release using in l'il'O dialysis in freely moving rats as weil as by

evaluating the effects of unilateral fimbriaectomy on these receptors in the hippocampus

as monitored by quantitative autoradiography. Our results suggest that a certain

proportion of pharmacologically • defined DI receptors are located on cholinergie nerve

terminais and that dopamine may act, via DI receptors, as a stimulant of ACh release at

level of the cholinergie nerve terminais within the hippocampus.
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MATERIALS AND METHODS

Materials

Male Sprague-Dawley rats (250-350g) obtained from Charles River Canada (St.

Constant, Quebec, Canada) were maintained on a 12 hr light-dark cycle (Iight on at 7:00

a.m.) in temperature and humidity controlled rooms for at Jeast 3-4 days prior to surgery.

Animais were fed standard laboratory chow and had access to tap water ad libidum.

Animal care w..~ according to protocols and guidelines approved by the McGill

University Animal Care Committee and the Canadian Council for Animal Care (CCAC).

The dialysis probes were made from AN69 Hospal fibers (molecuJar weight cut

off < 60,000 Ld. = 220 um, o.d. =310 um). SCH23390 HCI, SKF38393 HCI, quinpirole

HCI and sulpiride were obtained from RBI (Watick, MA, U.S.A.). Neostigmine Bromide

was purchased from BAS (West Lafayette, IN, U.S.A). [3H] SCH23390 (80.7Ci/mmol),

[3H] raclopride (70.0Ci/mmol), 3H-Hyperfilms and microscale standards were purchased

from Amersham Canada (Oakville, Ontario, Canada). The deuterated variant of ACh,

[2H4] ACh bromide [(CH3bNBrCD2CD20C-(0)CH3], used as internai standard for

ACh determination was obtained from Merck, Sharp and Dohme Isotopes (Montreal,

Quebec, Canada). Developer (0-19) and fixer (R:pid Fix) were obtained from Kodak

Chemical Inc. (Montreal Quebec, Canada). Ali other reagents and chel1'icals were of

HPLC or GC-MS grade and purchased from either Fisher Scientific Co. (Montreal,

Quebec, Canada) or Aldrich Chemicals (Chicago, IL, U.S.A.).

Fimbriaectomy

The fimbria fornix of male rats was unilaterally interrupted by a knife cut lesion

under sodium nembutal anesthesia (50mg/kg). Briefly, at a 90 degree angle and

coordinates of Imm behind Bregma and 3.0mm lateral to the midline suture (Paxinos and

Watson, 1982), a leukotome knife (KopfInstruments) was lowered via an opening in the
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skul1 to a depth of 4.0mm below dura. The wire in the knife was then extended under the

fimbria and the leukotome slowly brought back to the dura. For sham operated animaIs,

the leukotome was lowered and brought back to the surface as above but without

extending the wire. The animais were al10wed to recover from anesthesia under a warm

light and individual1y housed according to CCAC guidelines. Two weeks post surgery,

the animais were sacrificed and the efficacy of the lesions was assessed by determining

hippocampal ChAT activity.

Hippocampal ChAT activity

Hippocampal punches from 300llm brain slices of the lesioned and sham operated

animais were assayed for ChAT activity. Homogenates from these punches were

incubated for 15 min in a butTer containing [14C] acetyl CoA as previously described in

detail (Araujo et al., 1988) using the method of Fonnum (1969) as modified by Tucek

(1978). The animaIs that were used in subsequent receptor autoradiographic studies

showed hippocampal ChAT activity losses of 51±4% on the lesioned side as compared to

the contralateral hippocampi.

Dopamine Receptor Autoradiography

The status of hippocampal dopaminergic receptors fol1owing fimbriaectomy was

assessed as described in detail elsewhere (Debonnel et al., 1990). In brief, fol1owing

sectioning at _17oC, 20llm hippocampal slices were incubated for 60 min at room

temperature in 50mM Tris HCL butTer (pH 7.4) containing 120mM NCI, 5mM KCI,

2mM CaCI2, ImM MgCI2 and 1.0nM eH] SCH 23390 for DI receptors or 5.7nM [3H]

rac10pride for 02 receptors. Seriai sections were incubated in this butTer but with the

addition of IIlM SCH 23390 or IIlM (+) butac1amol to ascertain the specificity of the DI

or 02 radioligand binding, respectively. The sections were then rinsed 5times (2 min

each) in fresh ice cold buffer. Buffer S,,'\lts were removed by a rapid dip in ice cold
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distilled water and the sections rapidly air dried. Autoradiograms were generated by

apposing the sections alongside with tritium standards to tritium sensitive films for four

weeks. The films were then developed as described before (Quirion et al., 1981) and [3 H]

SCH 23390 and [3H] raclopride binding quantified (fmol/mg tissue wet weight) using

computer assisted microdensitometric image analysis system (MCID System, 1maging

Research rnc., St-Catherines, Ontario, Canada). Anatomical areas were identified

according to the Paxinos and Watson's atlas (1982). Significant differences between

experimental groups (n=4 in each group) were determined by a one way analysis of

variance (ANOVA).

Probe implantation and hippocampal in vivo dialysis

Male Sprague Dawley rats (2S0-3S0g) were anesthetized with sodium nembutal

(SOmglkg,). Transverse probes (Damsma et al., 1987) were stereotaxically implanted in

the dorsal hippocampus and for septally-manipulated animais also in the lateral septum

(Giovannini et al., 1994) at coordinates of3.8mm posterior to bregma and 3.Smm below

the skull for the hippocampus and 0.7mm anterior to bregma and 4.Smm below the skull

for the septum (paxinos and Watson, 1982). The animais were individually housed and

allowed to recover from surgery for 2 days prior to their use in the in vivo dialysis

experiments. Each animal was dialysed only once.

At the beginning of each dialysis experiment, animais were placed in Iidless cages

and connected to a BAS microliter syringe pump in a manner as to allow them to freely

move in the cages. The pro!;es were perfused fur a one hour wa.~h out period at a flow rate

of2.34,.i1/min with an Ungerstedt-Ringer solution (127mM NaCI. 2.SmM KCI, 1.0mM

MgCI2, UmM CaCI2, pH 7.4) containing SJlM neostigmine bromide, a cholinesterase

inhibitor. Twenty five minute dialysate fractions were collected into a Iml glass vials

containing 46JlI of O.lN HCI and SO pmoles of deuterated ACh as internai standard.
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Following about three hours ofbaseline hippocampal ACh release. drugs ofinterest were

tested by inclusion in the perfusion Ringer solution for the remainder of the dialysis

experiment. For septally-manipulated animais. the drugs of interest were perfused into

the septum in a Ringer solution lacking neostigmine. The sampies were frazen

immediately and stored at _800 C until assayed by gas chromatography/mass spectrascopy

(GC/MS). Following most experiments, probe location was verified by standard

histological examination of the brain.

ln the experiment designed to evaluate the potential diffusion of the locally

applied drugs. the in vivo dialysis setup was as described above for hippocampally

manipulated animais except that [3H] SCH 23390 (11IM) was used and no samples were

collected. The animais were sacrificed immediately following the termination of the

experiment. Twentyllm slices of the brains of these animais were exposed to tritium

sensitive Hyperfilms for ten days.

GCIMS analysis of ACh

ACh content of the dialysate fractions was determined by GC-MS as described in

detail by Marien and Richard (1990). Brielly, frozen samples were Iyophilized ovef1light,

reconstituted in 250111 acetonitrile, capped, heated at 800 C for 30 minutes and driecl

under a gentle stream of nitrogen gas. Quaternary amines present in the samples were

demethylated by adding 250111 sodium benzene thiolate solution (160mg in 18ml of

redistilled methyl ethy! ketone and 35111 glacial acetic acid) under a llow of nitrogen and

reacting at 800 C for 45min. Samples were then extracted into 35111 citric acid and washed

lWice with 250111 pentane. Finally the sampies were extracted into 8011\ of ethyl acetate

and concentrated down to 3-5111 volume before being injected in to the GC-MS (Hewlett

Packard 5987b). The demethylated derivative~ of ACh were analysed by selective ion
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monitoring of 132 atomic mass units (amu) for endogenous and 136 amu for the internaI

standard, [2H4]ACh.

The amount of endogenous ACh in each dialysate was calculated (Jenden and

Hanin, 1974) from the peak area ratio of endogenous vs deuterated internaI standard.

Calculations were not corrected for the recovery of ACh by each dialysis probe. Sampie

ACh content was expressed as a percentage of average base1ine (eight sample collections

preceding drug infusion). Significant differences between experimental groups were

deterrnined by a one way analysis of variance (ANOVA).
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RESULTS

EfTect of fimbriaectomy on hippocampal DI and D2 receptor binding sites.

A significant loss (18.2%, p=0.0038) of DI/[3H] SCH23390 binding was

observed in the molecular layer of the dentate gyrus of the ipsilateral hippocampus in

lesioned animais (29.9 ± 0.8 vs 36.6 ± 1.1 fmol/mg tissue wet weight) (Fig lA, lB). No

detectable differences were observed in [3 H] SCH 23390 binding in CAl, CA2 and CA3

subfields between the ipsi- and contra-Iateral hippocampi of fimbriaectomized rats (Fig

lA, lB). [3H] SCH 23390 binding levels were similar in the hippocampus of sham

operated animais as compared to the contralateral hippocampi of the fimbriaectomized

animais (data not shown).

Hippocampal D2/[3H] racIopride binding was considerably lower than that of

D1/[3H] SCH 23390. Using [3H] racIopride, the only detectable amount of specific

binding in the dorsal hippocampus was observed in the CA1 and subicular regions (Fig

le). No difTerences were seen between ipsi- and contra-Iateral hippocampi ofunilaterally

fimbriaectomized animais (Fig1D). Additionally, no detectable changes of either [3H]

SCH 23390 or [3H] raclopride binding levels were observed in the septum or cortical

regions as a result of unilateral fimbriaectomy. In ail the animais used here, ChAT

activity in the ipsilateral hippocampi decreased by 51±4% as compared to the

contralateral hippocampi or the hippocampus of sham operated animais.

Local dopaminergic receptor modulation of hippocampal ACh release

The average basal effiux of ACh from the dorsal hippocampus was 4.8

pmol/25min (n=52). Moreover, there were no appreciable differences in basal ACh

release between the various experimental groups studied here. Hippocampal intraprobe

administration of the active enantiomer of the selective DI agonist (+) SKF 38393 (10

100J.lM), but not the inactive enantiomer (IOJ.lM), increased ACh release in a
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concentration dependent manner (Fig 2A). The DI antagonist SCH 23390 (1-1 OliM), by

itself, had no appr'eciable effect on hippocampal ACh release in freely behaving animais

(Fig2B). However, the coinfusion of the DI antagonist (1IIM) with the DI agonist

(1 OliM) blocked the stimulatory effect of the latter (Fig2C).

Under the conditions used here, neither the D2 agonist quinpirole HCI (1-1 OliM)

(Fig3A) nor the D2 antagonist sulpi ride (1-1 OliM) (Fig3B) significantly modified

hippocampal ACh release. Interestingly, when infused in to the lateral septum neither the

DI nor D2 drugs had an effect on hippocampal ACh release (Fig 4). No appreciable

obvious behavioral sequeleae (locomotion, sniffing, grooming, etc.) were induced by

these dopaminergic drugs administered via the probe.

Diffusion of hippocampally-infused (3D) SCH23390

[3H] SCH 23390 (1IIM; luCi) infused via the probe for 4hrs showed virtually no

diffusion beyond the hippocampal area immediately in contact with the dialysis probe

(FigS). Considering that this concentration of the unlabelled DI antagonist blocked the

stimulation of hippocampal ACh release induced by the Dl agonist SKF 38393, it

suggests that this effect is occuring locally.
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Figure 1. Effect offimbriaectomy on hippocampal Dl/(3H) SCH 23390 and D2/13HI

raclopride binding. Data represent mean ±S.E.M. from four ditTerent animais expresses

in fmol/mg tissue, wet weight. Sections from unilaterally fimbriaectomized rats were

incubated with 1.0nM [3 H] SCH 23390/DI (A,B) or [3 H] racioprideID2 (C,D) as

described in Methods. Non specifie binding was defined in the presence of IIlM SCH

23390 or IIlM (+) butaclamol for Dl and D2, respectively. Autoradiograms (A,C)

generated by apposing the sections against tritium sensitive films were subsequently

quantified (8,D) using computer assisted image analysis system. The histograms

represent specifie labelling obtained by subtracting non specifie from total binding. Filled

and shaded bars represent the ipsi- and contralateral, respectively. Statistical analysis was

evaluated by one way analysis of variance (ANOVA). * p<0.05; significantly ditTerent

from non lesioned contralateral side The bar equals 2cm. Abbreviations: CA, Ammons

hom; CPu, Caudate-Putamen; DG, Dentate gyrus; Sub, subiculum.
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Figure 2. ~tTects of the ~nfusion of the DI agonist (+)SKF 38393 (A: 10/lM, .•

100/lM, • or its inactive enantiomer (-)SKF 38393 IO/lMlij, the DI antagonist SCH

23390 (B: I/lM [1 ; IO/lM • ) or their combination (C: IO/lM (+)SKF 38393 and

I/lM SCH 23390) on hippocampal ACh effiux. Data represent mean ± SEM. (n=4 for

each concentration). Following baseline determination. ringer solution containing the

drug of interest was perfused th r Jugh the probe implanted in the hippocampus for the

period indicated by the black bars (upto 4hrs). Dialysate ACh content, measured by GC

MS. is expressed as a percent of baseline. Baseline was calculated from the average of

eight sampies preceding drug infusion. Statistical evaluation was evaluated by one way

analysis of variance (ANOYA). * p<O.OO 1; significantly different from baseline. Only the

DI agonist induced significant effects (A) that were blocked by the a co-infusion of the

antagonist(C).
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Figure 3. Effects of the infusion of the D2 agonist quinpirole (A: I/lM. ; IO/lM .)

and the D2 antagonist sulpiride (8: I/lM. .; IO/lM•• ) on hippocampal ACh

effiult. Data represenl mean ± SEM. (n=4 for each concentration). Following baseline

determinations. ringer solution containing the drug of interest was perfused through the

"robe implanted in the hippocampus for the period indicated by the black bars (upto

4hrs). Dialysate ACh content. measured by GC-MS. is expressed as a percent ofbaseline.

Baseline was ealculated from the average of eight sampies preeeding drug infusion.



• A

D2 AgonistOl
CIl 200..
Ol
iii 180a:
Ol 160c
-~-OlOc 140,c=
UOl
-",

120=:- ..
Olal

~ê 100
Oi

800-
E

Qulnplrole
.. 60U

°0- 40
16 20

0-

S 123: 0

Sampie

• B
D2 Antagonist

Ol
200CIl..

Ol
iii 180a:
Ol 160's'CD"-c

1400_
,c-
u Ol
_CIl
>-os 120Qjal
u,,"

100<-
iii

800-
E

Sulplrlde
.. 60u
0
0-

40
16 20

.e-
UJ: 0 4 S

Sample

•



•

•

•

50

Figure 4. ElTects of the septal infusion of the DI Iigards (A: SKF 38393 10l1M, •

SCH 23390 10l1M [ :) and the D2 :igands (,?,' Quinpirole \OliM, .; Sulpride 10liM,

) on hippocallljJal ACh effiux. Data ;0t!resent mean ± SEM. (n=4 for each ligand).

Following baseline dete~;,)inations, ringer (minus neostigmine) solution containing the

drug of interest was perfused through the probe implanted in the septum for the period

indicated by the black bars (upto 4"~.). Samrles were collected from the probe implanted

in the dorsal liippocampus. Dialysate ACh content, measured by GC-MS, is expressed as

a percent of baseline. Baseline was calcu!ated from the average of eight samples

preceding drug infusion.
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Figure 5. Diffusion of trans-hippocampally infused (3"1 SC" 23390 in brain

parenchyma. [3H] SCH23390 (lIlM; 1mCilmmol) was perfused for 4hrs in the dorsal

hippocampus as described in the Methods. 20llm brain sections from these animais were

exposed to tritium sensitive films and photomicrographs taken. (A) shows the extent of

diffusion of the radioactive material and (8) a schematic representation of the section in

A. The arrows mark the location of the dialysis probe. Il is rather evident that diffusion

was minimal and the infused radioactivity remained in close proximity to the dialysis

probe. Abbreviations: CA, Ammons horn; DG, Dentate gyrus; HY, hypothalamus and

TH, Thalamus.
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DISCUSSION

A variety of studies have demonstrated the presence of direct dopaminergic

innervation into the hippocampus. This innervation is concentrated in the ventral

subiculum. in particular in the presubiculum (Verney et. al.. 1985). Hippocampal DI

receptors. on the other hand, are mainly located in the molecular layer of the dentate

gyrus and the dorsal hippocampus (Dawson et al.. 1986; Grilli et al., 1988; Tiberi et al..

1991). ln the present study. we observed that a significant portion of D1 receptors in the

molecular layer of the dentate gyrus was lost following fimbriaectomy. This suggests that

a proportion of hippocampal DI receptors are located presynaptically on afferent

terminais. Moreover, a concomitant reduction in hippocampal ChAT activity was

observed as a result of the lesion. Considering that a major cholinergic input carried via

the fimbrial system terminates in the molecular layer of the dentate gyrus (Fibiger, 1982;

Butcher and Woolf, 1986), and that there are very few, if any, dopaminergic terminais in

this area of the hippocampus (Verney et al., 1985), it is logical to assume that at least

sorne of the lost DI receptors are 10cated on cholinergic nerve terminais. Interestingly, in

senile dementia of the Alzheimer's Type (SDAT), a marked reduction in hippocampal

DI receptors has been reported (Cortes et al., 1988), with the highest loss (89%) seen in

the molecular layer of the dentate gyrus. Il is weil known that one of the hallmarks of

SDAT is the destruction of basal forebrain cholinergic ncurons which, in part, project to

the hippocampus (Davies and Maloney, 1976; Coyle et al., 1983; Whitehouse et al.,

1982). Therefore, in agreement with these studies, the reduction in hippocampal DI

receptors observed here could be due to the loss of presynaptically located receptors

resulting from the cholinergic denervation. Nevertheless, the possibility that sorne or ail

of these DI receptors are located on afferents other than cholinergic that are contained

within the fimbria-fomix cannot be excluded presently.
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D2 receptors. on the other hand. are found in the hippocampus in very low

amounts compared to DI receptor levels (Fig 1D). In the dorsal hippocampus. D2/[3H]

raclopride binding sites are mainly located in the CAl and subiculum regions (Fig IC). In

the present study. no alteration in hippocampal D2 receptor densities were observed

following fimbriaectomy. Il would thus appear thal this dopamine receptor subtype is not

directlyassociated with the septo-hippocampal cholinergie nerve projection.

Recently. the technique of in "il'o dialysis has been used to study the possible

regulation by dopaminergic drugs of the septo-hippocampal cholinergie pathway.

Systemic administration of dopaminergic drugs has shown that dopamine potentially

stimulates hippocampal ACh release via both DI and D2 receptor subtypes (Imperato et

al., 1993) or the DI subtype alone (Day and Fibiger, (994) in young animais, and at least

via DI receptors in aged-memory impaired rats (Hersi et al., 1994). A number of possible

loci exist for this apparent interaction between DA and ACh. Given the direct

dopaminergic innervation of the hippocampus and the putative localization of DI

receptors on hippocampal terminais (see above), a direct modulation of hippocampal

ACh release by DA drugs is a likely possibility.

The DI receptor agonist (+) SKF 38393 applied directly into the hippocamrus via

the dialysis probe stimulated, in a concentration dependent manner, ACh release. This

eITect was blocked by the DI antagonist SCH 23390, att<lsting to the specificity of the

eITect for the DI receptor family. However, SCH 23390 infused alone in the dialysis

probe did not alter hippocampal ACh levels. These findings suggest that the DI receptors

located in the dorsal hippocampus can enhance ACh release and that this action is Iikely

phasic in nature, in view ofthe lack ofclTect of the Dl antagonist alone.
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A question arises. however. as to the extent of diffusion of locally applied drugs

in the in l'i\'() dialysis paradigm used here. This is cspecially pertinent considering the

relatively long period of drug infusion. Administration of [3 H] SCH 23390 under

conditions identical to those used for the non-radioactive drugs. showed that diffusion is

rather minimal and that the ligand is mostly. if not exclusively, found in the area

surrounding the dialysis probe (Fig 5). Thus, it would appear that local interaction can

account for the effects of DI drugs on hippocampal ACh release as observed in the

present study or following systemic administration (Day and Fibiger. 1994; Hersi et al.,

1994; Imperato et al., 1993).

In contrast to DI drugs. neither the stimulation nor the blockade of D2 receptors

by local, intraprobe infusion of prototypical drugs into the dorsal hip!,ocampus had any

elTect on ACh release.

Another possible locus for ACh / DA interaction is the lateral septal area.

Dopaminergie projections arising from the VTA and terminating in the lateral septum

were postulated to interact with the ~holinergic cell bodies of the medial septum that give

rise to the cholinergie septo-hippoeampal pathhway (Wood, 1985). In the present study,

the manipulation of neither DI nor D2 receptors in the septal area had any effeet on

hippocampal ACh release. Thus, it would appear that dopamine stimulates hippocampal

ACh release by acting on DI reeeptors loeated in the hippoeampus. Moreover, although

the lesion data presented here suggests that these DI reeeptors are loeated on cholinergie

terminais the possibility of transsynaptie action involving intemeurons or other non

cholinergie afferents eannot be ruled out at the present time.

In the c1assieal view of the synapse, a close juxtaposition must exist between the

nerve fiber terminais enriehed with a given neurotransmitter and its post- synaptie
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receptors. However. this is c1early not always the case and may even be the exception

(Beaudet and Descarries. 1978). Discrepancies bel\veen the localization of receptors and

the distribution of the relevant neurotransmitter has been referred to as the mismatch

issue (Kuhar. 1985; Herkenham. 1987). ln the present situation. the hippocampal

dopaminergic innervation. arising mainly from the VTA and the substantia nigra. is

mostly restricted to the ventral hippocampus (Verney et al.. 1985). ln contrast,

hippocampal dopaminergic receptors are predominantly found in the dorsal hippocampus

(Dawson et al.. 1986; Grilli et al.. 1988; Tiberi et al., 1991; this study). lnterestingly.

however, more than 40% of the dopamine present in the hippocampus has been proposed

to be located within dorsal noradrenergic terminais (Bischoff et al., 1979). it may be

conçeivable that, under cel1ain conditions, dopamine and noradrenaline may be co

released from the terminob of the laller present in the dorsal hippocampus. Il is also

tempting to suggest that crossover netwl'en neurctransmitters may exist to paltly account

for the apparent mismatches. For instance, under ex~essive cell firing conditions, the

release of noradrenaline in quantities large enough to saturate its own receptors may lead

to the binding of this neurotransmitter to other related receptor families such as those for

dopamine. ln this way, a secondary level of complexity would be added to code for signal

strength and more effective transmission.

Another intriguing possibility to account for apparent ligand-receptor

mismatches is known as volume transmission (VT). ln contrast to the c1assical synaptic

mode of signal transmission, VT refers to the diffusion of chemical signais in the

extracellular tluid. A neurotransmitter could thus act at a considerable distance from its

site of release (for a recent review see Benfenati and Agnati, 1991). For example, il has

been reported that when transient parkinsonism is induced in cats following MPTP

administration, dopamine released from spared ventral striatum terminais can diffuse

over a distance of 5.5 to 7.0mm to the more extensively denervated dorsolateral striatum
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(Schneider et al.. 1994). Similarly. dopamine released l'rom liber terminaIs located in the

ventral hippocampus could diftùse to the dorsal part where the dopaminergic DI

receptors are mostly found. However. direct evidence in support of this possibility have

yet to be provided. Interestingly. DI receptors have. in the pasto been linked with volume

transmission in areas such as the median eminence and globus pallidus (Fuxe et al..

1988).ln any case. it is evident l'rom the data reported here that the activation of DI

receptors present in the dorsal hippocampus can modulate ACh release and are hence

l'ully functional.

Finally. it should be added that the physiological significance of the dopaminergic

system in the hippocampus is not yel clear. Intrahippocampal injections of dopamine

receptor agonists evoke theta rhythms in hippocampal e1ectroencephalograms

(Smialowski. 1985). This type of rhythmic oscillation is known to occur during periods

of learning (Winson. (978). Moreover, during theta oscillation. hippocampal synapses are

in a state of heightened plasticity and the stimulatory requirements for the induction of

long term potentiation (LTP) are markedly reduced (Huerta and Lisman, (993).

Interestingly, a weil established role of the hippocampal cholinergic nerve terminaIs is to

elicit theta rhythms (Bland, 1986). Dopamine modifies LTP in the Schaffer collateral

pathway of the rat hippocampus via DI receptors (Huang and Kandel, (995) and as

shown in the present report stimulates cholinergic neurons via the activation of these

same DI receptors. In addition, mnemonic deficits in aged rats can be attenuated by DI

receptor agonists and this effect was proposed to be mediated by the release of ACh in the

hippocampus (Hersi et al., (994). Therefore, it appears that a role for DA in the

hippocampus could, at least in part, be associated with iearning and memory, likely via

the modulation ofhippocampal cholinergic functions.
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ln summary, a certain proportion of hippocampal DI receptors appears 10 be

located directly on septo-hippocampal cholinergic nelVe terminais. Moreover, in l'i\'()

hippocampal ACh release is facilitated by the local stimulation of DI but not D2

receptors. Recent data have c1early shown that the DI receptor family comprises both the

dl and d5 subtypes (see Introduction). At present. it is unclear which of these two

subtypes is involved in the modulation of hippocampal ACh release as selective probes

have yet to be developed to discriminate between these members of the Dl receptor

family. Qther strategies such as the use of functional receptor antibodies or

oligonucleotide antisenses would have to be used.
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PREFACE TO CHAPTER 3

Dopamine acts via IWO classes of receptors. namely D I-like and D2-like. The

DI-like lamily. which in the preceding chapter was shown to mediate the dopaminergic

modulation of hippocampal acelylcholine release. is comprised of IWO members. DI

and D5. wilh similar pharmacological profiles. Recently, a novel technique (antisense

knockdown) which is potentially capable of discriminating between closely rdated

proteins has been developed. In this chapter. we utilized a combined antisense-in vivo

dialysis approach to determine which of the two dopamine DI-Iike receptors is

involved in modulating hippocampal acetylcholine release.
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ABSTRACT

The receptor subtype responsible for the Dl receptor agonist-induced

stimulation of hippocampal acetylcholine (ACh) release was investigated by a

combined antisense-in vivo dialysis approach. Phosphorothioate-moditied antisense

oligodeoxynucleotides targeted against the Dior D5 subtypes of the Dl-like family of

dopamine receptors were continuously infused into the third ventricle for three days at

a dose of l~g/hr. 80th antisenses reduced hippocampal 13HI SCH 233901DI-like

receptor binding while not altering ,3H1raciopride/D2-like binding. However. only the

antisense directed against the D5 receptor was able to block the increase in

hippocampal ACh release resulting l'rom the local administration of the DI-like

receptor agonist. SKF 38393 (100~M). Administration of an oligonucleotide having

the same proportion of bases as the D5 antisense but in a random sequence tàilcd to

either decrease [3 H1 SCH 23390 binding or block SKF 38393-induced increase in ACh

release. Taken together. these findings suggest that the receptor subtype involved in the

dopaminergic regulation of hippocampal cholinergic activity is of the D5 subtype. To

our knowledge. this is the tirst time that a functional role has been demonstrated for

the D5 receplOr in the mammalian brain.
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INTRODUCTION

Dopamine neurotransmission has been implicated ln a myriad of brain

functions. These actions of dopamine are mediated via a family of G-protein coupled

receptors that are generally divided into two groups, namely D I-Iike and D2 like

receptors (Kebabian and Caine, 1979; Seeman. 1980. Dohlman et al.. 199\). Latdy,

the DI-like receplOrs and their possible involvement in cognition have generated much

excitement (Desimone. 1995). For instance. an exquisite modulation of working

memory in monkeys by antagonizing D I-Iike receptors in the prefrontal cortex has

been reported (Williams and Goldman-Rakic. 1995). DI-Iike receptor activation has

also been implicated in long term potentiation in the Schaffer collateral pathway of the

rat hippocampus (Huang and Kandel. 1995). Recently, we have shown that stimulation

of these receptors can allenuate memory deticits in the aged rat possibly through the

stimulation of hippocampal cholinergic activity (Hersi et al., 1995a; 1995b).

There are at least two c10ned members of the DI-Iike family of dopamine

receptors, namely DI and D5 (for recenl reviews see Civelli et ai., 1993; Gingrich and

Caron 1993). At the present time, no pharmacological ligands are available tllat can

distinguish between these two receptor subtypes. Therefore, it has not been possible to

ascertain which of these two DI-like receptors is involved in the functions described

above. In this study, we utilized a combined antisense-in vivo dialysis approach to

determine the D I-Iike receptor subtype involved in stimulating hippocampal

acetylcholine release. Interestingly, it appears that it is the D5 receptor that is

involved.
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MATERIALS AND METHODS

Materials

Male Sprague-Dawley rats (250-350g) obtained l'rom Charles River Canada (St.

Constant. Quebec. Canada) were maintained on a 12 hr light-dark cycle (Iight on at

7:00 a.m.) in temperature and humidity controlled rooms for at least 3-4 days prior to

surgery. Animais were fed standard laboratory chow and had access to tap water ad

libidum. Animal care was according to prolocols and guidelines approved by the

McGill University Animal Care Commiuee and the Canadian Council for Animal Care

(CCAC).

From the cDNA sequences of the DI and D5 dopamine receplOrs (Zhou et al.,

1990; Tiberi et al., 1991), 24-mer and 23-mer phosphorothioate-moditied

oligodeoxynucleotides were designed, respectively. The antisense was targeted to the

• area of these receptors spanning the initiation codon: DI 5'

GTTAGGAGCCATCTTCCAGAAGGA 3' D5 5'

AGCATGTCGCGCTGAGTAGCTCG 3'. These selected sequences have very low

homology with any other known cDNA sequences found in the Gene Bank database

and are predicted to fonn ni' >table homodimers under physiological conditions. A

phosphorothioate-moditied oligodeoxynucleotide having the same proportion of DNA

bases as the D5 sequence but in a scrambled order (5'

•

CTAGGAAACGGGTTCGCGCCTTG 3') was similarly prepared. The antisense

oligodeoxynucleotides were synthesized and purifled by üligo-ETC (Willsonville, Or,

U.S.A).

The dialysis probes were made l'rom AN69 Hospal tibers (molecular weight cut

off < 60,000 Ld. = 220 ILm, o.d. = 310 ILm). Alzet minipumps (model l003D) were

purchased l'rom Alza corporation (Palo Alto, CA, U.S.A). (+) SKF38393 HCl was
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obtained from RBI (Watick. MA. U.S.A.). Neostigmine bïOmide was purchased from

BAS (West Latàyette. IN. U.S.A). ,3HISCH23390 (SO.7Ci/mmoll. ,3Hjraclopride

(70.0Ci/mmoll. 3H-Hyperfilms and microscale standards were purchased from

Amersham Canada (Oakville. Ontario. Canada). Oeveloper (0-19) and fixer (Rapid

Fix) were obtained from Kodak Chemical Inc. (Montreal. Quebec. Canada). Ali other

reagents and chemicals were of HPLC or GC-MS grade and purchasecl from either

Fisher Scientitic Co. (Montreal, Quebec. Canada) or Aldrich Chemic:als (Chicago. IL.

U.S.A.).

Probe and perfusion pump implantation and hippocampal ill vivo dialysis

Rats were anesthetized with sodium nembutal (50mg/kg,). Transverse probes

(Damsma et al.. 1987) were stereotaxically implanted in the dorsal hippocampus at

coordinates of 3.Smm posterior to bregma and 3.5mm below the skull. At the same

time. the injection cannula of an Alzet minipump was placed in the third ventricle at

co-ordinates of 1.8mm posterior to bregma and 3.8mm below the skull (Paxinos and

Watson, 1982). The antisense oligonucleotides were dissolved in sterile Ringer solution

(l!tg/!tl) and the Alzet mini-pumps loaded according to the manufacturer's guidelines.

These pumps were housed in a skin pouch created between the shoulder blades of the

animal. The pumps continuously delivered at a rate of 1!tI/hr (l!tg/!tl) for an average

of 65 hrs prior to the use of the animais in the ;'/ vivo dialysis experiments. Each

animal was dialysed only once.

At the beginniilg of each dialysis experiment. animais were placed in lidless

cages and connected to a BAS microliter syringe pump in a manner as to allow them to

freely move in the cages. The probes were perfused for a one hour wash out period at

a flow rate of 2.34 !tl/min with an Ungerstedt-Ringe~ solution (l27mM NaCl, 2.5mM
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KC!. 1.0mM MgCI2. 1.3mM CaCI2. pH 7A) containing SJlM neostigmine bromide. a

cholinesterase inhibitor. Twenty tïve lIlinute dialysate fractions were collected illto a

1ml glass vials containing 46JlI of 0.1 N HCI ami SO pmoles of deuterated ACh as

internai standard. Following about three hours of baseline hippocampal ACh rclcase.

lOOJlM (+ )SKF 3S393 was administreci via the probe by inclusion in the perfusion

Ringer solution for the remainder of the dialysis experiment. The samples were frozen

immediately and stored at -SOoC until assayed by gas chromalOgraphy/mass

spectroscopy (GC/MS) as described previously (Hersi et al.. 1995a). Following most

cxperimellls. probe location was veritïed by standard histological examination of thc

brain.

Dopamine Receptor Autoradiography

The status of hippocampal dopaminergic receplOrs following antisense infusion

was assessed as described in detai! elsewhere (Oebonnel et al.. 1990). In hrief. brains

were removed immediately afler the conclusion of the dialysis experiment and stored at

-SOoC. Following sectioning at -17oC. 20JlITI slices were washed twice (15min each

time) at room lemperature in SOmM Tris HCI buffer (pH 7.4) containing 120mM NCI.

SmM KCI. 2mM CaCI2. ImM MgCI2. These seclions were then incubated for 60min

at room temperature in lhis buffer containing 1.0nM ,3 H] SCH 23390 for Ol-Iike

receptors or 5.7nM [3H1 raclopride for 02 (02103) receptors. SeriaI sections were

ineubated in this laller buffer but with the addition of IJlM SCH 23390 or IJlM (+)

butaclamol to ascertain the specitïcity of the DIor 02 radioligand binding.

respeetively. The sections were then rinsed 5 times (2 min each) in fresh ice cold

bul'fer. Buffer salts were removed by a rapid dip in ice cold distilled water and the

sections rapidly air dried. Autoradiograms were generated by apposing the sections

alongside with tritium standards to tritium sensitive tïlms for four weeks. The tïlms
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were then developed as described before (Quirion et al.. 1981) and ,3 H1 SCH 23390

and 13HI raclopride binding qualllitïed (fmol/mg tissue wet weightl using computer

assisted microdersilometric image analysis system (MCIO System. Imaging Research

Inc.. St-Catherines. Ontario. Canada). AnalOmical areas were idelllitïed according 10

Paxinos and WalSon's allas (1982). Signitïcalll differences between experimental

groups (n =4 in each group) were delermined Ily a one way analysis of variance

(ANOVA).
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RESULTS

Antisense efTects on animal behayiour

At the concentration primarily used here (lilg/hr for three days) no gross

abnormal behaviors were observed in the animaIs which appeared generally healthy.

gained weight and were responsive following the recovery period l'rom surgery. At a

highe r antisense concentration (5ilg/hr). a general hypoactivity as weil as signitïcant

loss of weight were observed in the treated animais. This was especially true of the rats

receiving the anti-D 1 oligonucIeOlide. Accordingly. the lilg/hr antisense dose was

routinelyadministered.

EfTect of antisense oligonucleotides on dopaminergic receptor levels

DA receptor levels were determined by autoradiography in sections obtained

l'rom the animaIs used in the dialysis experiments. Both the anti-D 1 and anti-D5

receptor oligonucIeotides signitïcantly reduced (3HI SCH 23390/DI-like binding sites

in the hippocampal formation (Fig 1). The D5 receptor antisense decreased labelling by

31.8+3.6% in the dentate gyrus and 27.1 +3.3% in the Ammon's hom area of the

hippocampus. Similarly, the DI receptor antisense reduced DI-like binding by

30.1 + 12.4% in the dentate gyrus and 15.1 +5.3% in the Ammon's homo In contrast,

the scrambled D5 receptor antisense oligonucIeotide had no signiticant effect on the

levels of these receptors in any of the brain regions examined. A trend towards a

reduction in [3H) SCH 23390 binding sites was seen in the medial septal area;

however, it failed to reach statistical significance. No alterations in the levels of DI

like receptors were seen in the dorsal striatum as a result of the administration of any

of these antisense oligodeoxynucIeotides.
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Morcoycr. ncithcr the allli-D 1. ami-D5 nor the scrambled ami-D5

oligonucleotides reduced tOlal ,3 H1 raciopride!D2-like binding in the hippocampus.

medial septum or dorsal striatum (data not shown).

EtTect of DIID5 antisense on the Dl-like agonist-induced-stimulation of

hippocampal ACh release

The average basal level of hippocampal ACh release under the conditions used

here was 2.6+0.4 pmolesl25min. None of Ihe amisense Ireatments signitïcamly altered

this basal release (Fig 2A). In comrol animais. hippocampal ACh release was elevaled

by about two fold following the local administration of the DI receptor agonisl SKF

38393 (100IlM) in a fashion similar to Ihal described previously (Hersi et al.. 1995a).

Infusion of the DI receptor amisense (1llg/hr) did not alter Ihe DI agonist effect (Fig

2B). In comrast. the ami-DS receptor oligonucleolide (1Ilg/hr) signitïcamly blocked the

SKF 38393-induced-stimulation of hippocampal ACh release (Fig 2C). An

oligonucleotide composed of the same bases as the ami-DS receplor amisense. but in

scrambled manner failed to block Ihe increase in hippocampal ACh release (Fig 2C).
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Figure 1. Effect of ant~sense treatment~ on hippocampal DI-like/[3HI SCH 23390

binding sites. Brain sections obtained l'rom rats immediately upon the complet ion of

the dialysis experimems were incubated wi[h !.OnM ,3 H1 SCH ~3390 as described in

Materials and Methods. Non specitïc binding was determined in the presence of ll'M

SCH ~3390. Autoradiograms generated by apposing the sections against tritium

sensitive tïlms were subsequemly quantitïed using computer assisted image analysis.

The histograms represem specitïc labelling obtained by subtracting non specitïc l'rom

total binding. Data are mean + S.E.M. l'rom four different animaIs for each treatmem

expressed as percent of control Ringer infusion. Statislical analysis was evaluated by

one way analysis of variance (ANOVA). * P< 0.05. Abbrevialions: CA. Ammons

horn: DG. Dentale gyrus: Dm. dorsal slrialum: Msep. medial seplum. Ringer.• :

AmiD5 Scrambled.. : Ami-Dl. .: Ami-D5 .
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figure 2. Effects of antisense treatment on basal (A) and SKF 38393 stimulated

(B.C) hippocampal ACh release. Following baseline determinalion. Ringer solution

containing lOO!,M SKF 38393 was pcrfuscd through the probe implamed in the

hippocampus for the period indicated by the black bars (up to 4hrs). Dialysate ACh

coment. measured by GC-MS. is expressed as a percent of baseline. Basal release was

calculatcd from the average of eight samples prcceding drug infusion. Data represcm

mean + S.E.M. (n=4 for each group). Statistical signitïcance was evaluated by one

way analysis of variance (ANOVA). * p < 0.05 from basal release. Only the D5

antisense treatment blocked the effect of SKF 38393 on ACh release. the Dl and D5

scrambled having no effect .
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DlSCl'SSIOl'l

Dopamine modula[cs hippocampal cholinergic activj[y (Day and Fibiger. 199~:

Impcraro et al.. 1993). Specitïcally. local stimulation of DI-like reccptors cnhanccs

hippocampal ACh release (Hersi et al.. 1995a). On the basis of structural. biochel1lical

and pharmacological similarities. [WO receplors mel1lbers belong tO this family of DA

reccptors. namely DI (DIa) and D5 (Dib) (Civelli et al.. 1993: Gingrich and Caron

1993). Unfortunately. no drug is curremly available which can c1early distinguish

between these IWO receplors. Therefore il is diftïcult [0 ascribe a panicular biological

function to eilher of the two subtypes. This is specially true for brain struclures

enriched with both the DI and D5 receplors. The hippocampal formation is such a

Slructure where lhe mRNA as weil as the proteins for DI and D5 receptors have been

loca1ized. (Bergson et al.. 1995; Fremeau el al.. 1991; Sunahara el al.. 1991: Tiberi ct

al.. 1991: Weiner el al.. 1991). A novel approaeh to diseriminale among c10sely

related receptor sublypes is the use of amisense oligonucleolides targeted 10 speeitïe

mRNAs (Whitesell et al.. 1993). In the presem study. we utilized a combined

antisense-in vivo dialysis approaeh 10 aseerlain whieh of the two D1-1ike reeeplors is

involved in stimulating hippocampal ACh release. Infusion of phosphorolhioate

moditïed oligodeoxynucleotides specifie to either the DIor D5 reeeptor subtype

redueed hippocampal (3 H1 SCH 233901D1-like reeeptor binding. However. only the

D5 receptor antisense was able to block SKF 38393-induced increase in hippocampal

ACh release.

(3H1SCH 23390/D 1-like binding in the rat hippocampal formation is primarily

found in the dentate gyrus (Dawson et al.. 1986; Grilli et al., 1988: Hersi et al.,

1995a; Tiberi et al., 1991). Both Dl and 05 receptor antisense oligonucleotides

reduced [3H] SCH 23390 binding by about 30% (Fig 1). Given the fact that the

radioligand used here recognizes both receptor subtypes equally weil (Tiberi et al.,
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1(91). Ihis decrease is likdy higher. I\loreover. il appears that these two antisensès

affect different population of D 1-1 ike receplors. given their diftercntial dtect on

hippocampal cholinergic function (see bdow). However. additional slUdies examining

the dteet of these oligonucleolides on lhe respective mRN:\s of th~se two reccplors as

wdl as concomitant administration of the two antisenses will be necessary 10

subslamiate this assertion.

Although the ventricular companments link most parts of the brain. maximal

alteration of various receplors follolVing antisense infusion has consistently been

observed in areas adjacent la the ventricle of administration (Karle and Nielsen. 1995;

Sakai et al.. 1994; Weiss et al.. 1993). This is likely due to the generation of a

concentration gradient at the site of infusion. Ihe surrounding tissues being exposed 10

higher levels of antisenses. Given our purpose IVe chose the third ventricle as infusion

site. As expected. neither of the two antisense oligonucleotides had an effecl on DI

like receplor binding in areas relatively distant 10 the venlricle such as Ihe dorsal

slrialum (Fig 1). However. a trend tOlVard a decrease in 13H 1SCH 23390 binding \Vas

noted in the medial septum (Fig 1). The perikarya of the seplohippocampal cholinergic

innervaIion are found in this area. Therefore. it is possible Ihat antisenses raken up by

lerminals adjacent to Ihe sile of infusion \Vere retrogadely transported illlO the sepral

area.

Administration of the scrambled-sequence D5 antisense did not affect DI

receptor binding (Fig 1). Moreover. ail the antisense treatmenlS used here failed 10

decrease the levels of (3 H1 raclopridelD2-like binding in the hippocampal formation.

Taken together. these observations argue against the possibility that the infusion of

antisenses have non-specific effeclS such as neuronal toxicity and overall inhibition of

protein synthesis.



•

•

•

82

None of the alllisense treatmelllS utilized here had an effecl on basal

hippocampal ACh release (Fig 2a). In addition to excluding nonspecitïc toxicity

induced b)' the alllisense administration. this observation corroborates our previous

tinding that the dopaminergic regulalion of hippocampal cholinergic aClivil)' is not

tonic in nalure (Hersi el al.. 1995a). Onl)' Ihe D5 receplor alllisense bUI not Ihe DI nor

Ihe scrambled D5 anlisense IreatmenlS blocked SKF 38393-induced slimulalion of ACh

release in Ihe hippocampus (fig 2b and 2c). Thus. il appears Ihal DA modulales

hippocampal cholir;ergic terminal aClivily via Ihe D5 receplor sublype. Additional

experimellls utilizing amisense sequences targeted againsl olher portions of the Dl and

D5 reccplors are needed 10 categorically exclude Ihe Dl receplor l'rom Ihis function.

The D5 receptor mRNA has been shown 10 possess a unique and restricted

distribution compared to ilS DI coulllerpart (Tiberi et al., 1991). Deteclable levels of

D5 receplor mRNA are found only in the lateral mammilary nuclei, the alllerior

pretectal nuclei and the hippocampal formation. On this basis, it has been postulated

thal Ihis receptor might be involved in limbic tùnction including learning and memory

(Tiberi el al., 1991). Recelllly, it was reported Ihat the D5 receplor prolein might also

be localized on cholinergic illlerneurons in Ihe caudale nucleus and in the basal

forebrain where cholinergic perikerya Ihat innervale cortical areas are found (Bergson

el al., 1995). Il is weil known thal DA modulates cortical and hippocampal cholinergic

activity by aCling on DI-like receptors (Day and Fibiger, 1992, 1993 and 1994; Hersi

et al.. 1995a). Moreover. we have shown here that the receptor involved in this

function in the hippocampus is Iikely of Ihe D5 sublype. Given thal celllral cholinergic

innervation is considered as an illlegrai componelll of the circuitry underlying

mnemonic processes, it seems that a putative function of the D5 receptor subtype in the

mammalian brain could be the regulation of memory. Moreover, il should now be

feasible, using antisenses. to ascertain the receptor subtype involved in olher DI-Iike
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modulation of mnenlllnic proœsses such workin~ memory in the pre frontal cortex

(William and Goldman-Rakic. 1495) and LTI' in the Schatter collateral pathway of the

hippocampus (Huang and Kandel. 1445) usin~ similar approaehes.

ln summary. administration of specifie antisense oligonucleotides direeted

against regions spanning Ihe initiation eodon of the DI and D5 receptors reduœd Ihe

levels of D l-like binding sites in Ihe hippocampus. However. only the D5 antisense

blocked the SKF 38393 induced stimulalion of hippocampal ACh release. The

behavioral consequences. in terms of learning and memory. of this novel D5 funelion

are being investigated at the present time.
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PREFACE TO CHAPTER 4

As described in the preceeding two chapters, stimulation of DI-like receptors enhances

hippocampal acetylcholine release. In Ihis chapter, we studied the behavioral

significance of this effect, utilizing rats that become memory impaired as a function of

age.
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ABSTRACT

The possible modulation by DI drugs of leaming abilities of a population of aged

memory impaired animais was investigated in the present study. The level of

DI/[3H]SCH 23390 receptors wa~ tirst examined by quantitative autoradiography to

ascenain if cognitive deticits seen in these animaIs could be related to alterations in the

levels of these receptors. No signiticant differences in [3 H]SCH 23390 binding were

observed in any of the brain areas examined between young. and aged memory

unimpaired (AU) and aged memory-impaired (AI) animaIs. However, the cognitive

deticits of the AI rats were modulated by DI drugs. The DI agonists SKF 38393 and SKF

81297 (3.0mglkg i.p.) signiticandy reduced the latency period to tind a hidden platform

in the Morris Water Maze. reflecting improved cognitive functions. while the DI

antagonist SCH 23390 (O.OSmg/kg i.p.) had no overall signiticant effec!. Moreover. the

DI agonist SKF 38393 increased whereas the antagonist inhibited in vil'O hippocampal

ACh release.

Taken together, these results suggest that functional hippocampal ACh-DA

interactions exist in aged memory impaired rats. More importandy, the cognitive deticits

seen in the AI rats can be attenuated by stimulation of D1 receptors, hence suggesting an

altemate approach to alleviate the cognitive deticits seen in the aged brain.
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INTRODUCTION

A substantial body of evidence has implicated the central cholinergic system as an

integral component of the neural circuitry associated with learning and memory (for

recent reviews. see 14.42 and 49). For example. the systemic administration of

muscarinic cholinergic receptor antagonists disrupts the performance of animais in a

variety of tasks such as operant matching / nonmatching to sample5.46 and spatial

memory tasks including the radial arm maze 6.41.54 and Morris water Maze 9.55.57 ln

addition. lesion studies have, in general. highlighted the importance of the cholinergic

system in learning and memory. For instance. lesions of the cholinergic neurons of the

nucleus basalis magnocellularis or the medial septum / diagonal band of Broca disrupt the

performance in memory tasks sensitive to cholinergic blockade 4,18,38.56 Besides

acetylcholine (ACh), however. several other neurotransmitter systems likely play a role

in learning and memory (for review see 14). One such neurotransmitter is dopamine

(DA).

There is a weil characterized reciprocal interaction between acetylcholine and

dopamine in the control of normal motor activity at the level of the basal ganglia (for

recent review see 50). More recently, it has become evident that complex interactions

also exist between ACh and DA in the normal functioning of memory and cognition.

Mnemonic delicits brought on by denervation or pharmacological blockade of central

cholinergic systems can be modulated by dopaminergic drugs. For example, memory

delicits induced by muscarinic receptor antagonists are attenuated by DA antagonists32

acting on DI receptors28 whereas cognitive impairments resulting from nicotinic

receptor blockade are exacerbated by D2 receptor antagonists33 ,34. Conversely,

impairments in avoidance learning l, operant responding29 and conditioned avoidance2

caused by the systemic administration of the nonspecilic DA receptor antagonist
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haloperidol are attenuated by the muscarinic antagonist scopolamine. the latter at doses

that do not have elTects by themselves

Lately. however. questions have been raised about the validity of equating

mnemomc delicits induced by acute pharmacological manipulations or diserete

meehanieal or chemical lesions with those occurring during the normal aging

process 16.22 For instance. the cholinergie deficits observed in aging oceur within a

context of age and/ or disease-related pathologies in other neurotransmitter systems. Even

more relevant here is the observation that the weil charactenzed reciprocal antagonistie

interaction between ACh and DA in the basal ganglia is altered in senescent animals27

For example. the dopaminergic agonist apomorphine inhibited K+-evoked ACh release

from stnatal slices of young and middle-aged. but not old animais. Similarly. the

muscannic agonists. oxotremonne and carbachol, inhibited DA-stimulated adenylate

cyclase cell preparations obtained l'rom young and middle aged, but not l'rom old rats27

Therefore, the purported ACh/DA interactions in cognitive processes seen in

young animais must be reinvestigated in a model that better approximates the conditions

of the aged brain. Memory loss in the aged human population vanes widely l'rom the so

called successful aging whereby an individual performs most memory tasks as weil as

young cohorts to the severe deficits seen, for example, in Alzheimer's Disease (AD).

Analogously, about 30% of aged (24-25 mo.) Long Evans rats exhibit impairments in

spatial memory as evidenced by a poor performance in tasks such as the Morris Water

Maze 19,25,45. Il is believed that these aged memory-impaired rats better represent the

global dynamics of cognitive alterations occurring in aging in certain sub-groups. The

neuroanatomical structure most implicated in spatial memory is thought to be the

hippocampal formation8,36. Interestingly, the majority of DA receptors ln the

hippocampus are of the DI (dl/d5) subtype I0,40. Accordingly, in this study, we
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examined (i) the level of DI receptor as a tùnction of age and cognitive status. (ii)

whether the memory deficits that characterize the AI animaIs can be modulated \Vith DI

drugs and (iii) the effect of DI receptor agonist and antagonist on in l'il'O hippocampal

ACh release.



•

•

•

97

EXPERIME~T.·\LPROCEDl'RES

Animais and Materials

Male Long hans rats (3-6 ma old) \Vere obtained t'rom Charles River Canada

(St Constant. Quebec. Canada) and aged in our animal tàcilities The animais \Vere

maintained on a 12 hr light-dark cycle (Iight on at 700 a.m) in temperature and humidity

controlled rooms. Animais \Vere t'ed standard laboratol!' cho\V and had access to tap water

ad libitum. Any animais showing signs of respiratol!' ailment \Vere removed l'rom the

study. Animal care was according to protocols and guidelines approved by the l\kGill

University Animal Care Committee and the Canadian Council for Animal Care (CC...I.C).

The concentric dialysis probes (eut otT 20.000 daltons and a surface of 2mm in

length and 0.5mm in diameter) were l'rom BAS (West Lafayette. IN. U.S.A.) and the

transverse probes were made from AN69 Hospal libers (molecular \Veight eut off <

60.000. i.d. = 220~m. o.d. = 31O~m). Physostigmine sulfate \Vas from Sigma Chemical

Co.(SI. Louis. Mo. U.S.A) \Vhile SCH23390 HCI. SKF 81297 HBr and SKF38393 HCI

\Vere obtained from RBI (Natick. MA. U.S.A.). [3 H] SCH23390 (80.7Ci/mmol). 3H

Hyper-films and microscale standards were purchased from Amersham Canada

(Oakville. Ontario. Canada). The deuterated vâriant of ACh. [2H4] ACh bromide

[(CH3)3NBrCD2CD20C-(0)CH3], \Vhich \Vas used as internai standard for ACh

determination \Vas obtained from Merck, Sharp and Dohme Isotopes (Montreal. Quebec,

Canada). Developer(D-19) and fixer (Rapid Fix) \Vere obtained from Kodak Chemical

Inc. (Montreal Quebec, Canada). Ali other reagents \Vere of HPLC or GC-MS grade and

purchased from either Fisher Scientific Co. (Montreal, Quebec. Canada) or Aldrich

Chemicals (Chicago. IL, U.SA).
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Behavioral Screening

Young and 24-25 mo old aged rats (n=132) were evaluated for their leaming

capacities using the weil estab1ished Morris maze task 19,37,45 and as previously

described by our group25,48 Briefly, animais are required to find a submerged platform

(2cm) in a pool (1.6-m dia.) of water that has been made opaque by the addition of

powdered skim milk. The animais solve the task using only distal spatial cues provided in

the testing room. Rats were given 15 trials over 5 successive days (3 trials per day;

maximum trial duration of 2 minutes; inter-trial interval about 20 minutes) with the

platform submerged. At the end of this five day period, the aged animais are categorized

as age-impaired (AI) or aged-unimpaired (AU) based on their performance with respect

to the young cohorts. As reported earlie~5aged animais demonstrate great individual

differences in their leaming capabilities (Fig1). Except for those used in DI drug

behavioral testing, ail animais were immediately run on probe trials on the 5th day with

the platform elevated 2cm above the surface of the water. These trials were conducted to

ensure that the impairments were not related to any visual defects or to the animal's

inability to perform the motor demands of the task 19,37,45. For DI drug testing, the

animaIs catagorized as AI were subdivided into groups of overall equal performance and

given three trials a day for three days starting at day 6 preceded by i.p. injection of the

drug of interest (see legend to Table 1 for further details). These animaIs were given

probe trials immediately following termination of testing on the last day. In these probe

trials, first the platform was altogether removed to determine the length of time that the

animal spends in the training quadrant for a trial length of 30 seconds. Then the platform

was reinstated and also made visible to the animal to check for any visual or motor

deficits. The drug employed here were chosen based on earlier studies that showed the

effectiveness of such doses in similar behavioral paradigms35.
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DI Receptor Autoradiography

The status of DI ([3 H] SCH 23390) receptors in AI, AU and young animais was

assessed using a method described in detail elsewhere12 ln brier. 20Jlm brain sections

were incubated for 60 min at room temperature in 50mM Tris HCI buffer (pH 7.4)

containing 120mM NaCI, 5mM KCL 2mM CaCI2, ImM MgCI2 and 1.0nM [3 H] SCH

23390. Consecutive sections were also incubated in the presence of 1JlM SCH 23390 to

ascertain the specificity of the labelling. The sections were then rinsed five times (2 min

each) in fresh ice cold buffer. The buffer salts were removed by a rapid dip in ice cold

distilled water and the sections air dried. Autoradiograms were generated by apposing the

sections alongside with tritium standards to tritium sensitive films for four weeks. The

films were then developed as described beforé7 and [3H]SCH 23390 specifie labelling

quantified (fmol/mg tissue wet weight) using computer assisted microdensitometric

image analysis system (MCID System, Imaging Research Inc., St-Catherines, Ontario,

Canada). Anatomical areas were identified and named according to Paxinos and

Watson44 Significant differences between experimental groups were determined by a

one way analysis of variance (ANOVA); p<0.05 being considered significant.

Probe implantation and hippocampal in vivo dialysis

AI rats were anesthetized with nembutal (50mglkg, Lp.). Guide cannulas (BAS,

West Lafayette, IN, U. S. A.) were stereotaxically implanted in the dorsal hippocampus

as described elsewheré8 . The animais were individually housed and allowed to recover

from surgery for 2-3 days prior to their use in the in vivo dialysis experiments. 16-20

hours before dialysis, a vertical probe was implanted via the guide cannula so as to give a

final depth of 3mm below the dura. Young (5 months old) and sorne AI rats were

implanted with transverse probes9b in the dorsal hippocampus as described elsewhere23 .

Each animal was dialysed only once. At the beginning of each dialysis experiment,

animais were placed in lidless cages and connected to a BAS microliter syringe pump in a



•

•

•

100

manner as to allow them to freely move in the cages. The probes were perfused for a one

hour wash out period at a flow rate of 2.34 ul/min with an Ungerstedt-Ringer solution

(125mM NaCI, 3.0mM KCI, I.2mM CaCI2, I.2mM MgCI2' I.5mM NaH2P04 pH 7.4)

containing 751lM physostigminé8 Twenty minute dialysate fractions were collected

into a 1ml glass vials containing 46 ul of 0.1 N HCI and 50 pmoles of deuterated ACh as

internai standard. The sampies were frozen immediately and stored at -800 C until assayed

by gas chromatography/mass spectroscopy (GC-MS). SKF 38393(3.0mglml) and

SCH23390 (0.05mglml) were dissolved in 0.9% saline solution and injected i.p. in a

volume of 1mllkg. Following most experiments, probe location was verified by standard

histologieal examination of the brain.

GC-MS analysis of ACh

ACh content of the dialysate fractions was determined by GC-MS as deseribed by

Marien and Richard31 . Briefly, frozen sampies were Iyophilizcd overnight, reeonstituted

in 250ul acetonitrile, capped, heated at 800C for 30 minutes and dried under a gentle

stream of nitrogen gas. Quaternary amines present in the samples were demethylated by

adding 250ul sodium benzene thiolate solution (160mg in 18ml of redistilled methyl

ethyl ketone and 35ul ofglaeial aeetie aeid) under a flow ofnitrogen and reacting at 800 C

for 45min. Samples were then extracted into 35ul of eitric aeid and washed twiee with

250ul of pentane. Finally the samples were extracted into 80ul of ethyl aeetate and

coneentrated down to 3-5ul volume before being injected in to the GC-MS (Hewlett

Paekard 5987b). The amount ofendogenous ACh in each dialysate was calculated from

the peak area ratio of endogenous vs deuterated internai standard26. Calculations were

not corrected for the recovery of ACh by each dialysis probe. Sample ACh content was

expressed as a percentage of average baseline (six sampie collections preceding drug

administration). Significant differences between experimental groups were determined by

a one way analysis ofvariance (ANOVA). p<0.05 being considered significant.
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RESULTS

Behavioral Screening of Aged Animais

Cognitive performances of young (6mo ; n=IO) and aged (24-25 mo ; n=132)

male Long Evans rats in the Morris Water Maze were examined. An animal was

designated as aged-impaired (AI) if the latency to find the platform en each of the test

days 2-5 was >2 SD higher than the mean of the young animais. Aged-unimpaircd (AU)

animais showed latencies over this period that were <0.5 SD higher than the mean for the

young animais. A significant portion (33%) of aged animais from our colony

demonstrates significantly impaired performance whereas 27% of the aged animais were

c1early unimpaired. An analysis of variance (with Scheffe post hoc test) shows that, as a

group, the AI differ significantly from both the young and AU animais on test days 2-5

(Fig1). No differences were observed between young and AU animais. The performance

of these animais has also been examined in terms of the distance travelled before locating

and c1imbing onto the platform. An analysis of these data shows the same pattern of

differences as the latency figures (data not shown). When these same animais are

provided an opportunity to swim towards a platform that has been raised above the level

of the water (visually-cued condition), there are no differences in latency or distance

measures (data not shown) indicating thatthe differences between groups are not related

to swimming abilities (Issa et al., 1990).

Dopaminergic Dl 1[J.ill SCH23390 receptors and aging

No c1ear differences in DI/[3H] SCH23390 binding densities were observed

between the AI and AU groups in any of the brain regions examined (Fig 2). Similarly,

aging per se does not seem to alter DI/[3H]SCH23390 binding site levels as evidenccd

by comparable binding densities between the aged and young cohorts (Fig 2).



•

•

•

102

8ehavioral effects of SKF 38393, SKF 81297 and SCH 23390 in the a~ed

impaired rats

Administration of the DI agonists SKF 38393 and SKF 81297 (3.0mg/kg i.p) to

AI animais fifteen minutes before trial resulted in a significant reduction (44% and 51 %,

respectively; p<O.OS) in the latency to find the submerged platform compared to saline

treated AI controls (Table 1). The DI antagonist SCH 23390 (O.OSmg/kg i.p.) induced an

average 33% increase in latency over the three days of testing (Table 1). This overall

increase failed to reach statistical significance. However, when performance trend across

the three days oftesting was examined for the antagonist, a worsening of the deficit of the

AI animais which reaches statistical significance on the last day of testing is observed

(Table 1). In probe trials wherein the platform was removed and the percentage of time

spent in the training quadrant was examined, no significant differences were observed

between groups (data not shown). There were no apparent differences in swim speed

between experimental groups following the administration of either the DI agonists or

the antagonist (data not shown). Moreover, during probe trials wherein the submerged

platform was made visible to the animaIs, there were no differences in latency to find the

platform following drug administration (data not shown).

Effeet of SKF 38393 and scn 23390 on hippoeampal ACh release

Administration of the selective DI agonist SKF 38393 (3.0mg/kg i.p.) increased

hippocampal ACh release by about two fold over baseline in both young and AI rats (Fig

3A, 38). The maximal increase in ACh release was observed approximately 40min after

the administration of the DI agonis!. On the other hand, the DI antagonist SCH 23390

(O.OSmg/kg i.p.) transiently inhibited ACh release in young animaIs whereas in AI rats

this inhibition persisted and reached statistical significance by about two hours following

drug administration (Fig3A, 38).
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Fig I. BehavioraI Screening of Aged Animais: Cognitive performances of male

young (6mo. n=IO) and aged (24-25 mo. n=132) Long Evans rats in the Morris Water

Maze were examined as described in Methods and Results sections. A significant portion

(33.2%) of aged animais from our colony demonstrates significantly impaired

performance whereas 27.5% of the aged animais show clearly unimpaired performance.

*p<O.OI c.:Jmpared to Y animais. AI, [] ; AU,. ; Young, ....
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Fig 2. Effect of aging and spatial memory impairment on Dl receptor

binding levels: Sections from AI, AU and young animais were incubated with 1.0nM

3H SCH 23390 as described in the Materials and Methods section. The histograms

represent specifie labelling obtained by subtracting nonspecific from total binding. Data

represent mean ± S.E.M. from six animais per group. No significant ditTt:rence was

observed in [3 H]SCH23390 binding in any of the regions studied. DG, dentate gyrus of

dorsal hippocampus; FCTX, frontal cortex; HIPP, CAI/CA2/CA3 subfields of dorsal

hippocampus; NACC, nucleus accumbens; OT, olfactory tract; PCTX, Parietal Cortex;

STR. Striatum and TCTX. temporal cortex. AI, li ; AU, ~ ; Young, •.



•

•

•

200

o
FCTX PCTX TCTX STR NACC OT HIPP DG



•

•

•

105

Fig 3. Effeet of Dl reeeptor agonist, SKF 38393, and antagonist, SCH 23390,

on in vivo hippoeampal ACh release of Young and AI rats: Data represent group

mean + S.E.M. SKF 38393 (n=4 for Al and n=5 for young); SCH 23390 (n=5 for Al and

n=4 for young). 0.9% Saline solution containing either SKF 38393 (3.0mg/kg .) or

SCH 23390 (0.05mg/kg !!) were injected i.p. following baseline collection (as indicated

by the arrow). Dialysate ACh content, measured by GC/MS, is expressed as a percent of

baseline. Baseline is the average of six samples preceding drug application. *p<0.05:

significantly different from baseline.
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Table 1 . Effeet of SKF 38393, SKF 8129ï and SC" 23390 on lateney

period/Iearning abilities of AI animaIs in the Morris Water Maze

Group Dayl

Latency (sec)

Day2 Day3 Overall

•

Saline

SKF 38393

SKF81297

SCH23390

43.3 ± 11.06 26.58 ± 4.16

23.07 ± 4.0 1 20.64 ± 5.26

24042 ± 11.20 11.28 ± 3.76

44.7 ± 10.73 36.78 ± 8.46

24.8 ± 11.06

Il.49±3.17

10.93 ± 2.10

*48.87 ± \Il.85

33.20 ±5.7

*18.80 ± 2.50

*16.09 ± 4.21

4HO±5.80

•

Animais that were designated as AI as described in Fig 1 were utilized. These AI rats

were injected (i.p.) either SKF 38393 (3.0mglkg), SKF 81297(3.0mg/kg), SCH 23390

(O.OSmg/kg) or vehicle (0.9% saline) ISmin prior to the first testing of the day. Three

trials separated by ten minutes rest period were administered per animal. Each animal

underwent a total of nine trials over a three day period. Data represent group mean ±

S.E.M. offive different animais except for SKF 81297 group where n=3. *p<O.OS.
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DISCUSSION

Various studies using pharmacological manipulations have suggested the

existence of complex interactions betwt:en ACh and DA in leaming and memory

processes. However, questions have been raised against equating memory deficits

induced by pharmacological manipulations with those occurring during normal aging and

in disease states. In our studies, we sought to address this point by examining ACh/DA

interactions in the AI rat mode\. The majority of DA receptors in the hippocampus, a

structure most implicated in leaming and memory, are of the DI (dl/d5) subtype l0,40

Therefore, we examined the status of brain DI receptor levels in AI vs AU, and in young

animais. No apparent differences in the densities of DI binding sites were ohserved in

any of the brain areas examined between AI and AU animais. Furthermore, no significant

differences in hippocampal DI binding levels were observed between the young and

aged cohorts. However, the DI agonists SKF 38393 and SKF 81297 improved the

cognitive abilities of the AI rats in the Morris Maze task. DI drugs also modulated

hippocampal ACh release. thus suggesting a possible mechanism for the observed

behavioral effects.

Numerous studies have examined the status of various neurotransmillers in AI

animais by monitoring changes in receptor levels. The most consistent finding appears to

be that of rather normal densities. For example. the present consensus is that the total

number of muscarinic receptors does not change in AI compared to AU and young

animals I3•30,51 but also see 7,20, although a specifie subtype may be altered3. In the

present study, we report that levels of dorsal hippocampal DI receptors are apparently

unchanged during aging and in the AI rats. This finding also suggests that endogenous

DA levels are not altered in these animais. In fac!, it has been shown that neither the

levels of DA nor those of its metabolites are altered in AI animals20. Nevertheless, the

maintenance of normal receptor densities does not necessarily mean that these receptors
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are lùnctionally intact. For instance. the el1iciency of receplOr transduction mechanisms

could be altered with age. and in various disease processes 17.39,-13.52 ln fact. although

conical DI receptor densities are unchanged in ..\D. a reduction in the number of the

high al1inity agonist state of these receptors has been reponed 15 The lùnctional

significance ofthis finding remains to be established.

The DI agonists SKF 38393 and SKF 81297 significantly improved the cognitive

performance of Al animais in the Morris Water Maze task. On the other hand. the

antagonist SCH 23390 had no overall significant effect on the memory deficits of these

animais. although a worsening of the performance trend of the Al animais across days

was observed. ln order to demonstrate a statistically significant overall effect of the

antagonist at the dose used, an increase in the latency between drug administration and

behavioral testing would likely be required to coincide with the time of likely inhibition

(2hrs) of hippocampal ACh release (Fig 38). Altematively, there could be a ceiling

phenomenon il! the magnitude of the deficit that can be demonstrated in this task. ln

adc.ition to measuring spatial leaming ability, the Morris Maze task also involves both

visual and motor componcnts 19,37,45 However, at the doses used in the present study,

neither Dl drugs had an effect on visually cued performance as evidenced by probe trials.

Similarly motor side effects were absent as the swim speeds between drug-treated and

saline-treated AI animais were comparable. Thus, it seems likely that the behavioral

effects of the Dl drugs in the Al rats resulted from the modulation of cognitive abilities,

although effects on attentional and/or motivational mechanisms cannot be excluded at

this time.

There is a series of studies, most notably by Levin and collaborators (see ref 28

for a review), that strongly suggest the existence of interactions between ACh and DA in

leaming and memory processes in young animaIs. With regards to Dl receptors, these
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investigators found that scopolamine-induced radial-arm maze choice accuracy deficits

are reversible by the co-administration of the DI antagonist SCH2339028,32 . In

contrast, we report here that spatial memory deficits of the AI rat are reversible by the DI

agonists SKF 38393 and SKF 81297. One possible explanation for this apparent

discrepancy relates to the type of memory being examined by the tasks used in these

respective studies. Although both radial arm maze and the Morris Water Maze evaluate

spatial working memory, the former is of the" effortful" type as compared to the later

which examines memory of rather "automatic" nature8,21,36 Therefore, it is quite

conceivable that these Iwo types of mnemonic processes are subserved by distinct

neuroanatomical structures or pathways that might be differentially sensitive to

dopaminergic drugs. Another more likely possibility relates to the nature of the memory

deficit being investigated. For instance, concems have been raised against equating

memory deficits induced by pharmacological manipulations with those occurring as the

result of normal agingl6. For example, whereas muscarinic antagonists Iike scopolamine

produce an acute and short lasting blockade of cholinergic receptors, aging is a slowly

progressing, irreversible process that involves, in addition to changes in pre and

postsynaptic cholinergic functions20,48, substantial alterations in various other

neurotransmitter systems l6. Accordingly, caution must be exercised when genenl1izing

from data based on acute pharmacological manipulation in young and healthy animaIs to

cognitive deficits seen in aging.

A number of possible mechanisms could explain the behavioral effects of the DI

drugs in the AI animais. Most prominent among these, however, is the septo-hippocampal

cholinergic projection. This pathway is thought to be a crucial component of the circuitry

involved in the type of memory examined by the Morris Water Maze8,36. Interestingly,

the modulation of hippocampal ACh release by the DI drugs in the AI animais (Fig4B)

mirrored the effects of these same drugs on spatial learning abilities (Table1). This
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suggests that hippocampal ACh activity may underlie, at least in part, the changes in the

cognitive performance of these animais. A possible site of action of the DI drugs in

modulating hippocampal ACh release is the septal nuclei. 11 is weil eSlablished that

ventral tegmental area (VTA) dopaminergic perikarya send projections to the lateral

septum53 . These dopaminergic terminais are thought to inhibit, via GABAergic

intemeurons, the activity of medial septal neurons which give rise to the septo

hippocampal cholinergic pathway58 However. if indeed this was the case effects

opposite to those observed here would have been expected; the Dl agonist, via its

stimulation of the release of GABA, indirectly inhibiting hippocampal ACh release. A

more likely locus for the interaction between Dl receptors and hippocampai ACh release

is within the hippocampus. In fact, the existence of direct, albeit sparse, dopaminergic

innervation in the hippocampus arising from the VTA and the substantia nigra has been

established53 . Th.;l hippocampal formation is also relatively enriched with DI receptors

and a proportion of these receptors is postulated to reside directly on dorsal hippocampal

cholinergic terminais, where DI receptors were shown to locally modulate ACh

release23 Apart from the hippocampus, however, the frontal cortex is also likely

involved in the performance of the Morris Water Maze task and interestingly DI drugs

have previously been shown to modulate cortical ACh release in a manner analogous to

the hippocampus10b,lOc. Therefore, in addition to the hippocampus, the frontral cortex

could be a possible site for the behavioral effects of the DI drugs utilized in our study.

Moreover, the effect of these DI drugs on other neurotransmitters remains to be

investigated.

Finally, our findings on hippocampal ACh release in AI animaIs are in general

very similar to those seen in young animaIs Il,24,this study. Thus, unlike the reciprocal

interactions between striatal ACh and DA innervations which are reportedly affected in
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aging27, hippocampal AChlDA DI receptor interactions appear to be generally

maintained as the animal ages and becomes cognitively impaired.

CONCLUSIONS

The spatial leaming deficit seen in the AI rats was significantly attenuated by the

DI agonists SKF 38393 and SKF 81297. Our data also suggest that an underlying

mechanism could relate to the modulation of hippocampal ACh release. In light of the

relatively limited success of cholinesterase inhibitor-based therapies in age associated

memory deficits, an interesting altemate possibility could be the use of 0 1 agonists.
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PREFACE TO CHAPTER 5

The rationale of the preselll thesis stemmed from data obtained from human

post mortem tissues. On the other hand, the work delineated in the preceding three

chapters was conducted in rats. Therefore, in an attempt to determine the potential

applicability of the rodent data to other species including humans, the existence and

distribution of the dopamine receptors implicated in hippocampal acetylcholine release

were examined in monkey and human brains as ail index that these receptors lIlight be

serving similar functions in primates as in the rat.
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AB8TRACT

The distributional profile of [3HI SCH 23390/dopamine DI-like receptors in

the hippocampal formation of the rat, monkey and human brains was examined by

quantitative receptor autoradiugraphy. DI-like recepiors were found in the

hippocampus of O!!! three species. In the rat, the majority of these receptors were

located in the molecular layer of the dentate gyrus whereas the Ammon's horn

subfields exhibited lower levels of DI-like binding sites. Interestingly, this distribution

profile was reversed in the primate hippocampus. In both the monkey and human

hippocampus, the highest DI-like receptor density was seen in the CAl followed by

the CA3 subfields, with the dentate gyrus containing lower levels. These results

demonstrate that, in contrast to the situation see!l in the basal ganglia, D1-1ike receptor

distribution in the hippocampal formation may not be evolutionary conserved.
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INTRODUCTION

Dopamine (DA) neurons in the ventral tegmental area project to a number of

cortical and subcortical structures (Bjorklund and Lindvall. 1984; Lindvall and

Bjorklund. 1983). These dopaminergic projections which are referred to as the

mesocorticolimbic system have been implicated in a number of brain functions such as

cognition. motivation and reward (for reviews see Bozarth. 1989; Decker and

McGaugh. 1991; Phillips et al.. i 989; Wise and Hoffman. 1992). Mesocorticolimbic

dysfunction is also thought to contribute to a number of psychopathological conditions

including schizophrenia and affective disorders (Willner et al.. 1989).

As a result. the characteristics of this dopaminergic innervation have been

studied in a variety of species including rat. monkey and human (Fallon and Loughlin,

1987; Goldman-Rakic et al., 1992). For exampll;, DA modulates long term

potentiation in the Schaffer collateral pathway of the rat hippocampus via DI-Iike

receptors (Huang and Kandel, 1995). Moreover, we recently reported that DI-Iike

receptors modulate hippocampal acetylcholine (ACh) release in the rat and that this

action may impact on cognitive abilities of the aged rat (Hersi et al., 1995a and

1995b). An antisense approach revealed the likely involvement of the D5 subtype of

the DI-Iike receptor family in these effeclS (Hersi et al., 1996). However, while it is

true that basic commonalties of DA mesocorticolimbic innervation exist across species,

there are also important differences. For example, the neocortical dopamine system

appears to be more extensive in the primate than in the rat brain (Roth and Elsworth,

1995; Roth et al., 1987). A recent report also suggeslS the presence of differential

distribution of dopamine receptor subtypes in the primate cortex compared to that of

the rat (Huntley et al., 1992).
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ln order to establish if the data on the effects of DI-like receptors on

hippocampal ACh release in the rat may be applicable to other species including man.

we investigated the comparative distribution of ,3 H] SCH 23390/DI-like receptor in

the hippocampal formation of the rat. monkey and man using quantitative receptor

autoradiography.
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MATERIALS AND METHODS

Materials

Male Long Evans rats (250-350g) obtained from Charles River Canada (St.

Constant, Quebec, Canada) were maintained on a 12 hr Iight-dark cycle (light on at

7:00 a.m.) in temperature and humidity controlled rooms for at least 3-4 days prior to

sacrifice. AnimaIs were fed standard laboratory chow and had access to tap water ad

libitum. Animal care was according to protocols and guidelines approved by the

McGill University Animal Care Committee and the Canadian Council for Animal Care

(CCAC). Brains of monkeys (Callithrir Jacchus) were kindly provided by Sanon

(France). Blocks of normal control human brains from four individuals (3 males, 1

female; 74+3 years; neuropathological examination revealed no evidence of

neurological disorders, e.g. cell loss, plaques, tangles, excessive gliosis) of

approximately 3cm3 containing various regions were obtained from the Douglas

Hospital Research Centre Brain Bank. Post mortem intervals ranged from 6 to 26 hrs.

These brain blocks were frozen in isopentane, cooled on dry-ice and stored at -800 C as

previously described (Qnirion et al, 1987).

(3H) SCH23390 (80.7Ci/mmol), 3H-Hyperfilms and microscale su,ndards were

purchased from Amersham Canada (Oakville, Ontario, Canada). SCH 23390 HCI was

obtained from RBI (Watick, MA, U.S.A.). Films, developer (0-19) and fixer (Rapid

Fix) were obtained from Kodak Chemical Inc. (Montreal Quebec, Canada). Ail other

reagents and chemicals were of HPLC or GC-MS grade and purchased from either

Fisher Scientific Co. (Montreal, Quebec, Canada) or Aldrich Chemicals (Chicago, IL,

U.S.A.).
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Dopamine Dl Receptor Autoradiography

The distribution of dopaminergic DI-like receptors in the hippocampal

formation and striatum of rat, monkey and human brains was assessed as described in

detail elsewhere (Debonnel et al., 1990). In brief, following slicing at -17oC, 20/lm

sections mounted on gelatin coated slides were washed twice (l5min each time) at

room temperature in 50mM Tris HCI buffer (pH 7.4) containing 120mM NaCl, 5mM

KCI, 2mM CaCI2, ImM MgCI2' These sections were then incubated for 60min at

room temperature in the buffer in the presence of I.OnM [3H) SCH 23390. Adjacent

sections were incubated in the presence of the radioligand and I/lM SCH 23390 to

determine the level of specific binding. The sections were then rinsed five times (2 min

each) in fresh ice cold buffer. Buffer salts were removed by a rapid dip in ice cold

distilled water and the sections rapidly air dried. Autoradiograms were generated by

apposing the sections alongside with tritium standards to tritium sensitive films for 4-8

weeks. The films were then developed as described before (Quirion et al., 1981) and

(3H] SCH 23390 binding quantified (fmol/mg tissue, wet weight) using computer

assisted microdensitometric image analysis system (MCIO System, hnaging Research

[nc., St-Catherines, Ontario, Canada). Anatomical areas were identifi.:d according to

the Paxinos and Watson's (1982), DeArmond et al. (1989) and Gergen and Maclean

(1962) atlases.
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RESULTS AND DISCUSSION

The distribution of [3H1 SCH 23390/DI-like receptors in the hippocampal

formation of the rat, monkey and human brains was examined hy quantitative receptor

autoradiography. Our results demonstrate that DI-like receptors are expressed in the

hippocampal formation of ail three species. However, differences in the distribution

protïle of these receptors are seen between the species.

The most extensive investigations examining the discrete localization of DA

receptors have been carried out in the basal ganglia (for example, Richfield et al.,

1987; Camps et al., 1990). Hence, in the present study, we examined [3 H] SCH

23390/D I-Iike binding sites in the caudate/dorsal striatum and used it as control. As

reported in these earlier studies, the highest density of D I-Iike receptors in mammalian

brain is found in basal ganglia structures such as the caudate and putamen (Table 1).

Moreover, the distributional profile of DI-Iike i"eceptors in these structures appears

similar across species (Fig 1).

The hippocampal formation of the three species studied here also expressed D1

like receptors (Fig 1). Unlike in the basal ganglia structures, however, their pattern of

distribution was species-dependent (Table 1). In the rat, the highest densities of DI

Iike receptors were seen in the molecular layer of the dentate gyrus, followed by the

pyramidal cell layer of the CA3 and CA 1 subfields. In contrast, in the monkey and

human hippocampi, [3H] SCH 23390/DI-like receptor levels were highest in the CAl

area (stratum oriens, pyramidale and radiatum) followed by thl: CA3 subfield (Fig 1).

Lower amounts were seen in the molecular layer of the dentate gyrus. Therefore, it

appears that the distributional profile of Dl-Iike receptors is evolutionarily conserved

in the basal ganglia but not in the hippocampal formation (Camps et al., 1990).
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The DI-like family of DA receptors consists of two members, namely DI and

D5 (Jackson and Westlind-Danielsson, 1994). The mRNA of both these receptors were

shown to be expressed in the hippocampal formation (for recent reviews see Mansour

and Watson, 1995; Meodor-Woodruff et al., 1994a and 1994b). In the rat, the DI

receptor mRNA is found primarily in the granular cell layer of the dentate gyrus with

no detectable levels in other areas of the hippocampal formation. In contrast, the D5

receptor mRNA is seen throughout the rat hippocampus, both in the granular cell layer

of the dentate gyrus and the pyramidal cell layer of the Ammon's horn. In the human

hippocampus, DI receptor mRNA is expressed in the subiculum and the pyramidal cell

layer of the CAl subfield (Meador-Woodruff et al., 1994a). Similar to the rat, D5

receptor messages in the human hippocampus are reportedly seen both in the dentate

gyrus and in the pyramidal celllayers (CAI-CA4).

However, due to translational efficiencies, turnover rates and possible receptor

protein transport, mRNA levels and distribution do not necessarily reflect that of their

respective receptor proteins. Selective Iigands/antibodies targeted against the individual

receptor proteins are necessary to map the precise location of these proteins. Presently,

there are no selective pharmacological ligands available that can distinguish between

the two members of the DA Dl-Iike receptor family. Instead, the use of receptor

subtype-specific antibodies to determine receptor distribution has started recently

(Bergson et al., 1995; Ciliax et al., 1994). Preliminary results l'rom this

immunocytochemical approach suggest that in the rat DI receptors are found in the

CAl subfield and not in the dentate gyrus (Ciliax et al., 1994). This may be taken as

an indication that [3H] SCH 23390/DI-like binding found in the dentate gyrus of the

rat brain (Dawson et al., 1986; This study) belongs to the D5 receptor subtype.

Currently, no immunocytochemical information is available regarding either the

distribution of the D5 receptor in the rat or the Dl and D5 receptor proteins in the
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human hippocampus. In the monkey hippocampus, both DI and D5 receptor proteins

are reportedly present in the pyramidal layers (CA I-CA4) as weil as in the dentate

gyrus (Bergson et al., 1995). ft is not possible, at this time, to ascertain the respective

contribution(s) of the two DI-like receptor subtypes in the species-dependent

distributional profile of (3HI SCH 23390/DI-like binding sites reported in the present

study.

The functional significance of the species-dependent differential distribution of

,3H1 SCH 233901D1-like receptors in the hippocampal formation is unclear. We have

recently shown that DI-like hippocampal receptors are involved in modulating ACh

release in the rat as monitored by in vivo dialysis employing transverse probes (Hersi

et al., 1995a). These probes are implanted in such a way that they traverse both the

dentate gyrus and the various Ammon's horn subfields of the hippocampus (Damsma et

al., 1987). As a result, the effect on ACh release elicited by the stimulation of DI-like

receptors could be due to action in any subregion/laminae of the hippocampal

formation. Therefore, the presence of [3H] SCH 23390/DI-like receptors in the

hippocampus of monkey and human brains suggeslS that DA acting via these receptors

might also stimulate hippocampal ACh release in primates. Given the differential

distribution pattern of D I-like receptors across species, however, the validation of this

hypothesis must await the conductance of functional investigations in primates.

Fortunately, this is now technically fe~'.ible with the development of in vivo dialysis

techniques in the monkey brain (Kolachana et al., 1994).

In summary, [3H] SCH 23390/Dl-like receptors are expressed in the rat,

monkey and human hippocampi. However, a differential distribution profile of these

receptors was observed between the primate and rodent species studied.
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Figure 1. Distribution profile of DI-like/[3H] SCH 23390 binding sites. Rat.

monkey and human brain sections were incubated with 1.0nM [3H) S,-H 23390 as

described in the Materials and Methods. Autoradiograms were generated by apposing

the sections against tritium sensitive films for 6-8 weeks (A-C). The bar equals lcm.

Abbreviations: CA, Ammon's horn; Cd, Caudate; DG, Dentate gyrus; Str, Dorsal

striatum.
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TABLE 1: Quantitative distribution of SCH 23390IDI-iike receptor binding sites

Area

Dorsal striatum /
Caudate

Rat

143+28

Monkey

126.2+ 10.4

Human

71.0+11.8

Hippocampal formation

•

Dentate gyrus

CA 1 sublïeld

CA3 sublïeld

:9+ I.7

9.0+0.5

7.0+0.4

14.4+0.6

39.7+5.8

16.2+2.2

\3.2+0.5

22.1 +2.5

14.7+ 1.5

•

The autoradiograms generated as described in the legend to lïgure 1 were subsequently

quantilïed using computer assisted image analysis system. The data are expressed as

fmol/mg tissue wet weight and represent mean specilïc labelling + S.E.M. Rat, n=5;

Human, n=4; Monkey, n=2.
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GENERAL DISCUSSION

6.1 General

The Webster dictionary defines interaction as mutuai or reciprocal action or

inl1uence. To this. one can add. the operating principle of that prince of ail organs. the

brain (CNS). Nevertheless. it has been fashionable until the recent past to study the

signaling molecules (neurotransmitters) of the CNS individually, as if they existed in

isolation. Admittedly. this is (was) a necessary oversimplification. given the

complexity of the nervous system. Fortunately. nowadays the state of the art of science

is suclt that one can tackle the issue of the interaction of the various neurotransmitter

and neuromodulator molecules in the brain. The present thesis is in that vein.

For instance, there is a considerable biochemical. electrophysiological and

behavioral evidence suggesting the existence of significant cross-talk between DA and

other neurotransmitters including nomdrenaline, serotonin. GABA, excitatory amino

acids, opiates, adenosine, cholecystokinin and others (for recent review see Jackson

and Westlind-Danielsson, 1994). There is also an important interaction bftween central

dopaminergic and cholinergie systems. The original indications of an interaction

between these two systems were derived from clinical investigations in Parkinson's

disease in the early sixties (Barbeau, 1962; McGeer et al.. 1961). Muscarinic receptor

antagonists, which decreased cholinergie tone, ameliorated Parkinsonian symptoms in

the same manner as did dopamine receptor agonists. which increased dopaminergic

tone. These findings led to the proposaI that, under physiological conditions, DA and

ACh tones are in balance, at least as far as the basal ganglia structures and the

performance of motor functions are concerned. Today, much more is known about the

nature as weil as the extent of this DA-ACh cross-talk. Not surprisingly, the emerging

picture is much more complex than the balancing-opposing concept envisaged. The
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salient features of the components of this picture are discussed below in the context of

this thesis.

6.2 Cholinergie modulation of central dopaminergie aetivity

ChAT-positive terminais are found in the substantia nigra and ventral tegmental

brain areas (Gould et al.. 1989) The source of this apparent cholinergic innervation

has been shown to be the neurons of the pedunculopontine nucleus and laterodorsal

tegmental nucleus (Bolam et al.. 1991). These terminais make multiple asymmetric

';Jresumably excitatory) contacts onto the dendrites of dopamine cells. In addition.

cholinergic innervation is found in areas such as striatum. cortex an<l hippocampus

which contain the terminal lields of these midbrain DA neurons (Fibiger am: Vincent.

1987). Thus. a possibility for heteroreceptor modulation of DA by ACh exists.

Interestingly. both types of cholinergic rcceptors (muscarinic and nicotinic) participate

in this action (Calabresi et al.. 1989; Lacey et al.. 1990).

Activation of muscarinic receptors depolarizes midbrain dopamine neurons

(Lacey et al.. 1990). This excitation of dopaminergic neurons is mediated by MI-like

receptors. Activation of MI-like receptors also enhances dopamine release from striatal

slices and synaptosomes (de Belleroche and Gardner. 1983; Giorguieff et al.. 1977;

James and Cubeddu. 1984; Lehmann and Langer. 1982; Raiteri et al.. 1984).

Presumably. these receptors are located on striatal dopaminergic terminais as selective

lesioning of rat midbrain DA neurons with 6-0HDA results in the loss of these

receptors (Vilaro et al.. 1990).
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Nicotinic receptors are localized on nigrostriata! and mesolimbic DA neurons.

These neurons contain [3HI-nicotine binding sites and express various subunits of the

nicotinic receptor (Clarke and Pert, 1985; Wada et al., 1989 and 1990). Selective

lesioning of midbrain DA neurons results in the loss of these receptors both in the area

of cell bodies as weil as terminais. Thus it is likely that cholinergic nicc,:inic receplOrs

occur at the level of cell bodies and 1or dendrites as weil as within the terminal fields

of these midbrain DA neurons (Clarke and Pert, 1985).

Nicotinic receptor agonists also excite midbrain dopamine neurons (Calabresi et

al., 1989). Nicotine administered systemically, intracerebroventricularly or

iontophoretically increases both nigro-striatal and mesolimb~c DA neuron firing

(Clarke et al., 1985; Lichtensteiger et al., 1982). Furthermore, the nicotinic receptor

antagonist mecamylamine decreases mesolimbic DA neuron fil ing rate, indicating tha!

endogenous ACh may exert an excitatory effect on this DA system (Grenhoff et al.,

1986). Nicotine also increases DA turnover in the striatum (Andersson et al, 1981) and

stimulates DA and DOPAC release in the rat nucleus accumbens, as rr.casured by in

vivo dialysis (Brazell et al., 1990; Damsma et al., 1989) via a mecamylamine sensitive

mechanism (Imperato et al., 1986).

To date most of the studies examining ACh-DA interactions in the CNS have

been Iimited to the basal ganglia. This fact has both a historical as weil as technical

foundation. Historically, interest in DA-ACh interactions emerged as a result of their

involvement in the extrapyramidal symptoms of Parkinson's diseast: (Barbeau, 1962;

McGt:er et al., 1961) and thus basal ganglia structures were targeted. Il was also

technically more feasible to examine DA-ACh interaction in these structures given the

presence of relatively high contents of both of these neurotransmitlers. Recently,

sensitive methods to assay for ACh, DA and their products have become widely
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available. As a result. information about DA-ACh interactions in other brain areas has

started to be reported. For instance. ACh has been shown to modulate DA activity in

the cortex and hippocampus. Systemic as weil as local administration of nicotine

stimulates cortical DA release (Summers and Giocobini. 1995: Toth et al.. 1991).

When applied locally through the dialysis probe. nicotine increases hippocampal DA

efflux (Toth et al.. 1991). Muscarinic receptors are also found on cortical DA

terminais in the rat brain (Marchi and Raiteri. 1985), The stimulation of these

receptors enhances cortical DA release (Marchi et al., 1987).

ln addition to the electrophysio10gical and biochemical studies discussed above,

there is also a wealth of behavioral evidence which suggest rholinergic modulation of

central dopaminergic systems (for reviews see Levin et al., 1990: Yoemans, 1995).

The most poignant of these relate to nicotine and the mesolimbic DA system. Nicotine

is one of the most widely consumed psychotropic drugs, with an estimated 1 billion

cigarette smokers worldwide (Clarke, 1993). Nicotine dcpendence, in the form of

cigarette smoking, is responsible for approximately 10 million deaths every year

worldwide (Centers for Disease Control, 1991). Although multiple mechanisms may

underlie the nicotine addiction process, by far the most consistent finding seems to be

that of mesolimbic dopamine invo1vement (Sto1erman, 1991). There is an extensive

Iiterature that links an increased tone of this DA system to the rewarding effects of a

variety of addictive substances (for review see Koob, 1992). Concerning nicotine, 6

üHDA destruction of mesolimbic DA neurons attenuates nicotine-induced locomotor

activity (Clarke et al., 1988) and weakens nicotine self-administration in rats (Clarke et

al., 1993: Singer et al, 1982). In addition, as described above, stimulation of nicotinic

receptors can directly excite the mesolimbic dopamine system.
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Finally, although much has been learned about the cholinergic modulation of

central DA functions in the last decade, much more remains to be investigated (see

conclusion). [n spite of this, however, based on available data one can discern the

outlines of a general principle : ACh receptors globally stimulate central DA systems.

6.3 Dopaminergie Modulation of Central Cholinergie Aetivity

6.3.1 The Striatum

On the basis of immunocytochemical, lesion as weil as retrograde tracing

studies, it has been established that the striatal cholinergic innervation is derived l'rom

intrinsic interneurons (Lehmann et al., [979; McGeer et al., [971; Satoh et al., [983;

Woolf and Butcher, 1981). Morphologically, these cholinergic imerneurons belong to

the large, aspiny c1ass of striatal neurons and constitute 1-2 % of the total cell

population of the dorsal striatum (Phelps et al., 1985). [n contrast, dopaminergic

innervation of this structure is extrinsically derived (see Introduction).

Unlike the cholinergic innervation of midbrain DA neurons (see above), the

anatomical evidence for a direct synaptic contact between dopaminergic nigrostriatal

fibers and intrinsic cholinergic neurons is not conclusive, at the present time (Chang,

1988; Kubota et al., 1987; Pickel and Chan, 1990). [nterestingly, however, ChAT and

TH immunoreactive striatal terminais are found in close apposition and this has been

proposed as an anatomical substrate for DA-ACh interaction (Pickel and Chan, 1990).

Given the separating distance of more than 50nm (synaptic c1eft size is 30-50nm) as

weil as the lack of synaptic membrane specialization on these terminaIs, a nonsynaptic

mode of transmission is envisaged (see section 6.4). This situation is rather reminiscent
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of the one in the hippocampal formation whereby a contact other than synaptic between

DA and ACh systems is postulated (see Chapter 2).

A plethora of functional studks demonstrate that DA modulates the activity of

the cholinergie cells in the striatum (for reviews see Lehmann and Langer. 1983; Stoof

et al.. 1992). For example, striatal ACh content is increased by DA receplOr agonists

and decreased by DA receptor antagonists (Guyenet et aL. 1975). Conversely. DA

agonists such as apomorphine inhibit both in vitro and in vivo ACh release in the

striatum. an effect blocked by DA receptor antagonists (Sethy and Van Woert, 1974;

Stadler et al., 1973). This dopaminergic inhibition of striatal cholinergic activity is

apparently mediated via D2-like receptors located on cholinergic interneurons (Dawson

et al., 1988; Enz et al., 1990; Le Moine et al., 1990; Scatton, 1982). This rather

straight forward scenario has undergone major moditications in the past few years.

These changes have been brought about by technological advance; in this case the

development of in vivo dialysis techniques (see 1ntroduction).

The in vivo dialysis method allows for the relative preservation of efferent and

afferent connections. In this way, determination of global modulatory influences on the

release of a neurotransmitter is possible. Utilizing this method, various investigators

have demonstrated that DA, as was shown earlier by in vitro methods, does inhibit

striatal ACh release in the awake animal via D2-like receptors (Ajima et al., 1990;

Bertorelli and Consolo, 1990; Damsma et al., 199Oa; De Boer et al., 1992; Marien

and Richard, 1990; Westerink et al., 1990). ln addition, however, a role for Dl-like

receptors in the regulation of striatal cholinergie activity has been observed. For

instance, infusion of the Dl-like receptor agonist, SKF 38393 increases hippocampal

ACh release in a dose-dependent manner (Ajima et al., 1990; Bertorelli and Consolo,
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1990; Damsma et al.. 1990b). The location(s) of the involved receptors is(are) not

c!ear at present time. Two schools of thought exist regarding this issue.

Some investigators. most notably Fibiger and colleagues. prClpose an

extrastriatal site as the location of the enhanced striatal ACh release induced by DI-Iike

receptor stimulation. This is. in part. based on the failure of locally administered D1

Iike receptor agonists and antagonists to influence ACh release in the striatum and the

observation that 6-0HDA striatal DA denervation did not affect systemic

amphetamine-induced ACh release (Damsma et al.. 1991; De Boer et al.. 1992;

Mandel et al.. 1994). It is known that a corticostriatal projection utilizing

glutamate/aspartate as a neurotransmitter plays an important role in the regulation of

striatal cholinergie activity (Consolo et al.. 1990; Wood et al.. 1979). Moreover. local

striatal application of the NMDA receptor antagonist MK-SO1 attenuates systemically

administered Dl :ike :eceptor agonist-induced increases in striatal ACh release

(Damsma el al .• 1991). Therefore. it has been hypothesized that the Dl-Iike effect is

mediated via the stimulation of Dl receptors located on corticostriatal neurons in the

medial prefrontal cortex which leads to an increase in glutamate release l'rom

corticostriatal terminais that synapse with cholinergic interneurons in the striatum

(Wilson et al.. 1990).

Other studies. however. point to intrinsic striatal Dl-Iike receptors as those

involved in modulating ACh release in this structure. In the~e studies. the striatal. but

not frontocortical, application of Dl-Iike receptor agonists and antagonists does indeed

modulate striatal ACh release (Ajima et al., 1990; Consolo et al., 1992; Zocchi and

Pert. 1993). Recently, it has been reported that Dl receptor mRNA exists on large

sized, presumably cholinergie, striatal interneurons (Guennon and Bloch, 1992; Le

Moine et al., 1991). Thus, il is conceivable thal DI drugs could directly induce their
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effect on ACh release. Furthermore. partial hemisection caudal to the frontal cortex

did not alter the ability of systemically administered DI-like receplOr agonist. SKF

38393. to rncrease striatal ACh release. thus arguing againsl frontal cortical

involvement (Zocchi and Pert. 1993).

Il is important to point uut that there are signitïcanr methodological differenr,es

between the two groups of studies menrioned above including drug dose and the

composition of the dialysis solution which could possibly accounr for the discrepallt

results (De Boer et al.. 1990: Westerink et al.. 1990). Il is possible. for example. that

DA regulation of striatal ACh release is differenr depending on the basal activity levels

of the cholinergic interneurons. Therefore. including a cholinesterase inhibitor (as is

dOIle in sorne of the studies discussed above) which results in the elevation of basal

cholinergic tone might have an effect on the DA modulation of striatal ACh release.

The inrerval between probe insertion and ,he dialysis experiment has also been reported

to be crucial in demonstrating DA-ligand effects on striatal ACh release (Westerink et

al., 1990), At present the optimum recovery period appears to be 48hrs. Fortunately,

probes and assay methods which can delect ACh without the need to use cholinesterase

inhibitors have become available recently. Il may also be necessary to conduct a

systematic investigation using one set of conditions, as has been done in the present

thesis (chapter 2), to ascertain the locale of the receptors involved. Hopefully, the

controversy surrounding the loci of DA D1-like effect on striatal ACh release could be

resolved in the near future, ln any case and regardless of the loci of action, however, it

is clear that DA acting via D1-like receptors can stimulate striatal ACh activity.

Since it appears that D1-like and D2-like receptors have opposing effects, an

important question arises as to the physiological nature of DA influence on striatal

cholinergic activity. To address this issue, investigators have used approaches that
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manipulate DA tone in the brain. The systemic administration of the indirect DA

agonists amphetamine and cocaine has heen shown to increase striatal ACh release

(Damsma et al.. 1991; Florin et al., 1992). Pretreatment with the DI receptor

antag"nist, SCH 23390, completely inhibited the amphetamine effect. Blockade of D2

like receptors with sulpiride or haloperidol does also increase striatal ACh release but

this effect is prevented by antagonism of D1-like receptors with SCH 23390 or SCH

39166 or by the depletion of DA stores with reserpine and a-methyltyrosine (Imperato

et al., 1994) Furlhermore, 6-0HDA lesioning of midbrain DA neurons induces a

significant decrease in basal striatal relrase of ACh (Robertson el al., 1992). Taken

together, these results suggest that in vivo striata1 ACh release is under a tonic

facilitatory control by dopamine acting on D1-like receptors.

What does this mean for the dogmatic concept of tonic inhibitory control

of striatal ACh activity by DA acting via D2-like receptors ? D2-like receptor

blockade results in a compensatory activation of dopaminergic neuronal firing and

enhanced dopamine release (Bunney et al., 1973; Imperato and Di Chiara, 1985;

Mereu et al., 1983; Zeuerstrom et al., 1984). It is possible, therefore, that the

enhancement in ACh release following D2-like receptor blockade is not due to the loss

of inhibitory dopaminergic control on cholinergic neurons but consequent to the

stimulant action of endogenously released DA on DI-like receplors. The converse is

likely true. of course, for D2-like receptor stimulatiun (lmperato et. al., 1988; White,

1987). Nevertheless, there are sorne hints that under abnormal circumstances such as

functional DA denervation or prolonged treatment with neuroleptics the inhibitory D2

like effect might become more prominent (Imperato et al., 1994; Morelli et al.. 1986;

Robertson et al., 1992).



•

•

•

151

Interestingly. DA modulation of cholinergic activity might no! be uniform

throughout the siriatum. In mammals the striatum is composed of the caudate nucleus.

the putamen. the nucleus accumbens . globus pallidus and sorne pans of the olfactory

tubercle. Traditionally. the striatum has been subdivided into two functional parts.

namely dorsal and ventral. The dorsal striatum is considered to be involved in

sensorimotor functions because of its afferent connections from the somatosensory and

motor cortices. whereas the ventral portion is thought to play a role in emotional and

motivatiùnal processes in view of its anatomic"l association with limbic structures such

as the limbic cortex. amygdala and hippocampus (Bjorklund and Lindvall. 1984;

Groenewegen ct al.. 199\). Both the DA and ACh systems are nonhomogeneously

distributed in the striatum (Stoof et al.. 1992). Fortunaiely. with the help of techniques

such as microdialysis it has become feasible to functionally microdissect the different

striatal compartments. As a result. investigators have been able to show that the DA

D2-like inhibitory effect on ACh release is eilher absent or greally diminished in lhe

ventral striatum compared to the dorsal portion of this structure (De Belleroche and

Gardner, 1983; Stoofet al., 1987; Wedzony et al., 1988). Apparenlly, the same is true

lor the olfactory tubercle (Suarez-Roca el al., 1987). Therefore, it appears that there

are differences in the regulatlJry effect of DA on cholinergic activity in the various

regions of the striatal complex. ln the context of the present thesis, it would be

important to determine if the same is true for the hippocampal formation (Le. dorsal vs

ventral).

Finally, unlike the cholinergic modulation of striatal dopaminergic activity, a general

principal is not very clear when DA modulation of ACh in this structure is considered.

Nevertheless, a dualistic effect might be envisaged : normally stimulation via Dl-Iike

receptors and under certain circumstances inhibition via D2-like receptors.
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p. '3.2 Cortical Structures

Recently, DA has been shown to have a robust innuence on neocortical

cholinergie activity as renected by ACh release. Non selective elevation of DA tone

by the systemic administration of either amp1letamine or apomOiphine stimulates

frontal cortical ACh release (Day and Fibiger, 1992). This effect was blocked by the

DI-like receptor antagonist SCH 23390 but nct by the D2-like receptor antagonist

raclopride (Acques et al, 1994; Day and Fibiger. 1993). In addition, DI ago"ists but

not D2 agonists enhanced ACh release in this structure. Taken together, these results

suggest that the receptor subtype involved in the effect of DA on ACh release is of the

DI-Iike family. Interestingly, the local infusion of amphetamine in to the frontal cortex

had no effect on ACh release, suggesting that the involved DI receptors might have an

extracortical localization (Day and Fibiger, 1992). To ascertain the locale of the

involved receptors, more detailed studies using selective DI ligands infused into

discrete regions are warranted. AIso, it will be important to determine the DI-like

receptor subtype(s) involved using similar approaches as those utilized for the

hippocampal formation (chapter 3).

Another structure that has received considerable attention lately is the

hippocampal formation. In fact, the whole of the present thesis is concerned with this

issue. Briefly, septohippocampal cholinergie activity is enhanced by stimulation of D1

like receptors located in the hippocampus (chapter 2). The DI-like receptor involved in

this action appears to be of the D5 subtype (chapter 3). Likely, this DA-ACh

interaction has cognitive significance (chapter 4). These issues were extensively

discussed in the precedhlg chapters and are briefly expanded upon below.

The DA DI-like receptors involved in modulating hippocampal ACh release

were postulated to reside on cholinergie terminais in the hippocampus (chapter 2).
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Thus a possibility for a direct presynaptic modulation exists. To substantiate this.

however. more direct evidence is decmed necessary. For example. a double labelling

immunocytochemical study of ChAT and DI-like (D5) receptors in the hippocampus is

called for. !n addition. the tetrodotoxin (TTX) sensitivity of the Dl-like effec' on

hippocampal ACh release should be assessed. This test has traditionally been uscd to

differentiate between direct and indirect effect of molccules in the brair.. However. it

might not be feasible to undertake this in the in vivo dialysis setup as the

administration of TTX in the living animal reduces ACh levels below detectior. limits.

Alternatively. the TIX sensitivity test could be conducted in vitro using a

synaptosomal prepamtion tech'1ique.

If the DI-Iike stimulation of hippocampal ACh release has a cognitive

significance (chapter 4) and the receptor involved in stimulating ACh release is

postulated to be of the D5 subtype (chapter 3). then it follows that the D5 receptor is

involved in cognition. Once again. however. a more direct evidence is called for. As

suggested at the end flf chapter 3. this could be the examination of the effect of the D5

antisense oligonucleotides on spatial memory in the Morris Water Maze task both in

young and aged animais. This notwithstanding. stimulation of D5 receptors may

present a unique opportunity in alleviating age-associated mCl110ry deficits. The DA

D l-like stimulation of hippocampal ACh release is preserved as the animal ages and

becomes memory-impaired (chapter 4). Moreover. the relatively limited distribution of

the D5 receptor (see Introduction) raises the possibility of minimum undesirable side

effects from drugs targeted to this receptor subtype. Unfortunately. at the present time

there are no agonists available which are selective enough for the D5 receptor as

compared to the other members of the DA receptor family. Hopefully, given the level

of interest in the field of cognition and DA. this situation should improve in the near

future.
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6.4 THE TRANSMISSION MODE OF DA

DA receptors in various brain areas have frequently, if not consistently. been

shown to reside on non-synaptic membranes (Bergson et al., 1995a: Vizi and labos.

1991: Yung et al.. 1995). Furthermore, there is often a mismatch between the location

of these receptors and presumptive DA terminais (Dawson et al.. 1986: Pickel and

Chan, 1990: Smiley and Goldman-Rakic, 1994: Verncy et al., 1985). This anatomical

reality implies a mode of communication different from classical synaptic transmission.

This ahernate mode of communication has variably been called non-synaptic.

parasYll3.ptic or as of late volume transmission (VT) (Descarries et al.. 1991: Fuxe et

al., 1991: Schmitt, 1984). VT is characterized by transmitter (signal) diffusion in the

extracellular f1uid in a three dimensional fashion to act at distant sites. Apparently. in

addition to DA, many other messenger molecules probably utilize VT (for a recent

review see Agnati et al., 1995).

Interestingly, this concept has an iIIustrious hislOry dating back to the beginning

of modern neuroscience (for recent reviews see Jacobson, 1993; Shepperd, 1991). This

is exemplified by the opposing views held by Golgi and Cajal concerning the modus

operandi of the brain. Golgi supported the view of the brain as a global system whereas

Cajal favored the theory of the brain as a collection of relatively independent elements

(Cajal, 1906; Golgi, 1903). Today, it is clear that both modalities occur in the brain.

Implicit in these two views is the nature of the brain's signalling molecules as

either neurotransmitters (NTs) or neuromodulators (NMs). One salient difference

between NTs and NMs is the speed with which they act, whereby the former are

faster-acting than the latter. However, the classification of most signalling molecules,

including DA, as a NT or a NM is not c1ear-cut (Kupfermann, 1979). Nevertheless,
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given its putative non-synaptic mode of communication. apparently occurring over

longer distances and times than synaptic transmission. the designatioll of DA as a

neuromodulalor has been proposed over a decade aga (Lehmann and Langer. 1983).

Neuromodulation is defined as the abililY of neurons to alter lheir cIectrical properties

in response to intracellular biochemical changes resulting from synaptic or hormonal

stimulation and a neuromodulator as the snbstance that brings about such actions

(Kazmarek and Levitan. 1987). There is an extensive electrophysiological and

behavioral litcrature evidencing DA as a neuromodulator (for recent reviews see Le

Moal and Simon. 1991: Mogenson and Yim. 1989). As a result DA neurons are

thought to play a gencral regulatory (variably called enabling, focusing or gating) role.

as opposed to other sets of neurons that are supposed to integrate certain functions

(Mogenson and Yim. 1981: Simon and Le Moal. 1988). In this view, the DA code

acquires its specifie significance largely from the charaeteristics of the receiving e :11.

Consequently functions attributed to DA aetivity are as varied as the number of areas

receiving DA projections. One of these areas, the hippocampal formation, is briefly

considered next.

6.5 FUNCTION(S) OF DA IN THE IllPPOCAMPUS

Little is known about the functional role(s) of the mesolimbocortical input into

the hippocampus. The reasons for this are manifold. Until recently, the DA content of

the hippocampus was considered only as a precursor to noradrenaline synthesis (see

General Introduction). Also, relative to other Iimbic structures, the hippocampus

receives a rather sparse DA innervation (Verney et al., 1985). These facts delayed the

focussing of attention on this structure. Traditionally, lesion studies have been used to

ascertain the putative roles of a certain transmitter innervation. Applying this approach
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to the hippoeampal DA innervation. however. gives rise to results whose interpretation

is problematic. This is due to the nature of the mesoeorticolimbic DA innervation as

weil as the toxines) used. The most specific and widely used loxin for this purpose is 6

OHDA. Unfortunately, when this toxin is administered directly into the hippoeampus,

in addition to DA lerminals it also injures the robust noradrenergic innervation found

in this structure (Aston-jones et al.. 1984). Also. Injecting 6-0HDA ioto the area of

the hippoeampally-projecting DA œil bodies in the VTA/SN leads 10 the loss of DA

input into multiple struclures besides the hippoeampus (see General Introduction). In

spite of this and with the utilization of various direct and indirect approaches, the

assignment of putative function(s) to the hippoeampal DA innervation has began. One

of these is the po~sible involvement of DA in epilepsy.

Epilepsy is a term used for a collection of clinically and pathologically diverse

group of neurological disorders. This condition is characterized by the synchronization

of electrical activity in a poeket of active neurons and excitatory neurotransmillers such

as glutamate or inhibitory ones such as GABA are thought to play a central role in this

proeess. In addition, monoamines such as DA apparently have a role in regulating the

initiation and spread of seizure activity (for a recent review see Starr, 1996).

Microinjection studies investigating the site of action of DA drugs in the brain

have suggested the hippocampal formation as a possible targe!. For instance, the dorsal

hippocampal injection of the D2-like agonist quinpirole allenuated the severity and

increased the latency of intrahippocampal pilocarpine or carbachol-induced seizures.

Conversely, the D2-like antagonist raclopride augmented pilocarpine-induced seizures

(Alam and Starr, 1993). On the other hand, local stimulation of hippocampal Dl-like

receptors does not alter seizurc threshold to pilocarpine whereas the bloekade of these

receptors affords a modest protection against pilocarpine-induced convulsions (Alam
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and Star. 1992). Thus, it appears that the hippocampal DA terminais may have a role

in epileptogenesis and this is likely inhibilOry in nature. mediated via D2-like

receptors. (Starr. 1996).

~t is tempting to invoke modulation of hippocampal ACh release as a possible

mechanism for the involvement of DA in epilepsy. DA D2-like receplOrs were nO[

shown to be involved in regulating ACh release in the hippocampus of young healthy

animais (Chapter 2). Nevertheless, could the situation be similar to that ('1' the striatum

where under abnormal conditions a D2-like effect on ACh release might become more

prominent (see section 6.3.1)? This possibility is specially intriguing given that ail the

epileptic activities discussed above were induced by the over-stimulation of

hippocampal cholinergic activity. The validity of this supposition should be

investigated by conducting ACh release experiments, similar to those described in

chapter 2, in seizure-prone animais.

Another possible funetion for the DA innervation in the hippocampus is

involvement in cognition. A rclatively strong collection of electrophysiological,

behavioral and biochemical evidence implicate hippocampal DA in the processes

thought to underlie cognition. This potential DA-cognition connection forms one of the

pillars of the present thesis and has been extensively discussed in the preceding

chapters (chapters 1 and 4).

Finally, preliminary results suggest a role for hippocampal DA in reward and

reinforcement. At the cellular level, spontaneous bursting of CAl pyramidal neurons in

hippocampal slices can be reinforced with contingent injections of DA and cocaine. In

the intact animal, CA 1 field administration of DA reinforces self-administration

behavior (Stein and Belluzzi, 1989). There is also a possibility of an interaction
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between the opioid and DA systems in the hippocampus in reward processes. There is

a great deal of evidence that opioid reward effects are. at least in part. mediated by the

activation of midbrain DA systems, in particular VTA (for reviews see Bozarth, 1')89;

Cooper. 1989; Wise, 1989). Although the involvement of the DA VTA tern.

the hippocampus has not yet been addressed. an anatomical substrate exist glven the

presence of opioid reward-related circuitry in the hippocampus.

6.6 CONCLUSION

The present thesis ex.amined the existence, nature and functional significance of

modulation of septohippocampal cholinergic activity by DA. In addition, the

occurrence of such an interaction in other brain areas as weil as the cholinergie

regulation of central DA systems were {iiscussed. Although much has been learned

about DA-ACh interactions in the last decade. number of outstanding issues remain.

These include the specifie cholinergie 1 dopaminergic receptor subtypes involved, the

existence and nature of this interaction in species other than rodents such as humans

and the fate of these interactions in age and disease. Given the functional importance of

this interaction, rapid progress concerning these issues is expected in the near future.
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As stated in the "Guidelines Concerning Thesis Preparation". Faculty of Graduate

$tudies and Research. McGili University:

1
1

Elements in the thesis that are co be considered as contributions to original i
knowledge must be c1early indicated in the preface or by a separate statement at the

beginning or at the end of the thesis. This requirement is mandatory for the PhD

thesis

CHAPTER2

The possible modulation of hippocampal cholinergie release by dopamine 01

like receptors has been suggested by earlier studies. The experiments presented in this

chapter, in addition to confirming this possibility. pinpoint the loci of this dopamine

acetylcholine interaction to be within the hippocampus. possibly via receptors located

on cholinergie terminais.

CHAPTER3

The dopamine 05 receptor, a member of the DI-like family. has a unique and

restricted distribution in the mammalian brain. By using a combined antisense-in vivo

dialysis approach we show that this receptor might be involved in modulating

hippocampal acetylcholine release. To our knowledge, this is the first time that a

putative function has been demonstrated for this receptor.
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CHAPTER4

ln this chapter. we show that the dopaminergic modulation of hippocampal

cholinergie activity is preserved as the animal ages. More imponamly. age-associated

detïcits in the spatial memory task. r-,'\orris \Yater Maze. can be attenuated by

stimulating DI-like receptors.

CHAPTER5

The data reponed in this section of the thesis contïrm and extend previous

studies demonstrating the differemial distribution of dopamine DI-like receptors in the

hippocampal formation of the rat as compared to monkeys and humans.
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"ocal Modulation of Hippocampal Acetylcholine Release by
Dopamine 01 Receptors: A Combined Receptor Autoradiography
and in vivo Dialysis Study

Ali 1. Hersl,'·3.4 Jean W. Richard,' Pierrette Gaudreau,' and Remi Qulrlon'·'·'

Departments of 'NeurologylNeurosurgery and 'Psychiatry, McGiII University, Montreal, Ouebec, Canada, 'Douglas
Hospital Research Center, Verdun, Ouebec, Canada, and 'Neuroendocrinology Laboratory, Hopital Notre Dame,
Universite de Montreal, Montreal, Ouebec, Canada

The modulation of ln vivo hlppocampel ACh release by do
pemlnerglc Dl and 02 receptors was examlned in thls
study. Additlonally, in an attempt to ascertaln the location
of these receptors ln relation to hlppocampel cholinergie
terminais, fimbrlaectomy and quantltetlve autoradlography
wera used. Followlng unilateral fimbrlaectomy, whereby at
least 50% of hlppocampel chollneacetyitranslerase (ChATl
actlvlty was lost, a slgnlficant Ipsllateral decrease ln Dl/'H
SCH23390 blndlng was observed ln the molecular layer of
the dentete gyrus whlle hlppocampel D2I'H racloprlde blnd·
Ing wes unaffected. The effects of prototyplcal Dl and 02
receptor agonlsls and antegonlsls on hlppocampel ACh re
lease were examlned neX! uslng ln vivo dlalysls ln freely

•
movlng rais. The Dl agonlst SKF 38393 (10 l'M to 100 l'Ml
admlnlstered dlrectly Into the hippocampus via the dlalysls
probe stlmulated ACh release ln a concentration dapan·
dent manner. The effect of the agonlst was blocked by the
coadmlnlstratlon of the Dl receptor antegonlst SCH 23390
(1 "Ml, whlch by Ilself lelled to modulate ACh releasa. In
contrest, nelther the 02 agonlst qulnplrola (1-10 l'Ml nor
the 02 antegonlst sulplrlde (1-10 l'Ml had any direct effect
on hlppocampel ACh release. Additionally, the Infusion of
these Dl and 02 drugs ln the saptel area telled to affect
hlppocampel ACh releasa. Taken together, thesa results
suggest that a proportion of hlppocampel Dl receptora are
IClClIled on chollnerglc nerve terminais and that dopamine,
acting via Dl receptora, can locally stlmulate hlppocsmpal
ACh relesse.

[Key words: ACh, dopamine, hlppocampus, ln vivo dla/·
pis, receplor auloradlography, 01 receptor]
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Dopamine (DA) is Ihoughllo modulate the activily of the septo
hippocampal cholinergic pathway (Robinson ct al.. 1979; Costa
cl al.. 1983). Infusions of dopaminc anlagonisl' into the septum
incrensc the firing rute of this palhway (Robinson el al., 1979)
and elevale ACh turnover (Robinson ct al.. 1979) and high. af
finit}' choline uptnke (Durkin cl al.. 1986) in Ihe hippocampus.
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Similar cffccls are also obscrved following cilher intrascptal
6-hydroxydopamine injeclion (Robinson cl al.. 1979) or thc dc
struction of Ihe ventral legrnenlal Al 0 doparninergic neurons
(Robinson el al .• 1979; Galey et al.. 1985). Il ho.< been suggcsted
lhal AI 0 dopaminergie neurons projecting to the laterul septum
inlcruel with cholinergie Ober.; originating from lhe mcdial seplal
nucleus. possibly via seplal GABAcrgic inlemeurons. 10 bring
aboullhis inhibitory influcncc (Wood. 1985). On lhc olhcr hand,
a varicly of widc rJnging studics including morphological (Scat
Ion Cl al.. 1980; Verney ct al .• 1985; Simon et al.. 1989). elec
lrophysiologieal (Gribkoff cl al .. 1984; Slanzionc et al.. 1984;
Smialowski cl al.. 1987) and biochcmical (Bischoff, 1979; Ish
ikawa. 1982) approaches provide evidence suggesting lhal lhc
hippocampus reccives direct doparninergic innervalion. This in
ncrvalion apparenlly originatcs mainly from lhe vcnlrullegmcn
lai area (VTA; and la a lesser exlent from the substantia nigm)
and o.<ccnd< in Ihe mcdial forebrJin bundle ta innervate various
limbic slructures. including lhc hippocampus (Verncy ct al ..
1985).

Dopaminc receptor.; have bccn classified in Iwo broad fami
Iics (DI-Iike and D2-like) on Ihe bo.<is of lhe activity of various
agonisls and antagonists (Kebabian and Caine, 1979; Secman,
1980). More recenlly. molecular cloning techniques have shown
lhat Ihe DI family comprises two receptor.; (dl and d5) while
lhe D2 family consists of at leo." lhrce differenl receptor proleins
(d2, d3, and d4) (for a recent review, sec Niznik and Van Toi.
1992). DI receplor.; aClivate adcnylale cyclo.<e whereas members
of Ihe D2 receptor cio... have been shown la couple 10 numerous
effeclor syslems, including Ihe inhibition of adenylate cyclase
und the aClivalion of potassium channels, among others (Mons
ma ct al .. 1990; Sibley and Monsma, 1992), Both the DI and
the D2 receptor subtypcs have been locnlizcd in the seplum as
weil DS the hippocampus of vurious mammalian spccies includ
ing Ihe rul (Bischoff ct al., 1980; Bruink ct al., 1986; Dawson
el al.. 1986; Grilli cl al.. 1988; Tiberi et al., 1991; Men80d ct
al., 1992).

Given this background, it is thus Iikely thal dopamine may
acl DS a modulalor of Ihe septo-hippocampal cholinergic path
way bath at the level of the cell bodies in the septal urea und al
the nerve lerminals within the hippocampus. In the presenl
study, these IwO possibilities were investigated directly by ex
amining the effects of local adminiSlnalion of selective dopamine
DI und D2 receptor agonists und antagonists on hippocampal
ACh re1eDSe using ln vivo dialysis in frcely moving ruts DS weil
DS by evaluating the effects of unilateral fimbriaeclomy on these



rcccptors in chc hipptlC3mpu!" 3!" monitorcd hy qU3ntilalivc <lU-

t
dio,graPhY. Our rc!"ults sU,g,gcSl that a ccl1ain proportion of
nn3cologically dcfincd DI rcccptors arc hlCatcd on cholin
ie ncrvc tcnninals and ch.lI dop<lminc mOlY act. via DI rcccp

tors. as a slimulatant of ACh rclcase at Ic\'cl of the cholincrgie
ncf\o'C tcnninals wilhin thc hippllCantpus.

Materlals and Methods
MlIl(·ri,,/.~. Malc Sprolf:uc-Da",ley rolts (250-J50 gm) ubtainl'tl l'mm
Charlcs Rivcr C:môlda (SI. Constant. Quchcc. Canada) "'cre maintained
or. a 12 hr Iight-dark cycle (light on at 7:00 A.M.) in tempcrolture and
humidity contmlled nX'lms for at lema 3-4 d prior to surgery. Animais
",cre fed stôlndanl laboroltory chO\v and had 3CCCSS to t:lp w.uer ad li
bitum. Animal C3rc wa...; according 10 pmtocols and guidelincs appro\'cd
by thc McGiIl Univcrsily Animal Care Commith.'C and the Canadian
Couneil for Animal Care (CCAC).

Thc dialysis probes wcre made fnll1t AN69 Hospal libers (moleculôlr
wcight eut off < 60.000 Ld. = 220 !Jorn. o.d. = JIO !Jorn). SCH23390
HCI. (+)SKF38393 HCI. (-)SKF 38393 HCI. quinpimlo HCI. sulpiri
de. and cticlopride HCI were obtainctl from RBI (Watick. MA). Nl.'OSlig
mine Bromide WOlS purcha.'>Cd from BAS (West Lafayette. IN). ·H
SCH23390 (80.7 Ci/mmol).'H mc10pride (70.0 Ci/Olmo!). 'H-Hypcr
tilms and microscale standards wcre purcha.'>Cd from Amersham Canôlda
(Oakvillc. Ontario. Canada). The dcutenltl.'tI variant of ACh. ~H" ACh
bromide ((CH,hNBrCD:CO:OC·(o)CH.J. used a.'i inlernal slandôlnJ for
ACh detenninalion wa...; obtainetl l'mm Merck. Sharp and Duhme Iso
lopt."s (Montreal. Quebec. Canada). Ocvelopcr «()"19) and fixcr (Rapid
Fix) werc Oblainl."tI from Kodak Chemicallnc. (Montreal. Quehcc. Can·
ada). Ali other reagent..; and ch~micals were of HPLC or GC·MS gmde
and purcha.'\Cd from ehher Fisher Scienlific Co. (Monlreal. Quebt.'C.
Canada) or Aldrich Chemicl.lls lChicago. IL).

F;",britl~cw",\·. The fimbria fornix of male mts wus unilatemlly in·
lerropled by a tnife cul lesion under sodium nembulal ancsthesia (50
mg/kg). Brieny. nt n 900 angle and coonlinales of 1 mm bchind bregma

•

" nd 3.0 mm Intemllo the midline sUlure (Pax.inos :lnd Walson. 1982).
leukotome knife (Kopf Inslrument..) wa...; lowen.'d vin an opcning in
e skull to a deplh of 4.0 mm below dUnt. The wire in Ihe knife was

Ihen extended under the fimbria anc..I1he leukolome slowly brought back
la Ih~ dUni. For shum opcmll'd animaIs. lhe leukolome was 10weo."tI and
brought back to the surface a.. above but withoUl extcnding lhe wire.
The animaIs wcre nllowed to recover fnmt unesthesiu under u wann
lighl und individuully housed ucconling ta CCAC guidelines. 1\\'0
wecli:s postsurgery. the animais were sacriliccd and the efticncy of the
lesions Wa.'i a'isessed by dClennining hippocampal ChAT aClivity.

H;I'POl''''''IJCl/ Clu\T ""';\,;1,\'. Hippocampal punchcs from 300 Ilnt
bruin slices of the lesioned 'and sham opcmted .mimals were l.lssuyt.'d
ror ChAT activily. Homogenules rrom these punches were incubatcd ror
15 min in 0 burfcr containing I-IC acctyl CoA us previously describcd
in de1ail (Arnujo et ul.. 1985) using lhe mcthod or Fonnum (1969) a'i
rnoditied by J\lcek (1978). The animul5 that were usl!t.l ln subsequcnt
receplor autorudiogrnphic studlcs showcd hippocampal ChAT actÎvity
lasses of 51:!: 4% on'the lesioned side a.. compao.'d to Ihe contmlateral
hippocampi.

Dopam;;Je Tel·eplor"clIIlortuliogrt,pll,\'. The stntus or hippocampal do
paminergic n..'Ccptors following fimbriucetomy WllS a'isessed a..; de·
scribt.'d in detai! elsewhere (Ochonnel el 01.. 1990). In brief. rollowing
scctioning at -17°C. 20 Ilnt hippocomp:.11 l'lices Were incubatcd for 60
min al room tempcruture in 50 mM Tris HCl buffer(pH 7.4) containing
120 m" NCI. 5 m" KCI. 2 m" CaCI,. 1 m" MgCI,. and 1.0 n" ·'H
SCH 23390 for DI receplors or 5.7 nM 'H ruclopridc for 02 o.'Ceplors.
Seriai seclions were incubated in this buffer but with the llddilion or 1
l''' SCH 23390 or 1 l''' (+) bUlaclamol la ..conain Ihe spocificily or
the Dior 02 radioligand binding. 1'CSpt.'Clively. The sections were then
rinsed five limes (2 min euch) in rresh ice·cold burrer. Duffer suies were
removed by a rapid dip in ice-cold distilled wuter and the seclions
rapidly nir dried. Autorndiogrnms were genernted by apposing the sec·
tians along.~ide with tritium stundanl.'i to trilium sensitivc films for 4
weck.~. The films were lhen developcd ll.'i described berore (Quirion et

-';1.. 1981) and 'H SCH 23390 and ·'H ruclopride binding quanlifiod
~-rmollmg lissue weI weight) using computer a'iSisled microdensitomet·

rie image unalysis system (MCID System. Imuging ReseDrch Ine.. St.
Catherines. Ontario. Canada). Although. the DI rndioligand• .1H SCH
23390. also binds 5HT2 "'copia", (Bischorr ot al., 1986). under lhe
condhions used in this study. chis ligand is likely prererentially IDbeling
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DI rcccpiurs (Dawson ct :11.. IlJ~6). Amutlmic:al arC;I~ \\cn: idcnfili~t.l

al.'l.'llrdinl! tn Ihe Pa:\inus and WOllsnn's :ltl;l" (1l)~21. Si~llilil.·;lnt dit"fl'r
enees hciwccn cxpcrimcnt.t1 groups (11 = .J in cadl t:nll1pl wt.'rc dClcr·
mined hv il nnc-wav :m'lh'sis uf v:lri:mcc (..\NOVAI,

Probe: imp/dlJtlltj;", tl/Ici "ipponu"p(l' in vivo dill/y"\i.\'. ~1'llc Spra~uc
Dawle\' rolts (250-J50 I!m) were anesthetilcd with sodium nemhut'II 150
mglkgl. Transverse pn;hcs (D;amsrl1a Cl al.. Iq~7) wcn: sterent:txil.'ally
irnplanted in the dorsal hipJXl\.'OITnpus and f{lr scptaHy nmnipulatell an
imais alsn in the lalcral scptum (Gio\'ôlnnini ct al.. IlJlJ.Jl ;It I.'{'Kmlimucs
uf .lS mm poslerior lu hregma ~lnd 3.5 ml11 hein\\' the sli.ull for the
hippœ:lOtpus and 0.7 mm ôlntcrinr to hregma ;tnd .J.5 mm helu\\' thc
skull for Ihe septum (faxinos :lnd \Viuson. 19S2). The .mimals wen:
indi\'iduil1ly housed and :tllu\Yed ((l o.'C(l\"er l'mm surgery fur 2 li priur
to Iheir use in the i" \'j,'o dialysis e:\pcriments. E,,1.'h .mim,,1 WilS di:l
IYl.cd only unce.

Al the bcginning of each dialysis e:\pcrimcnt. ;mimals wcre pl:ICl'tl
in lidlc~5 cages ôlnd connectecJ to a BAS l11icruliter syringe pump in :1

nmnner a.. tu allow them to freely mO\'c in the cilges. The probes wefC
pcrfusl'd ror a une hour wa...h out pcriocJ al a Ilow rJle nf 2..'.J J.1l1mill
with an Ungersu,'" ~t-Ringer solution (127 mM Nae!. 2.5 mM KCI. 1.0
mM MgCI:. 1.3 n•.\1 cuel:. pH 7"') conlaining 5 J.1M nl'Ostigm.inc hru
mide. a cholineslcru...;e inhihitor. Twenly five minute dialys:u~ trolclions
\Yere colk'Ctcd inlo a 1ml gla..;s vials conlaining 46 J.11 of 0.1 N HCI
and 50 pmol of deuteroltl.'tI ACh a...; inlcrnal st3nd:uu. Following ahout
3 hr of ba...c1ifle hippocampal ACh rclea.'ie. drugs of inlerest wcrc tested
by inclusion in Ihe perfusion Ringer's Solu1ion for the rcmainder or Ihe
diôllysis ex.pcriment. For seplally manipul3ll"tl animais. the drugs of in·
tercst w~re pcrfu5ed intu ~he seplum in a Ringer's solulion lacking nl.'O
slil!mine. The smnples were frol.en immcdiôltcly and SlOo.~ nt -SIrC
uniil a'is:tycd by ga..; chromalogmphy/ma...;s spcctruscupy (GCIMS). Fol·
lowing mo!'.t expcrimcnts. probe locl.I1ion wa...; verifi~d by standard his·
lological examimuion of the brJin.

ln the cx.pcriment designl."tItn evaluale the pmenlial diffusion of the
locully applk'd cJrugs. lhe ;11 ,.;,." dialysis sc1Up wa..; a.. deseribc.-d ubove
for hippocumpally manipuhl1cd animuls ex.cept lhat 'H SCH 23390 (1
!JoM) wa'i uscd und no samples were collectcd. The animaIs wcre suc·
rificl.'tI imml'diatcly following Ihe Icnninatiun orthe expcriment. 1\\'enty
micromeler slices or the brJins or Ihesc animais were exposed to lritiuln
sensitive Hyperfihns ror 10 d.

GC/MS dlltll\·.d... of ACh. ACh conlenl of the dialysate fmctions wa~

delcm1ÏRl.'tI by'GC·MS a'i describcd in deUlil by Marien and Ric~ard
(1990). Bricny. rrozen samples \Vere Iyophilized ovcrnighl. reconslitul
cd in 250 III ucelonitrile. cappt.~. hemed al SO°C for 30 min. and dried
under a gentlc stream of nitrogcn ga...;. QU:llemury amines present in lhe
samples wcre demcthyla1ed by adding 250 III sodium bcm~enc thiolale
solution (160 mg in 18 ml of n.'tIistilled mclhyl cthyl ketone and 35 J.LI
glncial acetic acid) undcr u now of nitrogen und rcacling al SO°C for
45 min. Sarnplcs were lhen cxtmcled into 35 !Joi eilric .Icid und wa.'ihed
twice witt'! 250 IJ.I pentane. Finally lhe samples were excructcd into 80
IJ.I or clhyl acetate and conccntruled down 10 3-5 !Jol volume before
bcing injected in ta Ihe GC·MS (Hewieu·Packard 5987b). The dcmc·
thylutccJ derivutives of ACh were analyzcd by sclcclÎ\'e iun monitoring
of 132 atamie ma...;s units (umu) ror cndogenaus und 136 amu for the
Inlemal standnrd. :H~·ACh.

The amount or endogenous ACh in each dialysate was calculaled
(Jenden und Hanin. 1974) from the peak areu r.uio ofendogcnous versus
deulcrutt.'d inlcrnal slandard. Calculai ions werc nol corrccled for the
n.'Covcry or ACh by each diulysis probe. Sample ACh content wa'i
expressed a'i u pcrcenlage or a\'erJge ba...;eline (eight sumple collections
prccctling drug infusio:t). Signilicanl differcnces bctwcen expcrimcntal
groups were deterntined by a one-way unalysis of variance (ANOVA).

Results
Effect ofjimbrÎlIec:wmy 011 IripllOc:ampclt DI atUIIX! recel'lOr
bi"dillg sites
A significanflo« (18.2%. l' = 0.0038) of DIPH SCH23390
binding wus observcd in Ihe molecular layer or lho denlUle gyrus
or the ipsilalernl hippocampus in lesionod animais (29.9 == 0.8
vs 36.6 :!: 1.1 fmol/mg tissue wei woighl) (Fig. IA.H). Nu dc
teclable differences were observcd in 'H SCH 23390 binding in
CA 1. CA2, and CA3 subfields bclween the ipsi- and contra
lalernl hippocampi of fimbriaeclOmi7.ed mts (Fig. IA.H). ·'H SCH
23390 binding levels were similar in lho hippocampus of sham
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Figllre 1. EITect of fimbrinectomy on hippocnmpnl Olt'H SCH 23390 nnd 02l'H ruclopride binding. Onln represent menn :t SEM From four
different animais expresses in fmol/mg tissue. wet weight. Sections from unilnterally fimbrinectomized rot.o; werc incubuted with 1.0 nM "H SCH
23390101 (,\, Bl or ·'H rucioprideID2 (C. Dl ..' described in Mnleriuls nnd Methods. Nonspecific binding w.., defined in the presence of 1 jl.M SCH
23390 or 1 fJ10l (+) butnclumol for DI und 02. respectively. Autoradiogrnms (A. C) generuted by npposing the sections ugninst tritium sensitive
films \\'c;.:-~ subsequently qunntified (B. D) using computer u...sisted imnge nnnlysis system. The histogrums reprcsenl specifie lubeling obtuined by
sublracting nonspecific from totul binding. SaUd and slJaded bars represent the ipsi- und contrulaterul. respectively. Stulistical nnalysis wu.,; evaluuted
hy om~·\\'<JY nnalysis of vuriance (ANOVA). -. P < 0.05: significnntly differcnt from nonlesioned contrnluterul side. The bar equals 2 cm. Abbre
\'jiuic':Is: CA. Ammon's horn: CP". cnudnte.putumen: DG. dencute gyrus: Sub, subiculum. •
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Fig"n' 2. Effccts of the infusion of the DI agonis' (+ )SKF 31U93 lA:
10 ~M. 0: 100 J.LM.•: or its inaclive cnanliomer (-)SKF 3839-' 10
l'Jo'. 61. lhe DI anlngunist SCH 23390 (8: 1 1'-".0: 10 1'-".•). or
lheireombinuliun (C: 10 1'-'1 (+)SKF 38393 und 1 1'-" SCH 23390) on
hippocumpal ACh efflux. Datu rcprcsent mcan :!: SE~t (II ::: 4 thr cnch
conccnlrJlion). Following hascHnc dClcnnination. Ringcr"s !tiOhllion con
mining Ihe drug of intercst wu... perfuscd through Ihe probe implanled
in Ihe hippocumpus for the p:riod indicull-cJ by the black bars (Upto 4
hr). Dialysait: ACh content. mcasured hy GC-MS. is cxprcssed as :1
percent of bll..cline. Bll.'\cline wus culculated from the avcrJg~ of eighl
samplcs preceding drug infusion. Statisticai evulu:uion WOlS cvalullied
by one·way nnnlysis ofvuriancc (ANOVA). *.1' < 0.001: significunlly
diffcrenl from bn.~eline. Only the DI ugonist induccd significant cffects
(A) that werc blockl-d by the u coinfusion of the unt<lgonist (C).

Local i10pamïllagic reet'ptor mmlttlmiem of hïpl'ocampal ACh
re/eu.'it!

The average basal efllu, of ACh from Ihe dorsal hippocmnpus
was 4.8 pmol/25 min (Il = 52). Morcovcr. Ihcre werc no upprc
ciablc diffcrcnccs in basal ACh rclcase bctwccn the various ex·
perimental groups studied here. Hippocampal inlmprobe admin
istrution of Ihe active cnantiomer of Ihe scleclive DI agonist
(+ )SKF 38393 (Ill-IOO f1M). but nut Ihe inactive enanliomer
(-)SKF 38393 (10 f1M). increased ACh release in a concemm
tion dependem manner (Fig. 24). The DI antagonisl SCH 23390
(1-10 f1M). by itself. had no appreciable cI'fecl on hippocampal
ACh release in freely behaving animais (Fig. 28). However. the
coinfusion of the DI antagonist (1 ~n wilh Ihe DI agonisl ( 10
f1M) blneked Ihe stimulalory effecl of the laller (Fig. 2C).

Under Ihe condilions used hcrc. ncilher the 02 agonist 4uin
pirole HCI (1-10 f1M) (Fig. 3A) nor Ihe D2 amagonists sulpiride
(1-10 f1M) (Fig. 38) or eliclopride (10 f1M. data nol shown)
signilicumly 1110dilied hippocampal ACh release. Intereslingly.
when infused in 10 the lateml seplum neilher the DI nor D2
dmgs had an el'fecl on hippneampal ACh release (Fig. 4). No
appreciuble obvious behavi,u'dl sequeleae (Ineol11U1ion. snifting.
grooming. etc.) werc induced by thcse dopamincrgic drugs ud
ministered via Ihe pn,be.

Diffusi'l/I (if IIipl",cClI/II",lIy illftlSed JH SCH23390

'H SCH 23390 (1 f1M. 1 f1Ci) infused via the probe for 4 hr
showed vinually no diffusion beyond the hippocal11pal area im
mediately in conlacl wilh the dialysis probe (Fig. 5). Considering
Ihat this con':entmtion of the unlabelled DI anlagonisl blneked
the slimulution of hippoeampal ACh release indueed by the DI
agonisl SKF 38393. it suggesls lhat this el'fecl is necuning 10
cally.

Discussion
A variety of studies have demonslmted Ihe presence of direel
dopaminergie innervation inlo the hippneampus. This innerva
tion is eoneentmled in the venlml subieulum. in panieular in Ihe
presubieulum (Verncy cl al.. 1985). Hippoeampal DI receptors.
on lhe other hand. are mninly loeated in the molecular Inyer of
Ihe denlale gyms and lhe dorsal hippoeampus (Dawson ct al..
1986; Grilli et ni .. 1988; Tiberi ct al.. 1991).ln lhe present study.
wc observed thnt a signifiennt ponion of DI reeeptors in the
moleeular layer of the demnte gyms was lost following fim
briaeetomy. This suggesls that a proponion of hippoenmpal DI
reeeptors nre loeated presynaptieally on nfferent terminais.
Moreover. a eoneomitam reduelion in hippoeampal ChAT aeliv
ity w..s observed ..s a result of the lesion. Considering thal a

opcmtcd animais as comparcd tu the ..:ontml<lICrJI hippoC~1Tllpi

of the limhri'lcctomizcd animais (data nnt shown),
Hippocampal D2I'H r.tdopridc hindi"g \\'.IS considcrJhly lo\\'

cr than thul of DI/'H SCH 23390. Using 'H rJclopridc. the l1l11y
dClcctablc amount of s~cific hinding in the dorsal hippoci.lmpus
wa." ohscrycd in the CAl and subicular rcgions (Fig. le). No
diffcrcnccs \Vere sec" bcl\Vccn ipsi- and contrJ.-lalcral hippocam~
pi of unilatcmlly fimbriacclomizcd animais (Fig. ID). Addilion
ully. no dClcctablc changes of cithcr 'H SCH 23390 or 'H nI

c10prldc binding Icvcls \Vere obscn'cd in the septum or cortical
rcgions as a rcsuh of unilatcrallimbriacclomy. In ail the animais
used hcrc. ChAT ô.lctivity in the ipsilatcrJ.l hippocampi dccrcascd
by 51 :!: 4% as comparcd tu the contrulatcrul hippocumpi or the
hippocumpus of shum openuCll animais.

•

•

•
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Figllre 3. EffcCls of the infusion of the D2 ugonist quinpirole (A: 1
11". 0: 10 11"••l nnd Ihe 02 nnlngonist sulpiride (8: 1 11". 0: 10
11"••) on hipJlOCllmpnl ACh emux. Ontn "'presenl meun :!: SEM (II
= 4 for cuch concentration). Following baseline dClcnninations. Rin·
gcr's solution contuining the drug of intcrest WIl'i perfuscd through Ihe
probe implnntoo in the hippocnmpus for the pcriud indieutcd by lhe
.,,/id Ixlr.• (up 10 4 hr). Oinlysnle ACh conlenl. mell.sured by GC-MS.
is cxpressed Il" u percent of bll'ieline. Bascline WIl'i calculated from the
avernge of cight sumples prcceding drug infusion.

Figllrt -1. EffcCl'i of the seplal infusion of the DI ligands (A: SKF
38393 1011".0: SCH 23390 1011"'.) and lhe 02 Iignnds (8: qnin
pirole 1li IL". 0: sulpride 10 11"••) on hippocnmpnl ACh emux. Onln
represenl mean :±: SEM (II = 4 for each ligand). Following bll'icline
detennimuions. Ringer's (minus neostigmine) solution conluining the
drug of interest wu,'i perfused through the probe impla:'h.."t1 in the septunl
for Ihe pcrioo indicau.-d by Ihe black bt!.TS (up 10 4 hr). Samplcs were
colh.."Cled from Ihe probe implanted in the dorsal hippocumpus. Dialy·
sate ACh conlen•• meu,'iured by GC·MS. is expressed u,'i a percen. of
bnseline. Baseline wu,'i calculmed from the average of eight sumples
preceding drug infusion.

el nI.. 1985). il is logicnlto assume lhal al le..sl some of lhe losl
DI receplors are localed on cholinergie nerve terminais. Inler
estingly. in senile dementia of the Alzheimer's type (SDAT). a
marked reduelion in hippocampal DI receplors h..s been report
cd (Cortes el al .. 1988). wilh the highest loss (89%) seen in lhe
molecular layer of lhe denlale gyrus. Il is weil known lhat one
of lhe hallmarks of SDAT is lhe destruelion of b..sal forebmin
cholinergie neurons which. in part. projecl to lhe hippoeampas
(Davies and Maloney. 1976; Whilehouse et al .. 1982; Coyle el
ni., 1983). Therefore. in agreement wilh lhese sludies, the re-

duclion in hippocampnl DI receplors observed here eould be
due 10 lhe loss of presynnpticnlly locnled receplors resuhing
from the cholinergie denervation. Nevertheless, lhe possibility
lhnt sorne of lhese DI reeeplors are localed on afferents other
lhan cholinergie lhat are conlained within lhe 6mbrin-fornix pro
jeclion eannol be excluded solely on lhe b..sis of the present
experiments.

02 l'CCeplors. on the other hand, are found in lhe hippoeampus

•



• A

....IIiiII....t.;:·..•· •

,
\
\

B

The Journal al Neuroscience. November 1995, 15(11) 7155

Figure' 5. Oiffusil1R nI' Ir.ms·hippn.
c;lmpally înfus..:o 'U sen ~.t~l)(} in
bmin parcm:hyma. 'H SC~L~JJt)O (1
~~l. 1 mC'i/ml1lul) wa... pcrfu"~'d fm ·1
hr in the JU~:.:ll hipJ"lll.';unpu, ;1:- dt'
seniletl in M;llcrÎ.lls ,md ~1clhnlb: ::0
"un bmin scctions l'rom thest: 'll\im;tl"
wcre c.\(Xlscd hllritium scnsili\'c til!!:,
.mll phulUlllicmgr.tphs l,lken .. \ "hll\\."
the c:\h:nt or ditTusÎlm uf the radio;,,,-
tin: O101I..:ri"l: R. il st:hlmmlk' rcprcs...'I1·
l'Itiun uf Ihe sccüon in A. The !/rml,.\

mark the luc'lliun uf the dialy:;,i .. pmi\\:.
Il is r.l.thcr c\'idcnl that diffw.ion \'"01'

minimal :and the: infuscd mdiuacti\'it)'
rcmôlincd in cluse prn.'~ill1il)' lu the di·
alysis prnh\:. Ahhr~\"iatiuns: c·\. Am
l11un\ hurn: DG. dCnlalc g~·nl": Ifr.
hypolhalamus: TH. Ihalamus.
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•

in very low amounts comparcd 10 DI rcccpior Icycls (Fig. ID).
ln the dorsal hip~ampus. D2flH rJ.c1opridc hinding sih:s arc
mainly loealed in Ihe CAl and sohiculum regions (Fig. IC). In
the present stully. no allcr.ltion in hippocampal D2 rcccptor den·
sitics \Vere obscrvcd following timbriucctumy. II would Ihus ap.
pear Ihat Ihis dupanlinc rcceptor subtypc is nut dircctly assod~

alcd \Vith the scpto-hippocampal cholinergie ncrvc pmjcclion.
Rcccntly. the technique of ill l'Î\'" dialysis has bec" uscd 10

study Ihe possible regulalion by dupaminergic drugs of lhe sep
to-hippocampal cholinergie pathway. Systemie adminislruliun of
dopamincrgic drugs ha.~ show" Ihat dopamine potentially stim
ulates hippoeampal ACh release via bulh DI and D2 reccplor
sublypeS (hnperulo el al .. 1993) or lhe DI sublype alone (Day
and Fibiger. 1994) in young animaIs. and al leasl via DI reeep
tors in agcd-menlllry impaircd ruls (Hersi el al.. 1994). A num
ber of possible loci cxist for Ihis apparent inlemction betwccn
DA and ACh. Given lhe direct dopaminergic innervalion of the
hippocampus and the pUlative localiwlion of DI receptors un
hippocampal lerminals (sec above). a direct modulalion of hip
pocampal ACh release by DA drugs is a Iikely possibilily.

The DI rcceptor agonisl (+)SKF 38393 applied directly into
the hippocampus via lhe dialysis probe stimulated. in a concen
tralion dependent. ACh release. This effeet was bloeked by the
DI antagonisl SCH 23390 while the inactive stereoisomer
(- )SKF 38393 had no elfecl by il«lf. allesting to lhe specificity
of the eifeci for the DI receplor family. SCH 23390 infused
alone in the dialysis probe did not alter hippocampal ACh levels.
These findings suggestthatlhe DI receplolS localed in lhe dOlSal
hippocampus can enhance ACh release and that lhis aClion is
Iikely phasic in nature. in view of the lack of effeel of the DI
anlagonisl alone.

A question arises. however. as to the estent of diffusion of
locally applicd drugs in the ill vivo dialysis pamdigm used here.
This is especially pertinenl considcring the relutively long period
of drug infusion. Administrution of 'H SCH 23390 under con
ditions identical to lhose uscd for lhe nonrudioactive drugs.
showed that diffusion is rulher minimal and that lhe ligand is
mostly. if not esclusively. found in the area surrounding lhe
dialysis probe (Fig. 5). Thus. it would appear that local inler
action can accounl for the effecl' of DI drugs on hippocampal
ACh release as observed in lhe present sludy or following sys
lemic administrution (Imperuto el al.. 1993; Day and Fibiger.
1994; HelSi et al.. 1994).

ln conlmsllo DI drugs. neither lhe stimulation nor the block
ade of D2 receptolS by local. intruprobe infusion of prototypical

drugs into the dorsal hippocampus had any effecl on ACh rc·
leasc.

Another possible locus for AChiDA Întcmclion is thc li.lI~ral

scptal arca. Dopamincrgic pmjections arising l'mm the VTA and
Icmlinating in the latcrJI septum \Vere postulated to interJct wilh
the cholinergic cell bodies of the mcdial septum that give fisc
to Ihe cholinergie seplo-hippocampal palhhway (Wood. 1985).
ln lhe preseDl sludy. the manipulalion of neither DI nor D2
receptolS in the septal area had any cffcct on hippocampal ACh
release. Thus. il would appear thal dopamine stimulates hippo
campai ACh relea.« by acting on DI receptolS localed in lhe
hippocampus. However. allhough the lesion dala prescDled here
suggcsts that these DI rcccptors ure locatcd on cholinergie ter
minais. the possibility of tmnssynaptie action involving inter
neurons or othcr noncholinergic afferents cannot he mlcd out at
the present time.

ln the classicul view of the synapse. a close juxtaposition must
cxist het\Veen the nerve liber tenninals enriched \Vith a given
neurotmnsmiucr and il'\ posl'\ynuptÎC receptors. Ho\Vever. this is
clcarly not always the case and may even be the esceplion
(Beaudet and Descames. 1978). Discrepancies betwc-en lhe 10
calizalion of receplolS and lhe distribution of lhe relevant neu
rotrunsmiller ha.. been referred to as the mismatch issue (Kuhar.
1985: Herkenham. 1987). In the present situation. the hippocam
pal dopaminergic innervalion. arising mainly from the VTA and
lhe substantia nigru. is mostly restricled 10 the ventr.1 hippocam
pus (Verney et al .. 1985). In contrust. hippocampal dopaminergic
receptolS are predominantly found in lhe dorsal hippocmnpus
(Dawson et al.. 1986: Grilli el al.. 1988: Tiberi cl al .. 1991: this
sludy). Interestingly. ho\Vever. more than 40% of the dopamine
present in the hippocampus has been proposed to be locmed
\Vithin dOlSal norudrenergic terminaIs (Bischoff el al.. 1979). Il
may be conceivable that. under certain conditions. dopamine and
norudrenaline may be corelea.«d l'rom lhe temlinals of the lalter
present in lhe dorsal hippocampus. Il is also lempling to suggest
Ihot crossover hetweeo neurotrJnsmÎtters may cxist 10 pailly uc
couot for the apparent mismutches. For instance. under ex,cssi"c
cell firing conditions. the releuse of nomdrcmlline in quantities
large enough to saturute its own receptolS may lead hl lhl' bind·
ing of this ncurotrJnsmiuer to other rclatcd rccephlr families
such a.. lhose for dopamine. In this way. a secondary levcl ,,1'
complesilY would be added 10 code for signal strenglh and nllne
effective trJnsmission.

Anolher intriguing possibility to account for apparenl Iigand
receptor mismatches is known as volume tmnsmission (VT). In
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contr.L~t to the da~~ical synaplic mode of signal tr.msmission.
VT rcfers hl the diffusion of chemkal signais in lhe c:~tr.u:dlular

tluid. A ncurotr.msminer couId lhu~ act Ole a considerJhle dis
tancc l'rom its sitc tlf rclca~e (for a rcccnt rc\"iew. see Bcnfcnati
and Agnati. 1Y91 ). For cxamplc. ie has becn rcpmted that when
er.tr.sient parkinsonism is inducl.~ in cats following MPTP ad
rninistr.ttion. dopamine rcleascd l'rom sparcd \'cner.lI strialum tcr
minais can diffuse o\"er a distance of 5.5-7.0 mm to the more
extensi\"dy dener\'uted dorsolalerJ.1 striaeum (Schneider el al .•
1(94). Similarly. dopaminc rclcascd l'rom fibcr tenninals Illl:ated
in the \'emrJ.1 hippocampus could diffuse tll the dorsal part when:
the dopaminergic D1 rc~eptors arc mostl)' found. Howc\'er. di
rt.ooct e\'idcnce in suppon of this possibility ha\'e yet to be pro
vided. Intcrcstingly. DI rcceptors have. in the pasto been linked
with volume tr.tnsmis."Iion in arcas such as the mcdian eminence
and globus pallidus (Fuse ct al.. 1988). In any case. it is evidenl
from the data rcponed hen: that the activation of DI n:ccptors
present in the dorsal hippocampus can modulate ACh relea""
and are hence l'ully functional.

Finally. il should be addcd thalthc physiologieal significance
of the dopaminergic system in the hippocampus is not yet dear.
Intrnhippocampal injections of dopamine receptor agonists
evoke Ihela rhythms in hippocampal elcclI\lCncephalogr.ms
(Smialowski. 1985). This type of rhylhmic oscillalion is known
10 occur during periods of leaming (Winson. 1978). Moreover.
during thela oscillalion. hippocampal synapses are in a slale of
heighlened plasticity and Ihe slimulatory requiremenls for Ihe
induction of long lem' potenliation (LTP) are markedly redueed
(Huena and Lisman. 1993). Intereslingly. a weil established role
of Ihe hippocampal cholinergic nerve lerminals is 10 eliciltheta
rhythms (Blund. 1986). Most recently. dopamine was reponed
to modify LTP in the Schaffer collateral palhway of Ihe rai hip
pocampus via DI receplon; (Huang and Kandel. 1995). In ad
dition. mnemonic deficits in aged r.ts can be allenuated by DI
roeeplor agonisls. and this effect \Va.s proposed 10 be medialed
by the relea.se of ACh in the hippocampus (Hen;i el al •• 1994).
Therefore. it appean; that a role for DA in the hippocampus
couId. at lea.sl in pan. be associated with leaming and memory.
Iikely via the modulalion of hippocampal cholinergie funelions.

In summary. a cenain proponion of hippocampal DI recep
ton; appears 10 be located direclly on septo-hippocampal cholin
ergic nerve terminais. Moreover. ;11 \';"" hippocampal ACh re
lea.ore is fncilitated by the local slimulalion of DI bUI nol 02
roeepton;. Recenl data hnve clearly shown thal lhe DI receplor
fnmily comprises bath lhe dl and d5 subtypes (sce introduClory
seclion). At present. it is unclenr which of these two sublypes
is involved in lhe modulalion of hippocampaI ACh relea.« as
selective probes have yel to be developed 10 discriminate be
twccn these memben; of the DI receplor family. Otherslrategies
such a.s the use of funclionnl receplor antibodies or oligonucle
otide nntisenses would have 10 be used.
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DOPAMINE DI RECEPTOR LIGANDS MODULATE
COGNITIVE PERFORMANCE AND HIPPOCAMPAL

ACETYLCHOLINE RELEASE IN MEMORY-IMPAIRED
AGED RATS

A. 1. HERSI.*t~ W. ROWE.*t P. GAUDRE..\U; and R. Qt:lRIO:,,·t~

D:rartm~nt~ uf -Ncun1!\lgy ~cuwsurgcry.•mll ~Ps~..:hi;llry. ~h..{jill Cni\crslly. ~tllnlrcal. Qucr..:."I;'.
Canada

tD{)Uglas HosJ1ilal RI.'SCan.:h Center. Mn; Houlc:\.ml laSlllc. Verdun. Qud,,-"C. Cm;uJ:l lI·nI 1R~
:NcurocmJocrimllllgy" lahurall1ry. :"'l)lrc-Damc Iluspilai RL'SCarch Ccnh:r ;and DcpJ.rlmcnlllr ~11.·\hdnc.

Uni\"crsit~ de: ~tllnlrcal. :'Ioluntrcal. Quclx-..:. ('"n;uJa

Abslrat't--The rt1s,·.;jblc nhl\lulali\lO hy DI drug... llf Icarning ahilitil,'S uf a (}\lpulatiun uf agl."\.i mcml1ry·
impairL"t.1 animais ~\'as im'I.-stigah.-d in th~ rl"\."SCnt slut.ly. Th~ 1I:\c1 uf DI ('lIJSClI :!.'.WO n."\.~rlllrs \\'h liN
~,\aminL-d h); quanlilati\~ 'lutoradiogrdrhy hl 'lsc~rlain if ":llgniti\~ ildktts ~ocn in thL-SC animais ":lluld
bc rclah.-d h) all~ratil)ns in the le\c1s llf thL~ I"\."\.~phlrs. Xl) signilicant dilTcn.:nL"\.~ in l'lllSClI :!J.'1)t1
hinding ",CfC uhscn'L'\i in ;my urthe hrdin 'lfCIIS e,\aminL-d bclwLocn yuung. and ag,--d men1l1r)-unimpain.-d
:and ag,--d memory-impain.-d animais. lhlWe\er. the ..:ugniliw ddkils \)f th..: ag,--d-impair,--d rdts wcre
nul\lulal,--d h)' DI drugs. The DI agonists SKf .'839.' and SKF:-: 1:!t)7 tlU mg kg. i,p.1 signilkantly rL-du,-"\.-d
the latcncy pcrül\l to finI.! a hidden platfunn in the Morris \Vater MaJ:e. rclk'..:(ing impru\'oo ":l'gniti\e
fun..:tions. while the DI antagl'nist sen :!.'.WU (U,OS mg, kg. i,P,1 had nll lwcmll signilkanl etli.-,;t.
Morcl)\'cr. the DI agonist SKF .'KN3 in..:n:.ISl.'d. whercas lh~ antagonist inhibih.-d. il. "il'fJ hipP',,=ampal
aL"t:t\'lcholine rclc:asc.

Tuken tugethcr. thesc l\.'Sults SUggL'St th'lt functiunal hipP'X'ampal aL"t:lykholine dopamine illlera":lions
e,\ist in oagL'LI mcml1ry-impairL'LI mIS. More importantly. Ihe ":llgniti\c delkil." ~ocn in the a~'t,'LI-impain.'LI

mts L";,ln hl: attcnuatL'LI hy stimulations of DI I\."\."(plors. hcnL-': suggL'Sting oan altermlti\~ apprua..:h to
'Incl'iate the ..:ugniti\'C delkits Sl.ocn in the agL'lI hmin.

\

•

A substantiul bod)' of evidem."e hus implica'ed the
cen,ral cholinergie s)'stem as an integral componen'
of the neuml circuitr)' associated with leurning and
memory (for n."CCn' rcvicws sec Rcfs 14. 42 ~lnd 49).
For example. 'he s)'stcmi~ udministration of muscar·
inic cholinergic n.'eeptor antagonists disrupts lhe
pcrformunc.."e of animais in a variet)' of tasks such
us opcrunt matching/nonamatching 10 sample~'.Ito

and spatial mcmory lasks including 'he rddial arm
muzefl,'&1·~ and Morris \Vater Maze.Q~~~;..l ln addition.
lesion studies have. in genernl. highlightcd 'he ima
portance of the cholincrgic s)'slem in learning and
mcmory. For instance. lesions of the cholinergie
ncurons uf lhe nucleus basalis magnocellularis or the

UTo whom cor~pondenœ should he addn:sSl.-d al: Douglas
Hospilal Rl."Sl.'Urch Ccnu:r.

Abbr('I'ia,ivns: ACh. ul."elyeholine; AI. aged-impain.-d: AU.
agcd-unimpain:d; DA. dopamine: GC-MS. gus chroma
togruphy-muss spcctroscopy SCH 23390. R( + )-7
chloro-S.hydroxy.3.melhyl.l·phenyl.2.3.4.S·.elmhydr..
IH-3·benzapine hydrochloride: SKF 38393. R{ +~

2.3.4.S·letrahydro·7.8·dihydroxy·l·phenyl·1 H·benzn·
lOpine hydrochloride: SKF 81297. (±)·khloro·
7.8-<!ihydroxy.l·phenyl·2.3.4 .S·le'rahyd ro·1 H·3·benzn·
zepinc: hydrobromide.

medial scptumidi'lgonal band of Broca disrupl lhe
pcrfomlancc in memory lasks scnsilÏ\'e to cholinergie
hlockadc..a.l~,'·''''' Besides al."etylcholine (ACh). howa

c\'cr. sc\'cral other neurolransmitter systems Iikcly
pla)' a role in learning and memor)' (lor n~\'ie\\' S4.'t:

Ref. 14). Onc such neurolmnsmiucr is dopamine
(DA).

Therc is a weil chamcterizcd n.-ciprocal intemction
bctn'Locn ACh and DA in the control of n('lrm.ll molor
aCli\'it)' at lhe le\'el of the basal ganglia (for n.'\."ent
",vicw SC< Rer. 50). Mo", ,,:ccnlly. i. ha. b..'Comc
evidcnt that complex intcmclions also cxist bcl\\'Locn
ACh and DA in thc normal functioning of memory
und cognilion. Mnemonic delicits broughl on by
dcner\'ulion or pharmacological blockade of \.ocnll"'111
cholinergie s)'stcms can bc modulated b)' dopumina

crgie drugs. For cxample. memory dcficilS induccd by
muscurinie n..ccplor antagonisls urc auenuatcd by
DA untugonists)~ acling on DI rcccplors.~ whcrcas
cognitive impairmenls rcsuhing l'rom nicotinic
rcccpior blockadc arc cxaccrball'd by D, rcccplor
antagonists;')HloI Conversely. impairmenls in avoida
ance Icaming.1 opcr.lOl rcsponding3U and conditioncd
avoidance~ cuuscd by thc s)'stemic administmlion of
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BehariouraJ sclUning

Young and 24-25 month old rats (n = 132) wcre cvalu
ated for their lcarniog c:apacitics using the weil established
Morris Wu.ter Maze task.19.)1,U as dcsc:ribcd prcviously by
our group.;:"" BneOy, animais cre required 10 find il sul>
mergcd platrorm (2 cm) in tl pool (1.6 m diamcter) of watet
that bas becn made opaque by the addition or powdcred
skimmcd milk. The animais solve the task usins only distal
spatial eues provided in the testing room. Rats were given
IS trials over live successive days (lhn:c trials per duy:
maximum trial duration or 2 min: inter-trial intcrval about
20 min) wi~h the platrorm submerged. At the end ofthis fivc
day pcriod. the aged animais are calegorized us aged-im
paired (AI) or age<!.unimpaired (AU) bascd on their per·
rormanœ with respect to the young rohorts. As reported
earlier.:S aged animais dcmonstrute gn:at individual diffc:r-
cnees in thdr lenming capabilities (Fig. 1). Exccpl ror those
used in DI drug bc:hnviouml testing, ail animais were
immediately run on probe trials on the finh day with the
plalronn elevalcd 2 cm abavc the surface of the waler. These
trials were conduelcd to ensun: that the impninnenls Wl:re
oot relalcd to any visulli defects or to the lloimal's inllbility
10 perfonn the motor demllnds or the tn.~k.I'.)7.,U For D.
drug testing, Ihe animllis c:ategorized as AI were subdivided
into groups or o~rall equnl perfonnanceand givcn threc
lrials a day for thrcc days staning at day 6. pn:cedecl by i.p.
injeclion of the druS of intercst (sec rootoote 10 Tllble 1 ror
rurther delails). These animais were givcn probe trials
immcdiately rotlowing lermination ortestingon the last day.
ln these probe trials, fint the plalrorm WDS removed
altogether to detcnnine the lensth of lime that the animal
spends in the training quadrant ror a trial lensth of 30 s.
Then the platronn WBS n:inslalcd and alsa made visible to
the animal to check ror any visual or motor dc6cits. The
druS employcd hcre were choscn based on carlier studies
that showed the c8'eclivcness or such doses in simitar
behavioural paradigms.'.f

D, ~plor auloradl!!lraph,·
The status of D, (('HISCH 23390) l<CCptors in AI, AU

and young animais WDS asscsscd using a method dc:scribcd
in detail elscwhere.11 ln brier, 2().pm brain sections were
incubatcd ror 60 min at room temperature in 50 mM
Tris-HCI bulrer (pH 7.4) containing 120 mM NaCl, S mM •
KCI, 2mM CaCI" 1mM MgCl, and I.OnM ('HlseH
23390. Conscc:ulive sections were also inc:ubated in the
presence of 1pM seH 23390 10 asccrtain the spcc:ific:ity of

McGiIl Uni\'ersity Animal Care CommiUet and the Cana·
dian Council for Animal Care (CCAC).

The concenlric dia!)'sis probes (molccular wcighl cut-olT
10.000 and a surface of 1 mm in Icnglh and 0.5 mm
in diamelcr) werc from BAS (West Lafa\'eue. IN.
U.S.A.) and the transverse probes were made from
AN69 Hospal fibres (molccular .....cight CUl-olT <60.000.
i.d. = .uOpm. o.d. =310 pm). Ph)'sostigmine sulphate was
from Sigma ChemiC11 Co. (St Louis. MO. U.S.A.). while
SCH 23390 h)'drochloride. SKF 81297 h)'drobromide
and SKF 38393 hydrochloride were oblaincd from RBI
(Nalick. MA. U.S.A.). ['HISCH 23390 (80.7Ci/mmol). 'H
Hyper-films and microscale standards were purcha.sed
from Amersham Canada (Oakville. Ontario. Canada).
The deuteratcd variant of ACh. FH,alACh bromide.
llCH,),NBrCD,CD,OC--(OlCH,I. whieh was uscd as in
ternai standard for ACh de:ermination. WOlS obtaincd from
Merck. Sharp and Dohme Isotopes (Montreal. Quebcc.
Canada). Developer (0.19) and mer (Rapid Fix) were
obtaincd from Kodak ChemiC11 Inc. (Montreal. Quebcc.
Carmda). Ali other reagents wcre ofhigh.pcrfonnance liquid
chromatography or gas chromatography-mass spec
troscop)' (GC-MS) grade and purchased from eïther Fisher
Sclentific Co. (Montreal. Quebcc. Canada) or Aldrich
Chemicals (Ch,cago. IL. U.S.A.).

1068

Anlmab and malrrlals

Male Lona-Evans rais (thrcc to six months old).wcrc
obtain'" from Charles Rivcr Canada (St Constan~ Quebec,
Ca~da) and 8ged in our 8nirmù racilities. The animais wcre
maintainecl on a 12 h ~ghHlark cycle (tighls on at 7.00 a.m.)
in temperature and humidity controlled rooms. Animais
wcre fecl standard Iaboratory chow and had acœss to tap
walOf. ad libitum. Any animais showing signs of n:spiralory
ailmént were mnoved rrom the study. Animal cure WDS
according to prolocols and guidelines approvcd by the

EXPERIMENTAL PROCEDURES

the non-specifie DA rcccptor antagonist haloperidol
arc attcnuatcd by the muscarinie antagonisl scopo
lamine. the latter al doses that do not have ctTccts by
thcmsclvcs.

Latety. howc"cr. questions have bec" raiscd about
the validity of equating mncmonic dcficits induccd by
aculc pharmacological manipulations or discrclc
mcchanical or chcrnical Icsions \\ith thase occurring
dunng the nonnal agiog proccss.lC: For instance. the
cholinergie dcficilS observed in agiog accur v.'Ïthin il

eonlext of age and/or discasc-relatcd pathologies in
other neurotransmÎttcr systems. Even more relevant
here is the observalion tbat lhe weil eharaeterizcd
reciprocal antagonistic interaction bclwccn ACh and
DA in the basal ganglia is altercd in senescent
animals.~7 For cxamplc. the dopamincrgic agonist

. apomorphine inhibitcd K •-cvokcd ACh rel= from
slriatal slices of young and middle·agcd, bUl not
old. animais. Similarly. the muscarinic agonists. ox
tremorine and carbaehol, inhibitcd DA·stimulatcd
adenylate cyclase in œil preparations obtaincd from
young and middle:-agcd, bUl not from old rats."

Therefore, the purportcd ACh-DA interactions in
cognitive processcs secn in young animais must he
reinvcstigatcd in a model thal beller approximales
the conditions of the agcd brain. Mcmory loss in the
agcd human population varies widely from the so
caUcd suœcssful aging, whereby an individual per·
forms most memory tasks as weil as young eohorls to
the severe defic:its secn, for example, in Alzheimer's
disease. Analogously, about 30% of agcd (24-25
monlhs) Long-Evans rats exhibit impairmcnts in
spatial mcmory as evidenccd by a poor performance
in tasks sueh as the Morris Water Maze."""" Il is
believcd that thcsc agcd memory-impaircd rats beller
represent the global dynamies ofcognitive alterations
oœurring in aging in œrtain subgroups. The neu
roanatcmical structure most implicalcd in spatial
memory is thought to be the hippocampal for·
mation.U6 Inlerestingly, the majority of DA rcccptors
in the hippocampus are of the D, (dl/d5) subtypc.'~"
AocOrdingly, in this study, we examincd (i) the level
of D, rcccptor as a funclion of age and cognitive
stalus, (ii) whether the memory defieits lhat ehame·
lerize the agcd·impaircd (AI) animais can be modu-

,':':;'~ latcd with D, drugs, and (iii) the etroct of D, rcccptor
agonist and anlagonist on in vivo hippocampal ACh
relcase.
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the labdling. The ~ etions wcre then rin...oo fi",c lÎmes (2 min
cach) in rresh icc-coJld buffcr. The bulTer salts wcre remO\'cd
by a rapid dip in ice-eold dislillcd watcr and the sections
air dricd. AUloradiograms wcre generatcd b)' apposing
the sections alongsidc tritium standards 10 tritium-sensitivc
films for four wccks. The films wcre then devclopc:d as
described berorc·~ and (lH)SCH 23390 specifie labclling
quantificd (fmol/mg tissue wet wcight) using a computer
assislcd microdcnsilomctric image analysis system (MeID
System. Imaging Rcsearch Ine.• St Calherines. Ontario.
Canada). Analomical areas .....cre idcntificd and narncd
according 10 Pa:tinos and Watson.... Signilicant dilTcrcnccs
bcl\\'ccn c:.:pcrimcnlal groups wcre detcnnined by a one-W3)'

anal)'sis of variance (A NOVA). P < O.OS bcing considcrcd
significant.

Pro~ implanlalitm and hippt)campal in '0'1'\;0 dialy.fü

AI rats we:re anaesthe:tizcd with nembutal (50 mgJkg. i.p.).
Guide cannulae (BAS. West Lafayette:. IN. U.S.A) we:re
ste:n:otaxically implantcd in the: dorsal hippocampus. as
dcscribcd elsewhcre:u The animais were individually housed
and a!!owed to rccove:r from surgcry for Iwo 10 thn:c da)'!
prior l\:.' Jll:ir use in the in 1';1'0 dialysis experimenlS. Sixtecn
to Iwe:nty hours before dialysis. a venical probe "'as im~

planted via the guidl: cannula so as to give: a final dcpth of
3mm below the: dura. Young (livemonths old) and some: AI
rats were implantcd wï,h lransverse: probes.... in lhe: dorsal
hippocampus. as dcscribed elsc:whereP Each animal was
dialysed only once. AI the beginning of cach dialysis e:tper~

iment. animais wcre placed in lidless C'.lgcs and connectee.!
to a BAS microlitre syringe pump in a manner as to
allow thcm to frec:ly movc in the cages. The probes wcn:
pcrfU5Cd for a 1h wa.~hout period at a flow rate of
2.34 Jd/min wilh an Ungerslf.:dt-Ringer solulion (125 mM
NaCI. 3.0 mM KCI. 1.2 mM CaCI,. 1.2 mM MgCI,. 1.5 mil
NaH:PO... pH 7.4) containing 75JaM physostigmine.411

Twenly~minute dialysatt: fractions wcre col1ccted into l~ml

glass vials containing 46J~1 of 0.1 N Hel and 5Opmol of
deuterated ACh Ils intemal standard. The sampics wcre
frozcn imrr,edintely and stored al -SOT unlil assayed by
GC-MS. SKF 38393 (3.0 mg/ml) and SCH 23390
(O.OS mg/ml) wcre dissolved in 0.9% saline solulion and
injc:ctc:d i.p. in a volume of 1ml/kg. Following most eXpcr~

iments. probe locution wus ,'e:rilicd by slandard histological
examination of the brain.

Ga., dmm,alograplly-nra.u .fpectro.fCVP.l' acetylch"lillf:
ACh conle:nt of the dialysatc fractions was detcrmincd by

GC-MS. os described by Marien and Richard.)1 BricOy•
frozcn samples wel'e Iyophilizcd ovemight. rcconstilutcd in
250 p.1 acetonitrile. capped. hcnted at 80QC for 30 min and
dried under a ~ntle stream of nitrogcn gas. Quatemary
amines presenl in Ihe samplcs wcre deme:thylated by udding
250 p.1 sodium benzene thiolate solution (160 mg in 18 ml of
!<distille<! melhyl ethyl ketone and 35 pl of glacial acetie
acid) under a Dow of nitrogen and l'enclins of 80~C for
45 min. Snmplcs were then exlracted inlo 35 p.1 ofcilric aad
and washed twice wïlh 25Op.1 of pentane. Finany. the
samplcs wcre ex.tracted into 80 p.1 of cthyl llcetate and
concentrated down to 3-5 p.1 volume before heing injected
into the GC-MS (Hewleu-Paekard 5987b). The amounl of
endogenous ACh in cach dialysate WD5 œlculatcd from the
peak aren ratio of cndogcnous vs deulerated inlernal stan~

danf.26 Caiculations were not correc:ted for the n:covery of
ACh by caeh dialysis probe. Sample ACh con'ent wu
expressed Ils a pcrcenlDge of average bascline (six. sample
collections pn:œding drug administration). Signifiœnt
dift'erenc:es bctwee:n cxperimental groups were delermined
by a one-way analysis of variance (ANOVA). P < 0.05
heing considered significant.
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8(.""a";oural screening of aged animais

Cognitivc pcrfonnanccs of young (six months:
n = 10) and aged (24-25 mon,h" n = 132) male
Long-Evans rats in the Morris \Valcr Maze were
examined. An animal was designaecd as AI if the
lateney ta ftnd thc platfonn on cach of test days 2-5
was >2 S.O. higher lhan lhc mean of the young
animais. AU animais showcd laeencies o\'cr Ihis
pcriod that were <0.5 S.O. higher than the mean for
the young animais. A significanl porlion (33%) of
aged animais from our colony demonslrated signifi.
canlly impaired pcrfor'nancc. whereas 27% of thc
agcd animais were c1early unimpaircd. An analysis of
variance (,\;Ih Scheffc post "oc test) shows lhat. as a
group. the AI animais differ significantly from bath
Ihe young and AU animaIs on test days 2-5 (Fig. 1).
No differenccs were obscrvcd be,wccn young and AU
animais. The pcrfonnancc of thcse animais has also
becn cxamincd in lcrms of lhe distance travclled
before locating and etimbing onlo the platfonn.
Analysis of th"", data shows the same pallem of
differenccs as the lateney figures (data not shown).
When th"", same animaIs are providcd an opportu
nity to swim towards a platfonn that has becn raiscd
abave lhe level of the water (visually-cucd condition).
lherc arc no diffcrences in lateney or distance
measures (data not shown). indieating thatthe differ
cnccs bctwccn groups are not relatcd to swimming
abilitics.::5

Dopamilrergïc D,/r'HISCH 23390 reCf!pwrs a/ld
aging

No rlear differenccs in O,/l'HISCH 23390 binding
densities were observcd belwccn the AI and AU
groups in nny of the brain regions exnmincd (Fig. 2).
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Fig. 1. Behnvioural screcning of nged animais. Cognitive
performances of male young (six monlhs. n _ 10) and aged
(24-25 monlhs. n - 132) Long-Evans rats in the Morris
Waler Maze tusk werc cxnmined as dcSc:ribed in Ihe Expera

imenlDl Procedures and RcsullS section. A significant par·
tion (33.2%) of agOO animnts from our colony demonstrated
significant1y impnired performance whcreas 27.5% of the
aged animais showed c:learly unimpnired performance.
'P <0.01 compa!<d 10 young animais. (0) AI: (.) AU:

(.a.) young.
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Fig. 2. Effeel of aging and spatial memol)' impainnent on DI n:ccptor binding Ic\'cls. Sections from AI.
AU and }'oung animais wcre incubatoo with 1.0 nM ["HISeH 23390 as dcscribcd in the Experimental
Proœdun:s section. The histogmms reprcsent specifie labclling obtaincd b)' subtr.lcting non-specifie from
total binding. Data repn:scnt meun ± S.E.M. from six animais per group. No significant diŒ:rcncc was
obscr\'ed in PH]SCH 23390 binding in any of the rcgions studicd. DG. dentale syrus of dorsal
hipPOC"J.mpus~ FCTX. frontal cortex; HtPP. CAI/CAl/CA3 subficlds of dorsal hippocampus: NACC.
nucleus accumbcns; DT. olfaclory trodel; PCTX. panel.1I cortex; STR. sirialum: TCTX. temporal cortex.

ID) AI; 11§ll AU; 1.) young.

•

Similarly. aging per se docs not sccm to alter
D,/l'H]SCH 23390 binding site levels as evidenccd by
comparable binding densiti05 betwccn the aged and
young eohorts (Fig. 2).

Behal';oural effeels of SKF 38393. SKF 81297 a/ld
SCH 23390 ;/1 Ihe aged';lIIpa;red raIs

Administration or Ihe D, agonists SKF 38393 and
SKF 81297 (3.0 mg/kg. i.p.) 10 Al animais 15 min
berore trial ",sultcd in a signifieunt reduetion (44%
and 51 %. rcspcctively; P < 0.05) in the latency to find
the submerged platronn eompared 10 ",linc-l",atcd
AI eontrols (Table 1). The D, antagonisl SCH 23390
(0.05 mg/kg. i.p.) induccd an average 33% ine",ase in
lateney over Ihe throc days or t05ling (Table 1). This
overall ine",ase railed 10 ",aeh stalistieul signifieunee.
However. when pcrronnancc t",nd across Ihe Ihroc
days or t05ling was examincd ror the alltagonist. a
worscning or the defieil or the AI animais. whieh
",aehed statislieul signifieuncc on the lasl day or
t05ting. was observcd (Table 1). ln probe trials

whercin the platfonn was rcmovcd and the pcrccnta

age of lime spcnl in the tmining quadrant was
cxamincd. no signific-.lOt diffcrcnccs were obscrvcd
betwccn groups (data not shown). There wc", no
apparent difTcrcnccs in swim spccd bctwccn expcr
imcntal groups following the administrution of cithcr
the D, agonists or the anlagonisl (data not shown). •
Mo",over. during probe trials whc",in the submerged
plalfonn was made visible to the animais. thcrc were
no differenccs in laleney to find the plalronn rollow·
ing drug adminislration (data not shown).

Effeel ofSKF 38393 alUl SCH 23390 lm hipporampal
act!I.l'/c1w/illl! re/rasl!

Administration or the selcclive D, agonist SKF
38393 (3.0 mg/kg. i.p.) ine",ased hippocampal ACh
",Iease by abouttwo·rold over baseline in both young
and Al rats (Fig. 3A. B). The maximal ine",ase in
ACh ",Iease was observcd approximately 40 min afier
the administralion or the D, agonisl. On the other
hand. the D, antagonist SCH 23390 (0.05 mg/kg. i.p.)

Table 1. ElTcct or SKF 38393. SKF 81297 and SCH 23390 on latency pcriod/learning
nbilities of aged~impaircdanimais in the Morris Wnler Maze tusk

Luleney 1')

Group Day 1 Dny 2 Day 3 Overall

Saline 43.3 ± 11.06 26.58 ± 4.16 24.8 ± 11.06 33.20 ± 5.7
SKF 38393 23.07 ±4.01 20.64 ± 5.26 11.49 ± 3.17 18.80 ± 2.50'
SKF 81297 24.42 ± 11.20 11.28 ± 3.76 10.93 ± 2.10 16.09 ± 4.21'
SCH 23390 44.7 ± 10.73 36.78 ± 8.46 48.87 ± 10.85' 44.40 ± 5.80

Animais Ihat werc dcsignaled as AI as dc:sc:ribed in Fig. 1 were ulilized. Thc:sc AI ruts
we", injccled (i.p.) with cither SKF 38393 (3.0 m8lk8). SKF 81297 (3.0 m8lkg). SCH
23390 (0.05 m8lkg) or vehiele (0.9% saline) 15 min prior to Ihe firsl testing of the day.
Three trials scparated by 10 min rest pcriod were adminislered pcr animal. Each
animal underwc:nl a lolal or nine trials ovcr a threc day pcriod. Data represcnt group
mcan ±S.E.M. or five different animais. exccpl ror the SKF 81297 group, whcre
n a 3.·P<0.OS. •
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ACh-DA interactions in the AI mt mode!. The
majorit)' of DA receptors in the hippocampus. il

structure most implicated in leaming and memory.
arc of the Dl (dl:d5) subtypc.IIl..ul Therefore. we
ex.amined the slatus of brain Dl n.."Ceptor levcls in AI
vs AU. and in young .mimals. No app01rent difTer
cnccs in thc dcnsities of DI binding sit~s wcre ob
scn:ed in any of the br.lÎn arcas ex.amincd bctwccn AI
'lnd AU animais. Furthennore. no signifieant difTcr
cnces in hippoc;lmpal Dl binding Icvcls were obscr\'cd
bct\\'ccn the young .lnd agc..-d cohorts. Howe\'cr. the
D, "gonislS SKF 3H393 and SKF 81297 improved the
cogniti\'c abilitics of the AI nUs in the Morris Watcr
Mazc lask. Dl drugs also modulatcd hipP0C'.lmpal
ACh release. thus suggcsting a possible mcchanism
for the obscr\'cd bchuvioural efTccts.

Numcrous sludies ha\'e examined the status of
various neurolr.msmitters in AI animais by monilore
ing changes in rcccptor le\'cls. The most consistent
finding appcars to bc Ihat of r.llher nonnal densities.
For ex.ample. the present consensus is that the tOlal
number of mUSC'.lrinic rcccptors docs not change in
AI compared to AU and young animais (for review
sec Rers 13.29 and 51. but also sec Rer. 7 and 20).
allhough a sp..'Cific subtype may be altered..' ln lhe
present sludy. wc report lhal levels of dorsal hippo
campai Dl n.~ptors arc apparcntly unchanged
during aging and in the AI mts. This finding also
suggcsls Ihal endogenous DA levels arc not altercd in
thc..'SC animais. In fact. it has becn shown that neither
lhe levels or DA nor those or its melabolites arc
altercd in AI animals.':';l Nevertheless. the maintene
ance ofnonnal rcccptor densities docs not ncccssarily
mean thatthcsc rc..~ptors arc functionally intact. For
instance. the cfficiency ofn.~plor tr.tnsduction mcche
anisms could bc altcrcd with age. and in various
disease proccsscs.I1,)""I),'~ ln fuct. ulthough cortical DI
rcccptor densities urc unchungcd in Alzhcimcr's diSe
case. a reduetion in lhe number or the high-allinity
agonist states of thcse rcccptors has becn rcportcd. l '

The functionul significunce of this finding rcmains to
be established.

The D, agonists SKF 38393 and SKF 81297 signifi
cantly improved Ihe cognitive perrormance or AI
animais in the Morris Water Maze lask. On the other
hand. the anlagonist SCH 23390 had no ove".11
signifieanl eD'ccl on the memory deficits or these
animais. although a worsening or the perrormance
lrend or the AI animais across days was observed. In
order 10 demonstmle a statistieully ovemll eD'ccl of
the anlagonist al Ihe dose uscd. an inerease in the
lateney belwccn drug administmtion and behaviouml
tesling would likely be required to coincide wilh the
time of likely inhibilion (2 h) or hippocampal ACh
releuse (Fig. 3B). Alternalively. lhere could be a
cciling phenomenon in Ihe magnilude of lhe defieit
thal ean be demonstmted in Ihis lask. In addition to
measuring spatial learning abilily. lhe Morris Water
Maze lask also involves both visual and motor
componcnts.19J7..., Howevcr. ut the doses used in the

Sample
Fig. 3. Etr...-ct of Dl rcœptor ugonisi. SKF 38393. und
untagonist. SCH 23390. on ;n f';"" hippocttmpul ACh n:lco.lsc
ufyoung and AI ruts. Duta n:p~nt group ml."Un ± S.E.M.
for SKF 38393 (II = 4 for AI und" = 5 for )'oung) und SCH
23390 (11=5 fur AI und II = 4 for young); 0.9% saline
solutions contuining cilhcr SKF 38393 (3.0 mg/kg.•) or
SC" 23390 (O.OS mg/kg. 0) won: injootc:d i.p. rollowing
buselinc collection (us indicutcd by lhe urrow). Diulysute
ACh conlent. meusun:d by GC-MS. is expn:sst.-d us u
pcrccntuge of busclinc. Busclinc is the uvcrugc ofsix. sumplcs
prect.-ding drug application.•P < 0.05: signilicunlly dilTcn:nt

from busclinc.

Imnsienlly inhibiled ACh release in young animais•
whereas in AI mls Ihis inhibition persisted and
reaehed slatistieul signifieance by about 2 h following
drug administmlion (Fig. 3A. B).

DISCUSSION

Various sludies using pharmaeologieul manipula
lions have suggested Ihe e.islencc of eomple. inter~

actions betwccn ACh and DA in learning and
memory proccsscs. However. questions have becn
miscd against cqualing memory defieils induccd by
pharmacologieul manipulations with lhose occumng
during normal aging and in disease states. In our
studies. wc sought to address this point bye.amining•
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present study. ncithcr of thc DI drugs had an efTcct
on visually cued pcrfonnance as evidenccd by probe
trials. Similarly. mator side effects werc absent as the
swim spccds bctwccn drug~trcated and !'::line~trcatcd

AI animais werc comparable. Thus. it sccms likely
that tho ""havioural eITeels or the D, drugs in the
AI rats rcsulted from the modulation of cognitive
abilitics. although efTccts on aUentional and/or moti~

vational mcchanisms cannot bc exc1uded at this time.
Therc is a series of studies. MOSt notably by Levin

and eollaborators (ror a review sec Rer. 28). lhal
strongly suggest the exislence of inleractions bctwccn
ACh and DA in learning and memory processcs in
young animais. With regards to D, rcccptors. lhcsc
invcstigators found Ihal scopolamine-induced rddial
ann Maze choice accuraey deficils arc rcversible by
the co-administration of Ihe Dl anlagonist SCH
23390."J' ln eontrast. wc report here that spatial
memory deficits or the AI rat are reversible by the D,
agonists SKF 38393 and SKF 81297. One possible
explanation ror this apparent diserepan.'Y relates to
the type or memory ""ing examincd b,· 'le tasks uscd
in thcsc respective studies. Although ""th radial arm
mazc and Morris Waler Maze evaluale spatial work
ing memory, the rormer is the "eITortrul" type as
eompared to the laller, whieh examines memory or
mlhcr Uautomatic" naturc"~I.J6 Thcrcfore, il is quite
conceivable that thcsc Iwo types or mnemonie pro
cesses arc subscrvcd by distinct neuroanatomieal
structures or pathways that might "" diITerentially
scnsitive to dopaminergie drugs. Another more Iikely
possibility relates to the nature or the memory deficit
""ing investigatcd. For instance, concems have becn
raiscd against equating memory defieits induccd by
pharmacological manipulations with those occuning
as the result or normal aging." For ..ample, whereas
muscarinie antagonists Iike scopolamine produce
an aeule and short-lasting blockade or cholinergie
rcccptors, aging is a slowly progrcssing, irrcversible
process that involvcs, in addition to changes in pre
and postsynaptie cholinergie runctions,"'" substan
tial alterations in various other neurotransmittcr
systems." Aeeordingly, caution must "" ..erciscd
when generalizing from data bascd on acute pharma
eological manipulation in young and heallhy animais
to cognitive deficits secn in aging.

A number of possible mechanisms eould ..plain
the behavioural eITeets of the D, drugs in the AI
animais. Most promincnt among these, however, is
lhe scptohippocampal cholinergie projection. This
pathway is thought to "" a crucial component of the
circuitry involved in the type ofmemory ..amined by
the Monis Water Maze.'''' Interestingly. the modu
lation of hippocampal ACh relca.. by the D, drugs
in the AI animais (Fig. 3D) mirrorcd the eITects of
th... same drugs on spatial leaming abilities
(Table 1). This suggests that hippocampal ACh ac
tivity may underIie, at lcast in part, the changes in the
cognitive performance of th... animais. A possible
sile of action of the D, drugs in modulating hippo-

campai ACh rclease is the septal nuclei. Il is weil
cstablishcd that ventral tegmcntal area dopaminergic
pcrikarya scnd projections to the lateral septum.$)
Thesc dopaminergic tenninals arc thought to inhibit.
via GABAergic interneurons. the activity of medial
septal ncurons which give rise to the septohippocam
pal cholinergie pathway.5lI However. if indccd this
was the case. effects opposite to those observcd hcrc
would have becn expccted: the DI agonist. via its
stimulalion or the release or GADA. indircclly in
hibiting hippoeampal ACh releasc, A more likcly
locus for the interaction bctwccn DI rcccptors and
hippocampal ACh relcasc is within the hippocampus.
ln ract, the existence ordirect. al""il spars<, dopamin
ergie innervation in the hippocampus arising from the
ventral tegmental area and the substantia nigra has
becn cstablishcd." Thc hippocampal rormation is
also relatively enrichcd with D, rcccptors and a
proportion or thcsc rcccpiors is poslulatcd to reside
direclly on dorsal hippocampal cholinergie tcrminals,
where D, rcccptors were shown to locally modulate
ACh releasc." Apart from thc hippocampus, how
e'.'er. the frontal cortex is also likely to bc involved in
lhe performance or the Morris Water Maze task and,
inlereslingly, D, drugs havc previously becn shown to
modulate cortical ACh release in a manner analogous
to the hippocampus.''''b Therefore, in addition to the
hippocampus, the fronlal corlcx could "" a possible
site for thc ""havioural eITeets of the D, drugs utilizcd
in our study. Moreover, the cITeel of thesc D, drugs
on other neurotransmiUers romains to he investi
gatcd.

Finally, our findings on hippocampal ACh release
in AI animais are in general very similar to those secn
in young animals.II~4,lhi,"IIll, Thus, unlike the rccipro
cal inleraclions ""lwecn striatal ACh and DA inncr
vations which are reportedly aITectcd in aging,"
hippocampal ACh-OA D, rcccptor intcraclions gcn
erally appear 10 "" mainlaincd as lhe animalagcs and
becomes cognitivcly impaired.

CONCLUSIONS

The spalialleaming deficit secn in the AI rats was
significantly aUenuatcd by lhe D, agonisls SKF
38393 and SKF g1297. Our data also suggesl that an
underlying mechanism eould relaie to the modulation
of hippocampal ACh rel..... In Iight of lhe relatively
Iimilf<l success ofcholineslera.. inhibilor-bascd ther
apit:i in age-associated memory dcficits, an interest..
ing alternative possibility could "" the usc of D,
agonists.
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