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ABSTRACT
The relationship between the behavioural effects of cocaine and fhe increase in
dopamine caused by its blockade of dopamine re-uptake has been a major focus of
research interest. However, little is known regarding the involvement of recently-
cloned dopamine D2-like receptor subtypes (D2, D3 and D4) in different cocaine-
‘induced 'behaviours. The purpose of the work described in this thesis was to use a
serives of behavioural tests to assess dopamine receptor subtype involvement in
cocaine’s effects. In the first series of experiments, we tested the effects of antagonists
selective for receptors within the D2-like subfamily on the discrimigative stimulus
effects of cocaine (10 mg/kg), and compared them with the effects of a D1-like
receptor antagénist. A separate group of rats were trained to discriminate a low dose
of cocaine (3 mg/kg). Neither U-99194A (a D3 antagonist) nor L-745,870 (a D4
antagonist) substituted for cocaine, and neither drug shifted the dose-response
function for cocaine at the higher training dose. On the other hand, pre-treatment with
SCH 39166 (a selective D1-like antagonist) produced significant dose-related
rightward shifts in the cocaine generalisation curve, indicating effective antagonism.
Three other centrally-acting D2-like antagonists (L-741,626; haloperidol and
raclopride) produced rightward shifts in the dose-response function for cocaine at both
training doses. The D2-like antagonists, however, produced dissimilar effects on
cocaine-induced hypophagia and hyperactivity in the rat. The D3 and D4 antagonists
(which produced minimal effects on feeding and motor behaviours on their own)
failed to alter any of the behavioural effects induced by cocaine. The D2/D3
antagonist, raclopride, produced only a marginal attenuation of cocaine-induced
hyperactivity and rearing, but.a marked attenuation of cocaine-induced decreases in
grooming. On the other-hand, a D1-like antagonist potently reversed cocaine-induced
hypophagia, hyperactivity and rearing, but failed to affect grooming behaviour. While
drug discrimination studies suggests negligible involvement of D3 and D4 receptors
in cocaine’s effects, an important role for D1-like and D2 receptors was observed. In
~ contrast, it seems that the D1-like subfamily may play a more prominent role than the
D2-like subfamily in cocaine-induced hypophagia and motor hyperactivity, alfhough

cocaine-induced inhibition of grooming appears to be specifically a D2-mediated

effect.
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1.1 History of Cocaine Use

According to archaeological evidence, the Inca people of what are now Peru and
Boiivia learned the practice of chewing the Coca leaf from the Aymara Indians of
Bolivi'a, where records of cocaine use go back at least to 300 BC (Maisto, Galizio and
COllnc;fs; 1995). The Coca shrub (Erythroxylan Coca) in whose leaves cocaine (the
alkaloid form) could be found, grew in the eastern highlands of the Andes mountains in
Bolivia, Peru, Ecuador and Colombia. Coca chewers would take some lime or ash with
the leaves to make the pH of the saliva more alkaline, thereby decreasing ionisation of the
cocaine and promoting absorption across the mucous membranes of the oral cavity.
Because the Inca people thought of Coca as a gift from the Sun God, use of the drug was
initially restricted to ceremonial or religious occasions. However, Coca chewing later
became widespread until the practice was banned by the Spanish Conquerors in the
1500’s. The Spaniards subsequently lifted the ban when they discovered that the Incan

slaves worked harder and longer when allowed to chew Coca.

1.1.2 Cocaine Use in the 19" Century

Until the 1800’s, use of the Coca plant was relatively unknown in Europe.
Although Coca leaves were brought back to Europe from South America, Coca chewing
never caught on in Europe, probably due to degradation of the active ingredient during
the long sea voyage. The situation changed, however, when Niemann isolated and
characterised the active alkaloid in 1859. Over the next 30 years, cocaine became
tremendously popular as many notable scientists and physicians lauded its properties. A
chemist named Mariani concocted an infamous mixture of cocaine and wine (‘Vin
Mariani’), while the Italian neurologist Mantegazza wrote, “I would rather have a life
Span of ten years with coca than one of a million centuries without coca” (Gold, 1990).

With regard to cocaine specifically, perhaps the most famous user was Sigmund

Freud. Freud obtained a sample of cocaine in 1884 and, after taking it a few times, felt he

o
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had come across a miracle drug that could cure many ailments. He advocated cocaine as a
local anaesthetic and as a treatment for depression, indigestion, asthma and drug
addiction (morphine). Only one of these therapeutic uses has turned out to be valid,
namely the use of cocaine as a local anaesthetic. In 1884 Freud also performed the first
recorded psychopharmacological experiments on cocaine and published the results iﬁ a
paper (1885) entitled “A contribution to the knowledge of the effect of cocaine”. The
euphoria of the cocaine éxperiehce was described vividly:

“The psychic effect of cocainum muriatiaum in doses of 0.05 - 0.10 g consists of
exhileration and lasting euphoria, which does not differ in any way from the normal
euphoria of a healthy person. The feeling of excitement which accompanies stimulus by
alcohol is completely lacking; the characteristic urge for immediate activity which

alcohol produces is also absent” (Freud, Cited In: Warburton, 1990).

Freud was mistaken in many of his early claims about cocaine, and he helped
launch a period of widespread cocaine abuse. One of the first documented cases of
cocaine addiction concerned one of Freud’s friends, Ernst Von-Fleischl. Fleischl suffered
from chronic pain and had become a morphine addict. Freud prescribed cocaine, and
Fleischl began to consume larger and larger doses. Although doing quite well at
abstaining from morphine, Fleischl was eventually consuming a gram of cocaine daily.
Not only had Fleischl become one of the first European cocaine addicts, but he also began
to show bizarre symptoms that we now recognise as characteristics of cocaine overdose.
These symptoms included paranoid delusions, of the kind that are often seen in
schizophrenia, and a feeling of itching called the ‘formication syndrome’, which is
described as like having insects or snakes crawling on or under the skin. Surprised by the
disastrous effects of cocaine on Fleischl, Freud in his later writings on cocaine was no
longer enthusiastic, but the damage had already been done (Musto, 1992).

The Parke-Davis Pharmaceutical Company declared that cocaine was potentially
‘the most important therapeutic discovery of the age’ and began selling cocaine-
containing products such as coca cigarettes to treat throat infections. Cocaine was

promoted as a cure for practically everything, from seasickness to haemorrhoids. In 1886,
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John Pemberton, a pharmacist from Atlanta, created a drink, ‘Coca-Cola’ made from a
formula of Coca leaves, Kola nuts and a small amount of cocaine in a sugary, carbonated
syrup. With such marketing and availability, it is not difficult to understand why cocaine
became so popular, and with so many people using the drug, casualties soon began to
emerge. With the increasing prevalence of cocaine-induced psychosis, deaths by

overdose, and severe dependence on the drug, popular sentiment against cocaine began to

rise.

1.1.3 The Decline and Re-emergence of Cocaine Use

Thus the enthusiasm that surrounded cocaine use in the 1880’s soon dissipated as
evidence mounted against the early claims of cocaine’s safety. People realised that the
subjective feelings of power and euphoria that initially accompany cocaine use
deteriorated with repeated use into feelings of powerlessness and profound depression. In
an attempt to curtail its abuse, the drug’s availability was placed directly under a
physician’s control. However, even though cocaine could now be legally obtained only
from a physician, a “black market’ for the sale of cocaine emerged.

While cocaine use declined dramatically, users turned to amphetamines and other
central nervous system stimulants that were first developed in the 1930°s. Users reported
that the effects of cocaine and amphetamines were virtually indistinguishable, with the
possible exception that the ‘high’ from amphetamines lasts longer. From the 1920’s to the
1960’s, cocaine use continued primarily among a relatively small group of ‘avant garde’
artists, musicians and other performers. It had become difficult and expensive to obtain,
and being glamorised as the drug of ‘movie stars’ it thus acquired a reputation as the
‘champagne’ of the stimulants.

So why did cocaine re-emerge as a stimulant of choice? The ready commercial
availability of cocaine was a key issue in its re-emergence from the 1970’s onwards. A
new method of cocaine administration called ‘free-basing’ allowed users to smoke the
drug and absorb much higher doses than before. Freebase is smokable cocaine obtained
by dissolving the white crystalline powder, cocaine hydrochloride, in a strong base.

Smoking ‘crack’ gives a quicker, more intense ‘high’ than inhaling cocaine powder
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because the drug passes quickly and unhindered from the lungs to the bloodstream. Peak
plasma levels after intranasal (crystalline) cocaine administration occur approximately 30
minutes subsequent to inhalation, and cocaine has a half-life of about 40-60 minutes via
this route (Johanson and Fischman, 1989). When cocaine is taken by the intranasal route,
it limits its own absorption by causing constriction of the nasal mucous membranes
(Johanson and Fischman, 1989). On the other hand, smoked cocaine has a
pharmacokinetic profile and produces effects similar to those of intravenous
administration.

The arrival of the ‘crack’ form of cocaine in the mid-1980’s signalled a major
escalation in the problems associated with cocaine abuse. Freebase cocaine was mass-
produced, and the low cost of crack made it available to younger users. Within two
décades, what was considered a typical ‘dose’ of cocaine changed significagtly. Higher
doses of the more potent forms of cocaine had transformed people’s experiences of the
drug and its impact on society. Concern with cocaine abuse was so great that an increased
awareness developed of the need to understand the behavioural effects of cocaine and the

determinants of those effects.

1.2 Behavioural Effects of Cocaine

1.2.1 Physiological and Psychological Effects In quans -

Psychostimulants such as cocaine are typically sympathomimetic drugs. That is,
they act to stimulate or mimic activity in the sympathetic branch of the autonomic
nervous system. Thus, many of their physiological effects are similar to those seen during
emotional arousal: heart rate increases, blood pressure and respiratory rate both rise,
sweating increases; blood flow to the viscera and extremities decreases, blood flow
increases in the large muscle groups and the brain, body temperature is elevated and
pupils are dilated (Kiritsy-Roy et al., 1990, Tella et al., 1992, 1993).

Common subjective reports of cocaine’s acute behavioural effects are presented in
Table 1.1. The table lists the most prominent effects of a low-to-average dose of cocaine,
approximately 10-100 mg/when inhaled. These effects occur from all methods of using

cocaine, but may be more rapid and intense with smoking or intravenous use. Subjective
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effects, such as measures of ‘high’, typically peak between 3 and 5 min after use and

usually disappear within 30-40 min (Johanson and Fischman, 1989).

Euphoria (seldom dysphoria)

Increased sense of energy

Feelings of enhanced mental acuity

Increased sensory awareness (sexual, auditory, tactile, visual)
Decreased appetite (anorexia)

Increased anxiety and suspiciousness

Decreased need for sleep

Physical symptoms of a generalised sympathetic discharge

PN R WD =

Table 1.1. Acute effects of cocaine (From: Gold, 1993).

The enjoyable psychological effects of low-to-average doses of cocaine begin as
soon as cocaine reaches the brain; the precise nature of the effects varies depending on
the dose, the level of drug tolerance and the route of administration. Typical features of
the cocaine ‘high’ are feelings of exhilaration and euphoria, a sense of well-being, and
greater self-confidence (Wallach and Gerson, 1971; Grinspoon and Bakalar, 1985; Spotts
and Shontz, 1986). A moderate dose of cocaine markedly suppresses appetite, with
consequent rebounds later (Jonas and Gold, 1986). Sleep is delayed and fatigue
postponed (Gawin and Ellinwood, 1988; Shere et al., 1988; Brady et al., 1991);
individuals show increased talkativeness and sociability (Spotts and Shontz, 1986).

Clearly, one of the most important behavioural effects of cocaine is its mood-
altering property, particularly since it is generally believed that these effects are related to
its abuse. The lack of studies on the subjective effects of cocaine within a treatment
research context may be due, at least in part, to the risks of administering cocaine to
patients seeking treatment. Measuring the subjective effects as indicators of dependence
potential can only be possible in humans via their verbal abilities. Hence, subjective
effects are assessed with questionnaires such as the Addiction Research Centre Inventory
(ARCI; Haertzen, 1960) and the Profile of Mood States (POMS; McNair et al., 1971),
which measure the presence and intensity of drug-induced perceptual changes (e.g.

detachment, paranoia, cognition) and mood states (e.g. anger, vigour, fatigue, elation).



Chapter 1: General Introduction

The ARCI is a 550-item true-false questionnaire grouped into scales labelled by drug
category, withdrawal state and personality assessment. Each of the scales purportedly
measures mood effects characteristic of specific drugs or drug groups. The POMS is a list
of adjectives desqribing different moods, and the participant indicates how he or she feels
at a given moment in relation to a series of adjectives on a numerical scale from ‘not at
all’ to ‘extremely’. The adjectives have been grouped using factor analysis into separate
scales that are constructed to measure unique mood states, such as anxiety or elation.
Many studies have shown that this instrument is a reliable and sensitive indicator of
changes in mood after administration of drugs (Fischman et al., 1985). Fischman and
colleagues demonstrated that cocaine produces typical psychomotor stimulant mood
effects (Fischman and Scuster, 1982). For example, intravenous cocaine at doses ranging
from 4-32 mg increases scores on the Benzedrine Group (BG) and Amphetamine scales
of the ARCI in a dose-dependent manner. As the names of these scales imply, the
changes produced by cocaine were similar to those produced by amphetamine. Cocaine
and amphetamine also increased scores on the Morphine-Benzedrine Group scale, which
is considered a measure of ‘euphoria’, and decreased scores on the Pentobarbitol-
Chlorpromazine-Alcohol Group scale (sedative-like effects); these changes were also

dose-dependent (Fischman, 1984).

1.2.2 Unconditioned Behavioural Effects In Animals

In laboratory animals such as rodents, one of the defining behavioural
characteristics of cocaine as a psychomotor stimulant is its ability to elicit increases in
motor activity. Cocaine produces an alert response of increased exploration, locomotion,
grooming and rearing (Scheel-Kruger et al., 1977; Snoddy and Tessel, 1985). As the dose
1s increased, locomotor activity decreases and the behavioural patterns become
stereotyped, i.e. there is a continuous repetition of one or a few items of behaviour
(Scheel-Kruger, 1971; Scheel-Kruger et al., 1977). In rats, the repetitive behaviour
includes head bobbing, gnawing, sniffing and licking (Scheel-Kruger et al., 1977). At'still
higher doses, cocaine produces convulsions and death (Woolverton and Johnson, 1992).

Cocaine is also an anorectic in animals and humans (Bedford et al., 1980; Blavet and De
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Feudis, 1982; Foltin et al., 1983; Cooper and Van der Hoek, 1993); see section 1.6.1 for

further discussion.

| 1.3 Cocaine’s Mechanisms of Action

1.3.1 Neurochemical Effects

Cocaine has long been known to be an inhibitor of the synaptosomal uptake of
the monoamines such as dopamine (DA), noradrenaline (NE) and serotonin (5-
Hydroxytryptamine, 5-HT). It does so by interacting with the plasma membrane
transporters for these neurotransmitters, thereby blocking cellular uptake of all three
monoamines (Harris and Baldessarini, 1973; Taylor and Ho, 1978). These experiments
demonstrated that cocaine binds to the three uptake sites with a similar, though not
identical, potency. Cocaine-like analogues have been used to study structure-activity
relationships for cocaine binding at the DA, NE and 5-HT transporter sites (Ritz et al.,
1990). Measuring the transporter binding potencies of cocaine derivaﬁves that involved
N-substitution and/or C2 and C3 substituent modifications revealed differences in
structure-activity relationships between the cocaine analogues. Removal of the N-methyl
group produced little change in binding potency at the DA transporter but produced
increases in binding potencies at the NE and 5-HT transporter sites. Modifications to the
~ C2 and C3 substituents, especially substitution of a hydroxyl moiety, produced changes
in affinity at NE and 5-HT transporters which were much greater than occurred at DA
transporters (Ritz et al.,, 1990). In general, the study indicated the unique structural
requirements which exists for each transporter site, but it also showed that cocaine
binding at DA and NE transf)orters can be described by more similar structure-activity
relationships in comparison with binding at the 5-HT transporter.

Consistently, microdialysis studies have demonstrated that acute cocaine
treatment causes increases in extracellular DA, NE and 5-HT levels (Reith et al., 1986;
Ritz et al., 1987; Carboni et al., 1989; Nomikos et al., 1990) and that the time course of
such increases is correlated with changes in extracellular cocaine concentration (Hurd,
Kehr and Ungerstedt, 198§)/. Overall, these findings confirmed that the blockade of the

monoamine transporters observed in vitro likewise occurs in vivo.
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Although there are several binding sites for cocaine, the binding site that has been
most clearly related to the drug’s reinforcing properties is the DA transporter (Ritz et al.,
1987; Bergman et al., 1989). Thus, the DA transporter appears to be the critical site of
action where events relevant to the reinforcing effects of cocaine are initiated. Indeed,
many of cocaine’s behavioural effects have been attributed to its ability to elevate DA
levels specifically. For eiample; copaine produces stereotyped behaviour and locomotor
activity in rodents, behaviours that are associated with activation of the nigrostriatal and
mesolimbic DA systems, respectively (Scheei-Kruger et al., 1977; Reith et al., 1986).
These motor effects are blocked by antagonists of post-synaptic DA receptors (Cabib et
al., 1991) and attenuated by other treatments that disrupt DA neurotransmission, such as
lesions of DA fibers in the nucleus accumbens (Calcagnetti and Schuchter, 1992). In
addition, structural analogs of cocaine produce behavioural effects similar to those of
cocaine with potencies that correlate with their binding affinities at the DA transporter,
both for locomotor activity (Cline et al., 1992) and for the induction of stereotyped
sniffing and biting (Reith et al., 1986). Similar to its other behavioural effects, the only
binding site that has been directly related to cocaine’s reinforcing properties is the DA
transporter (Ritz et al., 1987; Bergman et al., 1989). The DA hypothesis of the reinforcing
properties of cocaine suggests that cocaine binds to the DA transporter of

mesocorticolimbic neufons, which results in the inhibition of DA reuptake, the
| potentiation of dopaminergic transmission, and ultimately the behavioural phenomenon
of reinforcement (Figure 1.1). In animal studies, electrical self-stimulation of these
pathways produces reward-seeking behaviour that mirrors cocaine self-administration
(Gawin, 1991). Both electrical self-stimulation of these pathways and administration of
cocaine increase extracellular DA concentrations in brain nuclei that control reward
behaviour; lesions of these pathways or treatment with DA receptor antagonists attenuate
these effects of cocaine (e.g. Gawin, 1991).

It should also be noted that at high concenfrations, cocaine interacts with sevpral
membrane proteins in addition to the monoamine transporters. These proteins include o
(sigma) sites (Sharkey, Glen et al., 1988); 5-HT3 receptors (Kilpatrick et al., 1987);

muscarinic cholinergic receptors (Sharkey et al., 1988b) and most importantly, voltage-
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gated Na" channels (Matthews and Collins, 1983). Because of its ability to block axonal
Na® channels, cocaine is a potent local anaesthetic. However, these additional properties

of cocaine are generally not considered to be important to its reinforcing effects.

¢ Dopaming
slla Cocalne

Dopamine
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Figure 1.1. The DA hypothesis of the reinforcing properties of cocaine. Cocaine
binds to the DA transporter and blocks the reuptake of DA in neurons of the
mesocorticolimbic pathway. This potentiates dopaminergic neurotransmission and
initiates the sequence of events that ultimately cause the rewarding effects of the
drug. (From Kuhar, 1992; In: Cocaine, Scientific and Social Dimensions, Wiley-
Interscience publication).

1.3.2 Neural Systems Relevant to Reward

Extensive behavioural and neuropharmacological evidence suggests that the

mesolimbic (ML) DA neurons are critical for the development and regulation of goal-

directed behaviour established and maintained by various natural and drug reinforcers
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(for reviews, see Kiyatkin, 1995; Robbins and Everitt, 1996). It has long been accepted
that the psychomotor stimulants increase DA transmission and that such drug-induced
changes in the activity of the ML DA system are of special importance in the initiation
and maintenance of cocaine self-administration (Altman et al., 1996). Generally, the
effects of abused drugs are correlated with increased extracellular DA in the nucleus
accumbens in the following rank order of effectiveness: stimulants (such as
amphetamines and cocaine) > nicotine > opiates > ethanol > caffeine >
benzodiazepines/barbiturates (Wise, 1993; Di Chiara, 1995).

There is also evidence for a more general link between reward and the ML DA
system. For example, it has been shown that dopaminergic activity can be increased by
presentation of a broad range of natural reinforcers: food (Phillips et al., 1991; Damsma
et al., 1991) water (Phillips et al., 1991) sex (Damsma et al., 1992) and by electrical
stimulation of the lateral hypothalamus (Hernandez and Hoebel, 1988b) associated with
conditioned stimuli (Apicella et al, 1991; Schultz et al.,, 1992). Using in vivo
voltammetry, Phillips et al. (1991) showed that DA levels increase in both the nucleus
accumbens and neostriatum in response to a continuous stimulus for food. The elevation
in DA levels persisted until and throughout the meal, finally decreasing to baseline 10-30
min after the meal (Phillips et al., 1991).

The importance of ML DA function to reward has been supported by hundreds of
studies, and is perhaps captured most vividly in Wise’s famous “anhedonia hypothesis”
(Wise, 1982). Wise elegantly mustered several lines of evidence to argue that moderate
suppression of dopaminergic function reduces the hedonic value of various rewarding
stimuli, such as provided by intracranial self-stimulation, drugs of abuse, and palatable
foods. These effects are reportedly independent from any altérations of motor control or
general arousal (Wise et al., 1978). The anhedonia hypothesis implies a reduction in
incentive motivation after suppression of dopamine function. In studies of the effects of
DA antagonists on consumption of food or water, for example, the drugs appear to
specifically target appetitive rather than consummatory behaviour (see section 4.2).
Prominent among these effects is the ability of DA antagonists (including D1-like and

D2-like antagonists) to produce changes in intake patterns that mimic a natural dilution of
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reward value. Such observations have typically been interpreted in terms of the anhedonia
hypothesis and have provided support for the hypothesis that DA is an important
mediator of food reward (Berridge, 1996).

The ML DA neurons synthesise and release DA from their terminals and project
to various limbic structures. The system originates in the Ventral Tegmental Area (VTA,
also known as the A10 region) and projects densely to the ventral striatum, which
includes the nucleus accumbens, and to other limbic sites such as the amygdala and septal
nuclei (Figure 1.2). A mesocortical DA system that also originates in the VTA and
projects mairﬂy to the prefrontal and cingulate cortices is sometimes viewed as a separate
system, but is often grouped with the system innervating the ventral striatum and
collectively is called the ‘mesocorticolimbic DA system’ (e.g. Feldman et al., 1997). In
the rat there are rich connections between ‘limbic’ forebrain structures and the ventral
striatum. The basolateral amygdala, the hippocampal formation and specific regions of
the medial pre-frontal cortex all project to the nucleus accumbens and ventromedial
caudate-putamen, collectively known as the ventral striatum. The ventral striatum
projects in large part to the ventral pallidum, which in turn projects via the medial dorsal
nucleus of the thalamus to the prefrontal cortex, so providing the key element of re-
entrant cortico-striatal circuitry (Groenewegen at al., 1990).

By analogy, limbic input to the primate striatum is not restricted to the nucleus
accumbens. In the monkey, the amygdala projects to ventral parts of the head of the
caudate nucleus, ventromedial anterior putamen, and nucleus accumbens, and some fibers
from this structure even reach the rostral dorsal putamen and ventral parts of the body and
tail of caudate (Seleman and Goldman-Rakic, 1985). Orbitofrontal cortex and anterior
cingulate cortex project to the very rostral parts of caudate, to ventral parts of anterior
caudate and putamen, to ventral parts of the body and tail of the caudate (Seleman and
Goldman-Rakic, 1985). Thus, the ventral striatum is strongly innervated by these cortical
and subcortical limbic areas, although limbic inputs are to a lesser extent also directed to
more dorsal and posterior striatal territories. This makes the ventral striatum the
predominant, albeit not excﬁsive, striatal territory with limbic input, thereby refuting a

dichotomy of “associational” dorsal and “motivational” ventral striatum.

11
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Figure 1.2. Neural circuits presumed to mediate the reinforcing effects of
psychostimulant drugs. A critical part of this circuit involves DA pathways from the
VTA to the nucleus accumbens, ventral caudate-putamen and frontal cortex. The
accumbens is additionally regulated by limbic system afferents from the frontal
cortex, amygdala, hippocampus and dorsomedial thalamus. The behavioural output
_of this circuit is thought to be mediated by efferent pathways from the accumbens to
‘the ventral pallidum and substantia nigra pars reticulata, which are components of
the extrapyramidal motor system (From Feldman et al., 1997). Complex processing
at a cognitive level, such as memory processes, subjective attribution and craving
are assumed to depend on neocortical mechanisms. The hippocampus and amygdala
are responsive to conditioned aspects of the environment such as contextual or
specific cues associated with drug taking. These limbic structures interface via their
anatomical connections with DA-dependent processes of the ventral striatum
(nucleus accumbens, core and shell compartments) to effect the control of
instrumental actions and their outcomes. Descending pathways, including such
regions as the central grey, may mediate the aversive aspects of drug dependence
while outputs of the striatum via the globus pallidus to the brainstem are assumed
to control drug-seeking behaviour. A further possible output from the nucleus
accumbens includes the cholinergic neurons of the basal forebrain, which may play
an important role in mediating cortical arousal and the subjective sequelae of drug
reinforcement (Altman et al., 1996).

12
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In addition, the ventral pallidum projects directly to the brainstem motor areas,
especially to the subthalamic nucleus, substantia nigra pars reticulata, as well as to
midbrain DA neurons and the cholinergic neurons of the nucleus basalis magnocellularis,
which project diffusely to the neocortex. Thus, the limbic cortex, via its projections
through the ventral striatum, has access to motor output domains of the brainstem, as well
as specific projections (via the thalamus) to the prefrontal cortex, and access to a major
diffuse cholinergic cortical arousal system. |

It has been mentioned above that specific cortical areas and limbic structures send
excitatory projections to selected portions of the striatum (comprising the caudate
nucleus, putamen and ventral striatum), which is generally thought to represent the
‘input’ stage of the basal ganglia. However, it is also important to note the striatal outputs
of the above circuits. The basal ganglia output nuclei exert a tonic GABA-mediated
inhibitory effect on their target nuclei in the thalamus (Alexander and Crutcher, 1990).
Within each circuit, this inhibitory outflow appears to be differentially modulated by two
opposing but parallel pathways that pass from the striatum to the basal ganglia output
nuclei. Each circuit includes a ‘direct’ pathway to the output nuclei, which arises from
inhibitory striatal efferents (Albin et al., 1989). Activation of this pathway tends to
disinhibit the thalamic stage of the circuit. Each circuit also includes an ‘indirect’
pathway, which passes first to the external segment of the globus pallidus via striatal

| projection neurons, then from the globus pallidus tb the subthalamic nucleus, and finally
to the output nuclei via an excitatory projection from the subthalamic nucleus (Smith and
Parent, 1988). The role of DA within the basal ganglia appears to be complex, and many
issues remain unresolved. However, there is recent evidence that the nigrostriatal DA
projections exert contrasting effects on the direct and indirect striatofugal pathways.
Dopaminergic inputs appear to have a net excitatory effect on striatal neurons that send
GABA/substance P projections to the basal ganglia output nuclei (via the direct pathway),
~and a net inhibitory effect on those that send GABA/enkephalin projections to the globus
pallidus (via the indirect pathway) (Bouras et al., 1986). Thus, in effect, the overall
influence of DA within the sfriatum may be to reinforce any cortically initiated activation

of a particular basal ganglia-thalamocortical circuit by both facilitatory conduction
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through that circuit’s direct pathway (which has a net excitatory effect on the thalamus)
and suppressing conduction through the indirect pathway (which has a net inhibitory
effect on the thalamus) (Alexander and Crutcher, 1990).

The nucleus accumbens has recently been described as comprising anatomically
(and perhaps functionally) two distinct domains, the ‘core’ and ‘shell’ regions, further
indicating its complexity (Heimer et al., 1995). Each of these dofnains receives distinct
patterns of cortical afferents and has distinct projections to medial and lateral pallidal
sites. Mogenson et al. (1980) first proposed that the nucleus accumbens serves as a
critical interface between the limbic and motor systems, thus linking motivation with
action. In this model, the VTA-accumbens dopaminergic pathway is seen as part of a
gating mechanism that governs the translation of motive states into overt motor
responses. For example, electrical stimulation of the amygdala or hippocampus elicits
alterations in the firing of ventral striatal and ventral pallidal neurons that are subject to
modulation by direct manipulations of DA within the nucleus accumbens (Robbins et al.,
1989; Mogenson and Yang, 1991). Therefore certain limbic structures, such as the
amygdala and the hippocampus, and cortical structures such as the frontal cortex, may
also be important to drug reward via modulation of nucleus accumbens activity. It is not
clear why activation of this system is reinforcing; one hypothesis put forward is that the

YML system has a critical role in the species-spéciﬁc motor arousal associated with
anticipation of reward (Robbins et al., 1989; Koob, 1992; Dickinson and Balleine, 1994,
Robbins and Everitt, 1996).

An alternative interpretation was provided by Robinson and Berridge (1993) who
proposed a theory of drug craving based on the concept of ‘incentive-sensitisation’. This
theory distinguishes between the motivational process of ‘liking’ (i.e. broadly
synonymous with “pleasure”) and the process of ‘wanting’ (which Robinson and

Berridge formally refer to as the attribution of incentive salience to environmental
stimuli). The latter process, which is not consciously experienced, causes the perception
or psychological representati/c:n of an object to become desirable and to be pursued. Most

importantly, repeated exposure to an addictive drug in the presence of various drug-
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related stimuli is hypothesised to produce conditioned sensitisation of the neural
substrates (the ML DA system) that mediate attribution of incentive salience.
Consequently, the user can experience an increasing desire for the drug, even though the
person may actualfy ‘like’ the drug less and less. Therefore, the theory claims that ML
DA subserves the ‘wanting’ aspect of drug abuse, but it fails to identify the brain

mechanisms or reéeptors that mediate the subjective responses to such drugs.

It is generally agreed that only a limited number of brain structures are likely to
process the appetitive aspects of rewarding events. Neural activity related to reward
occurs in several distinctive forms, many of which are not seen with DA neurons. It is no
longer adequate to consider the ML DA system in isolation when exploring the neural
bases underlying the effects of addictive drugs. There are clearly important afferent
systems that regulate the firing frequency and pattern of VTA DA neurons (Schultz et al.,
1992). The anatomical substrate underlying these functions may compriée the conjunction
of different afferents from limbic structures and ML DA neurons. Major limbic structures
in primates, such as the anterior cingulate gyrus, orbitofrontal cortex and amygdala,
project to the ventral striatum, including the nucleus accumbens, in a dense and
interdigitating fashion, whereas their projections to the dorsal striatum are more sparse
and scattered (Seleman and Goldman-Rakic, 1985). Interactions in the ventral striatum

Vbetween afferents from the amygdala and from DA neurons appear to be necessary for
mediating the effects of stimulus-reward associations on behaviour (Cador et al., 1989).
Investigations have also shown that the dorsal and ventral caudate neurons are activated
when different kinds of food are shown to the animal (Nishino et al., 1984) and that
ventral striatal neurons respond to external stimuli associated with reward through prior
conditioning (Cador et al., 1989). The dorsal part of the striatum, or caudate putamen in
the rat, is composed of at least two distinct compartments: the ‘matrix’ and the
‘striosomes’ or patches (Gerfen, 1992). The matrix receives afferents from the superficial
layers of the medial prefrontal cortex and motor, somatosensory, and visual cortices
(Gerfen, 1992). In contrast,"ﬁle striosome/patch compartment receives projections from

the deep layers of the medial prefrontal and limbic cortices (Gerfen, 1992). Neurons in
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both the ventral and dorsal parts of the striatum seem also. to be involved during
reinforcement (Apicella et al., 1991). This notion has been supported by the recent
finding that electrodes contacting the striosomes/patches of the rat caudoputamen sustain
electrical self-stimulation more reliably than electrodes in the matrix that surrounds them
(White and Hiroi, 1998). The idea that self-stimulation results from activation of cell
bodies in the stridsome/patch coinpartment suggests that strionigral neurons terminating
in pars compacta may also be involved in the reinforcement procéss. Thus, the striatum
may receive information about predictable environmental events from associative cortex,
information about reward reception from subcortical limbic structures, and information
about the presence of salient, incentive stimuli from DA neurons. Neurons on the dorsal
striatum may have access to representations of several task events, such as instruction
stimuli, hedonic responses and reward (Schultz et al., 1992; White and Hiroi, 1998).

It should be apparent from the above that it is now widely accepted that CNS DzA’x
is an important mediator of reward-related behaviour, and plays a primary role in the
behavioural effects of cocaine. Consequently, there has been substantial interest in
determining the roles of the different types of DA receptor in cocaine’s effects. In order
to approach this issue, it is necessary to describe the molecular biology, distribution and
pharmacology of the various DA receptor subtypes and to consider the behavioural

effects of receptor-selective compounds.

1.4 Dopamine Receptors: Molecular Biolo n avioural t

Modern DA receptor research began in the early 1970’s with the discovery of DA-
stimulated adenylyl cyclase activity (Kebabian, Petzold and Greengard, 1972).
Biochemical evidence for two distinct DA receptors waé followed shortly by the
designation of these sites as “D1” and “D2” receptor subtypes (Kebabian and Calne,
1979). D1 receptors were shown to activate the enzyme adenylyl cyclase and to increase
intracellular levels of cAMP, whereas D2 receptors exerted an inhibitory influence on this
enzyme (Andersen, et al., 1990). D2 receptors were also linked to additional secoﬁd
messenger systems, including activation of K™ channels and inhibition of Ca*" channels

and phospotidylinositol turnover (Valler and Meldolesi, 1989).
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Gradually, however, pharmacological and molecular biological evidence began
accumulating to suggest that further receptor subtypes probably existed. A major
breakthrough occurred with the cloning and characterisation of three novel DA receptor
species; these are called D3 (Giros et al., 1990; Sokoloff et al., 1990), D4 (O’Malley et
al., 1992; Van Tol et al., 1991) and D5 receptors (Grandy et al., 1991; Sunahara et al.,
1991; Weinshank et al., 1991) (for review see, Jackson and Westlind-Danielsson, 1994).

All of the known DA receptors belong to the G-prdtein—coupled receptor
superfamily. The five subtypes have been well characterised, designated D1 through D5,
and a sixth member of the family arises from the fact that the D2 receptor exists in two
isoforms (termed D, and D,; ). Many different names have been proposed for the different
molecular forms of DA receptor. Sibley and Monsma Jr (1992) proposed a hierarchical
nomenclature based on the pharmacology and molecular structure of the different
receptors. This classification scheme recognises two families of DA receptors that
correspond to the classically-recognised D1 and D2 receptors, now termed ‘D1-like’ and
‘D2-like’ receptor subfamilies. There are important similarities between the D1 and D5
subtypes and between the D2, D3 and D4 subtypes, hence their categorisation into D1-
like and D2-like families, respectively (Table 1.2). The discussion below is organised on

the basis of ‘D1-like’ and ‘D2-like’ receptor subfamilies.
1.4.1 The ‘D1-Like’ Receptor Subfamily

A. D1 Receptors
The D1 receptor was first distinguished by virtue of its ability to stimulate

adenylyl cyclase activity, and later by means of binding studies that differentiated it from
the D2 subtype. The gene for the D1 receptor was cloned by four different groups
working independently (Dearry et al., 1990; Monsma et al., 1990; Sunahara et al., 1990;
Zhou et al., 1990). As with other G-protein-coupled receptors, the structure of the D1
receptor suggests the presence of seven membrane-spanning domains.

A number of DA agonists have been developed that discriminate between bl
receptors and members of the D2-like subfamily. Among the most widely used D1-

selective agonists are members of a family of 1-phenyl-tetrahydrobenzazepines including
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D1 D5 D2S/D2L D3 D4
Alternative Nomenclature D, , Dig D,as/ Dyar D, D,c
Amino Acids: :
Human 446 477 - 414/443 400 387
Rat 446 475 415/ 444 446 - 383
Introns in Gene No No Yes Yes Yes
Human Chromosome 5 4 11 3 11
Effector Pathways T cAMP T cAMP 4 cAMP lcAMP? - 4 cAMP ?
\ T K channels : ’
- J Ca** channels ‘
mRNA Distribution caudate putamen  hippocampus caudate putamen olfactory tubercles frontal cortex
nucleus accumbens hypothalamus nucleus accumbens hypothalamus medulla
olfactory tubercle olfactory tubercle nucleus accumbens  amygdala
amygdala limbic areas island of calleja midbrain
frontal cortex
Agonists SKF 7560 SKF 77434 SKF 38393 N-0437 Quinpirole PD 168077
A-68930 Dihydrexidine Bromocriptine 7-OH-DPAT
“ PD 128907
Antagonists SCH 23390 SCH 23390 Remoxipride (+H)AT76 Clozapine
SK&F 83566 SK&F 83566 Raclopride (+) UH 232 L-741,742
(-) Sulpiride U-99194A L-745,870
L-741,626 GR 103691

Table 1.2. DA receptor subtypes defined from physiological, pharmacological and biochemical studies. (Source from: Andersen et al., 1990; Sibley et al.,
1992; 1993; Strange, 1996). Drugs are listed as commeonly used for the receptors given. ‘
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the prototypical compound SKF 38393 (1-phenyl-2,3,4,5-tetrahydro-7,8-dihydroxy-(1H)-
3-benzazepine) (Setler et al., 1978; Stoof and Kebabian, 1984) along with a variety of
congeners such as SKF 81297, SKF 82958 and SKF 82526 (fenoldopam) (Andersen and
Jansen, 1990). Some of the benzazepine compounds, such as SKF 38393 and SKF 82526,
are only partial D1 agonists, as assessed by the stimulation of D1-sensitive adenylyl
cyclase (Andersen and Jansen, 1990). Hence the maximal efficacy of these drugs is less
than that of DA itself. Dihydrexidine is an example of a non-benzazepine DA agonist that
exhibits moderate selectivity between Dl1-like and D2-like receptors and near-full
efficacy (Brewster et al., 1990). Recently, a potent and selective D1-like receptor agonist
has been the isochroman compound A-68930 (DeNinno et al., 1990; Kebabian et al,,
1990). A-68930 has a high affinity for the D1-like receptor and stimulates carp retinal
adenylate cyclase (DeNinno et al,, 1991); it also stimulates DA-sensitive adenylate
cyclase in the rat caudate putamen, and acts as a full agonist in this assay (DeNinno et al.,
1991).

Several substituted benzazepines act as D1-like receptor antagonists rather than
agonists. The best known of these compounds are SCH 23390 (3-methyl-1-phenyl-
2,3,4,5-tetrahydro-7-chloro-8-hydroxy-(1H)-3-benzazepine) and its brominated analog
SKF 83566 (Hyttel, 1983). Other commonly‘ used D1-like antagonists include the
benzonapthazepine, SCH 39166 (Chipkin et al., 1988).
| The distribution of D1 receptors in the rat brain has been mapped by means of in
vitro autoradiography using several different agonists and antagonists. The highest
receptor densities have been found in the terminal regions of the mesostriatal system,
namely the caudate-putamen, nucleus accumbens and olfactory tubercle, and in the
substantia nigra (Monsma Jr et al., 1990; Sunahara et al., 1990; Zhou et al., 1990; Table
1.2). Intermediate levels of receptor binding occur in the ventral pallidum,
entopeduncular hucleus, and in some of the nuclei of the amygdala. Low D1 receptor
levels have been found in the neocortex, thalamus, cerebellum, hippocampus, septum and

most areas of the hypothalamus (Monsma Jr et al., 1990; Sunahara et al., 1990; Zhou et
al., 1990). -
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In most instances, DA D1 receptor mRNA distribution, carried out using Northern
blot analysis, agrees well with the distribution of the corresponding binding sites
identified by autoradiography (Monsma et al., 1990; Sunahara et al., 1990; Zhou et al.,
1990). An exception is the substantia nigra (SN), where considerable DA D1 receptor
binding is evident, whereas DA D1 receptor mRNA expression is generally not
detectable. This may imply that DA D1 receptors are not synthesised in the SN, but are

transported to this site, presumably from the caudate putamen.

B. D5 Receptors : _
The only other known member of the D1-like receptor subfamily is the D5

receptor (Sunahara et al., 1991; Weinshank et al., 1991). Some investigators have used
the terminology Dla and DI1b to refer to the D1 and D5 receptors, respectively (e.g.
Jackson and Westlind-Danielsson, 1994). The two receptors have significant amino acid
sequence homology, very similar pharmacological profiles, and both stimulate the
formation of cAMP. It is interesting to note that in humans, but not in rats, the D5
receptor exhibits a tenfold higher affinity for DA than the D1 receptdr (Sunahara et al.,
1991; Weinshank et al., 1991).

Because of the pharmacological similarity of the D1 and D5 receptors, the so-
called D1-selective agonists and antagonists available at this time affect both D1 and DS
receptors. However, D5 receptors appear to be expressed at very low levels in the brain,
mainly in the hippocampus, the hypothalamus and the parafascicular nucleus of the
thalamus (Meador-Woodruff et al., 1992; Tiberi et al., 1991). This might suggest that the
behavioural effects caused by D1-like agonists or antagonists may be better attributed to

activation or blockade of the D1 subtype rather than the D5 subtype.

1.4.2. The ‘D2-Like’ Receptor Subfamily

A. D2 Receptors ‘ .
D2-like receptors were first identified on the basis of their high affinity for

antipsychotic (neuroleptic) drugs and by the fact that, unlike D1-like receptors, they
either inhibited adenylyl cyclase or had no effect on its activity (Kebabian and Calne,
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1979). The DA D2 receptor was first cloned in the rat by Bunzow et al. (1988) followed
by the human D2 receptor which was found to possess 96 % sequence homblogy with the
rat receptor (Dal Toso et al., 1989). Other studies demonstrated that two isoforms of the
D2 receptor exist in both rats (Giros et al., 1989) and humans (Dal Toso et al., 1989). The
DA D2 receptor isoform differs from the initially cloned DA D2 receptor by an additional
29 amino acids. Hence, fhe longer and shorter forms are designated D2L and D2S
respectively. ‘ ’

Bromocriptine (which is an ergot derivative), LY-171555 (also called quinpirole)
and apomorphine are some well-known D2-like receptor agonists with limited selectivity
for D2 receptors within the D2-like subfamily. The classic antipsychotic drugs are DA
receptor antagonists that possess varying degrees of selectivity for D2-like as compared
with Dl-like receptors. Members of this group with D2-like selectivity include
haloperidol, pimozide, raclopride and sulpiride (Meltzer et al., 1989; Schwartz et al,,
1993). Only recently have truly D2-selective drugs been developed; one such example is
the compound L-741,626 (Kulagowski et al., 1996; Bowery et al., 1996). |

D2 receptors display a widespread but heterogeneous distribution in the brain. In
rats, the highest levels of D2 receptor binding have been detected in the caudate-putamen,
nucleus accumbens, olfactory tubercle, substantia nigra pars compacta and the glomerular
layer of the olfactory bulbs (Boyson et al., 1986; Charuchinda et al., 1987). Intermediate
feceptor levels have been found in the central nucleus of the amygdala, lateral septum,
molecular layer of the hippocampus and the entorhinal cortex. It is interesting to note that
in virtually all areas in which D1 and D2 receptor densities were directly compared,

levels of D1 receptors were distinctly greater (Boyson et al., 1986).

B. D3 Receptors :
The D3 receptor was first identified by Sokoloff et al. (1990). Although D3

receptor pharmacology is not unlike that of D2 receptors, some important distinctions
should be noted. A few of the previously mentioned D2-like agonists, particularly
quinpirole and pergolide, act/ually have a greater affinity for the D3 subtype. The
compound 7-OH-DPAT (7;hydroxy-N-N-di-N-propyl—2—aminotetralin) is more D3-

selective in receptor binding studies (Levesque et al., 1992) and this drug has been used
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to investigate the possible behavioural and physiological effects of D3 receptor activation
(Levesque et al., 1992). The novel naphthofurane compound, (+)—S—14297 ((H)-[7-(N,N-
dipropylamino)-5,6,7,8-tetrahdronaphtho(2,2b)dihydro, 2,3-furane]) was the first reported
selective D3 antagonist, with a 200-fold greater affinity for cloned human D3 than D2
receptors (Millan et al., 1994). Although ligands with high selectivity for the DA D3
receptor are not available at present, data on compounds with some preferential affinity
for D3 receptors, such as (+) AJ 76, (+) UH 232, and the phenylpiperidine, (-) DS121,
suggest that these compounds do differ in their pharmacological profiles from
“traditional” D2-like receptor agonists and antagonists (e.g. Svensson et al., 1986;
Sonesson et al., 1993). More recently, the putative DA D3 receptor antagonist U-99194A
has been shown to have a 20-30 fold preference for the D3 vs. D2 receptor subtype
(Waters et al., 1993).

Highest densities of D3 receptor binding and mRNA are found in the islands of
calleja, dense clusters of small granular neurons located mainly within the olfactory
tubercle (Levesque et al., 1992). Other areas of high D3 receptor concentration include
the anterior nucleus accumbens, the olfactory tubercles, the bed nucleus of the stria
terminalis, and the molecular layer of lobules 9 and 10 of the cerebellum (Giros et al.,

1990; Sokoloff et al., 1990; Bouthenet et al., 1991).

C. D4 Receptors
Another D2-like receptor cloned from human and rat tissues is referred to as the

D4 receptor (O’Malley et al., 1992; Van Tol et al., 1991). There appear to be multiple
genetic variants of this receptor in the human population, although the functional
significance of such Variationb remains to be established (Van Tol et al, 1992). In
monkeys, rats and/or mice, D4 receptor mRNA has been identified in the frontal cortex,
hypothalamus, thalamus, midbrain, medulla, amygdala, olfactory bulbs and the retina
(Cohen et al., 1992; Van Tol et al, 1991). Only low levels have been found in the
striatum. However, rat heart was shown to possess more D4 mRNA than the nervous
system, suggesting that this receptor subtype ﬁay at least partially mediate the positive
inotropic effects of D2-like agonists on heart muscle (Zhao, Ferrell and Abél, 1990). As
yet, the functional roles of the D4 receptor subtype still need to be determined.
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The most conspicuous feature of the human DA D4 receptor is its high affinity for
clozapine (Van Tol et al., 1991). However, other groups (e.g. Malmberg et al., 1993) have
reported an affinity of clozapine for the DA D2 receptor subtype comparable to its
originally-reported affinity for DA D4 receptors (Van Tol et al., 1991). However, binding
data from the rat receptor species has only demonstrated a Ki,/ Kip, quotient of 2-3 for
clozapine (O’Malley et al.l, ,1992) which limits the usefulness of this compound for the
study of DA D4 receptor funcﬁon. Despite considerable interest in the physiological
functions of the D4 receptor, pharmacological research has been hampered by the paucity
of agonists and antagonists with selectivity for the receptor. Recently, the newly-
developed D4 receptor antagonists YM-5001 (Ki = 5.62nM; Hidaki et al., 1996), U-
101307 (Ki = 10nM; Merchant et al., 1996), and the most selective of them all, L-745,870
(Ki = 0.42nM; Kulagowski et al., 1996) enable one to characterise the functional role of

this receptor subtype for the first time.

1.5 Behavioural Eff f Selective Do ine Rec r Agonis

1.5.1 ‘D1-Like’ Receptor Subfamily

During the early 1980’s, when the sirhple D1/D2 classification still dominated DA
receptor research, it is interesting to note that virtually all behavioural effects of DA were
ascribed to its action at D2 receptors (Seeman, 1980). This was due primarily to the fact
that the behavioural potencies of most DA agonists and antagonists then available
correlated more strongly with their affinities for D2 than for D1 receptors.

DA has been implicated in many different behavioural processes, and various
selective DA receptor subtype agonists and antagonists have been used to elucidate the
receptors underlying these behavioural functions. For example, the most pronounced
effect of D1-like agonists (e.g. SKF 38393) and D1-like antagonists at low doses (e.g.
SCH 23390) in rats and mice is to stimulate grboming (Molloy and Waddington, 1984;
Murray and Waddington, 1989/; Starr and Starr, 1986a) an effect which D2-like agonists

or antagonists are unable to produce. SKF 38393-induced grooming in mice can be
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inhibited by the i.c.v. injection of antisense oligonucleotides to D1 receptor mRNA
(Zhang, Zhou and Weiss, 1994). |

With regard to the effects of D1-like agonists on locomotor activity, the findings
are ambivalent. For example, Molloy and Waddington (1984, 1985) first described a
syndrome of diffuse behavioural activation, including mild locomotor stimulation, in rats
treated with SKF 38393, but this profile was most robustly observed only after
habituation for 2-5 hr to the test environment. This result has since been replicated
(Molloy et al., 1986; Molloy and Waddington, 1987) and has been observed with other
Dl-like agonists (e.g. Murray and Waddington, 1989). Others reporting significant
locomotor stimulation by SKF 38393 in habituated rats include Mazurski et al. (1991),
Shannon et al. (1991) and Zarrindast and Elliasi (1991).

For non-habituated rats and mice, there have been few reports of locomotor
hyperactivity following SKF 39393. However, Bruhwyler et al. (1991) demonstrated a
significant increase in rat open-field activity after SKF 38393, and Tirelli and Terry
(1993) showed a dose-related stimulation of activity in mice where the time-course effect
was biphasic at high doses (at doses of 100-300 mg/kg SC there was a dose-related
locomotor depression followed by long-term hyperlocomotion). Direct infusion of D1-
like agonists into the striatum or nucleus accumbens elicits various patterns of locomotor
hyperactivity and stereotyped behaviour (Bordi and Meller, 1989; Meyer et al., 1993),
convincingly demonstrating the functional relevance of central D1-like receptors in such
behaviours.

The typical effect of administering a DA receptor antagonist is a suppression of
spontaneous exploratory and locomotor behaviour. D1-like antagonists, such as SCH
23390, have been reported to inhibit motor activity in mice (Starr and Starr, 1986b) and
to reduce horizontal activity (Gessa et al., 1985, Hoffman and Beninger, 1985; Meyer et
al., 1993) and rearing in a dose-dependent manner in rats (Hoffman and Beninger, 1985;
Meyer et al., 1993). D1-like antagonists can also produce catalepsy in rats and mice, an
effect which appears to be due to blockade of DA receptors in the striatum (Hoffman and

Beninger, 1985; Chandler et alfl 990).
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1.5.2 ‘D2-Like’ Receptor Subfamily

D2-like receptor activation by D2-like agonists has been reportéd to produce
hyperlocomotion and sniffing in rats (Molloy and Waddington, 1985). However, although
D2-like receptor agonists are often assumed to stimulate activity especially in rats (Eilam
et al., 1991; 1992) they have been shown to produce hypoactivity in mice over wide dose
ranges (Jackson et cal., 1989a 1989b; Tirelli et al., 1997), although a stimulant effect may
emerge over long periods (Jackson et al., 1990). Evidence from several sources suggests
that the full expression of D2-like receptor-mediated effects requires concurrent
occupancy of D1 receptors (D1/D2 synergism, e.g. Waddington and Daley, 1993). For
example, moderate to high doses of D2-like agonists such as quinpirole or RU 24213
have been reported to produce increased locomotion, sniffing, repetitive scratching,
gnawing and biting (Eilam et al., 1992; Molloy et al., 1986; Walters et al., 1987) which
can be blocked not only by administration of a D2-like antagonist, but also by a D1-like
antagonist or by depletion of endogenous DA (Waddington, 1986, Walters et al., 1987).
Moreover, combined administration of D1-like and D2-like agonists, either systemically
or directly into the striatum, causes much more intense stereotyped behaviour than does
either agonist alone (Bordi and Mellor, 1989; Walters et al., 1987). Such results have
given rise to the hypothesis of D1/D2 synergism, which states that D1-like receptor
occupancy is necessary for the full expression of D2-like receptor-mediated effects
(Waddington and Daly, 1993).

As with D1-like antagonists, D2-like receptor antagonists can also elicit catalepsy
(Wanibuchi and Usuda, 1990). Moreover, receptors in the striatum appear to play an
important role in both cases (Sanberg, 1980; Fletcher and Starr, 1988). These results are
not inconsistent with the prevailing hypothesis of D1/D2 receptor synergism and indicate
that normal motor functioning requires continued activity at both subtypes in the striatum.

The identification of the DA D3 receptor by Sokoloff et al. (1990) enabled a
number of selective DA D3 receptor agonists and antagonists to be developed, so
allowing investigation of the behavioural and physiological effects of D3 receptor
activation or blockade. One suai compound is the D3 agonist, 7-OH-DPAT (7-hydroxy-

N-N-di-n-propyl-2-aminotetralin) which has been shown to be among the most D3-
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selective in receptor binding studies (Levesque et al., 1992). However, several reports
suggest that this compound may be controversial as a selective D3-recepfor ligand (e.g.
Tirelli et al., 1997). It has been shown that, given systemically, 7-OH-DPAT will produce
biphasic effects on spontaneous sniffing and locomotor activity in rats: behaviours were
inhibited at low doses but stimulated. at higher doses (Daly and Waddington, 1993;
McElroy et al., 1993). These ﬁndings may suggest that D3 receptor-mediated effects are
apparent at low doses, but that higher doses causes the additional stimulation of D2
receptors, so changing the behavioural profile.

A number of studies have looked at the effects of putative DA D3 receptor
antagonists on locomotor activity (Svensson et al., 1986). These compounds include (+)
AJ 76 and (+) UH 232 (which display 3-5 times higher affinity for D3 than D2 receptors);
it has also recently been suggested that these drugs may exert a preference for DA
autoreceptors (Arethra et al., 1995; 1996). It is possible that D3 receptor activation
reduces locomotor activity due to an autoreceptor-mediated effect; however, various
findings conflict with this hypothesis (e.g. Svensson et al., 1994b). The lack of
autoreceptor involvement is also supported by work using the antagonist U-99194A, a
compound 30-fold more selective for D3 than D2 receptors (Waters et al., 1993, 1994).
Waters et al. (1993) demonstrated that U-99194A can increase locomotor activity without
any concomitant effects on DA release. Kling-Petersen et al. (1995) also showed that U-
99194A produced an increase in locomotor activity when injected into the nucleus
accumbens at doses that did not affect DA release in the striatum or nucleus accumbens,
areas which are established to be important to the behaviour. These results have led to the
suggestion that the D3 receptor is functionally relevant primarily at the post-synaptic
level, and that its blockade leads to stimulation of locomotor activity. Consistent with the
effects of D3 antégonism on locomotor activity, the D3-preferring antagonist nafadotride
produces a biphasic effect on locomotor activity in rats, stimulating locomotor activity at
lower doses and inhibiting it at higher doses (Sautel et al., 1995). Doses of nafadotride
which increased locomotor activity were shown to produce negligible occupancy of D2
receptors, while those whicﬁ/inhibited locomotor activity produced significant D2

occupancy (Levant and Vansell, 1997).
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Looking at other behaviours, Millan and co-workers (1995) recently reported that
7-OH-DPAT induced hypothermia that could be completely blocked by the D3 antagonist
S-14297. 7-OH-DPAT was recently found to decrease the rate of cocaine self-
administration (interpreted as an increase in reinforcing efficacy) and was also self-
administered when substituted for cocaine (Caine and Koob, 1995). D3 agonists also
decrease alcohol consumption (Ahlenius and Larsson, 1995). Acri (1995) also reported
that 7-OH-DPAT substituted for cocaine’s discriminative stimulus effect in rats.
Therefore recent evidence has indicated that postsynaptic D3 receptors may be involved
in the regulation of locomotor behaviour, body temperature and reward. Based on the
somewhat limited in vivo and in vitro pharmacological data currently available, it is
possible that the D3 receptor may play a role in several other behavioural and
physiological effects, such as yawning and hypothermia (Damsma et al., 1993; Ahlenius
and Salmi, 1994; Ferrari and Guiliani, 1995; Khroyan et al., 1995), penile erection and
ejaculatory behaviour (Ferrari and Guiliani, 1995), inhibition of climbing in mice (Sautel
et al., 1995), and emesis in the dog (Yoshida et al., 1995).

By contrast, the functional role of the D4 receptor subtype still needs to be
determined. The receptor has been little studied in the past, in part due to lack of
availability of receptor-selective compounds. The recent emergence of a number of
compounds acting specifically at the DA D4 receptor now make investigation possible.
For example, the antagonists L-745,870 (Kulagowski et al., 1996) and U-101387
(Merchant et al., 1996) have been shown to have negligible effects in behavioural tests of
antipsychotic activity (Bristow et al., 1996; Merchant et al., 1996; Millan et al., 1998) and
anxiety tests in mice (Cao and Rodgers, 1997). As yet, there are no compounds available

that act as agonists at the D4 receptor site, so impeding our understanding of this receptor.

1.6 Methods to Study Dopamine Involvement in Cocaine’s Behavioural
Effects '
Animal models are recognised as indispensable tools for certain types of
Investigation, including mechanistic studies of brain substrates, the identification of sites

of drug action, and the preclinical evaluation of novel agents. The usefulness of animal
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models often depends on their validity as simulations of human behaviour. This can often
be difficult to determine, in part because of the considerable differences in the
methodologies used to study animal behaviour on one hand and human psychopathology
on the other. However, in the case of animal models of addiction, these difficulties appear
less acute. In the context of drug abuse research, the self-administration model is often
used to analyse the neurochemical systems involved in drug reinforcement, and as a
screening test for potential drugs of abuse. Similarly, the drug discrimination procedure is
used both as a bioassay to examine drug actions on receptors and as a screening test for
drugs with potential therapeutic applications. However, the drug discrimination procedure
1s sometimes used as an animal simulation of human ‘subjective’ responses to drugs.
Such ‘subjective’ responses are often thought to be closely associated with abuse liability,
and the drug discrimination procedure therefore represents a potential tool for studying
this aspect of drug abuse.

In order for a model to be accepted as a useful tool to investigate drug abuse, it
ought to meet certain criteria. In this regard, three main criteria are often applied,
although it is generally unrealistic for any one model to meet all of these. These criteria
have been outlined in reviews by Willner (1991; 1997). The model must have
‘predictive’ validity, i.e. performance in the test must predict performance in the
condition being modelled. ‘Face’ validity suggests that animal models of behavioural
disorders should, ideally, resemble clinical syndromes in terms of aetiology,
biochemistry, symptomatology and treatment. Finally, ‘construct’ validity presupposes

that the model(s) used should have sound theoretical bases.

1.6.1 Self-administration

Many drugs of abuse are readily self-administered intravenously by animals, and
in general, drugs that are self-administered have high abuse potential. Indeed, this
relationship is so reliable that drug self-administration is widely considered to be an
animal model that is predictive of abuse potential; hence it has been suggested that the.

procedure should be used for the preclinical assessment of the abuse liability of new
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agents (Johansoﬁ, Balster and Bonese, 1976; Bozarth and Wise, 1985; Nader and
Woolverton, 1992). |

Cocaine functions as a positive reinforcer to maintain self-administration in a
variety of species, including humans, by several routes of administration (Johanson and
Fischman, 1989). In most experiments, cocaine is delivered through a chronically
indwelling intravenous catheter iinplanted during brief surgical anaesthesia. Rates and
patterns of responding maintained by cocaine are determined for the schedule of
reinforcement under which the drug is available (Woolverton and Johnson, 1992).
Although cocaine is a highly efficacious positive reinforcer, environmental ménipulations
such as punishment, increasing the effort required to obtain the drug, or offering
alternative reinforcers, are effective in decreasing cocaine self-administration (Johanson
and Fischman, 1989; Carroll et al., 1989; Nader and Woolverton, 19‘91). Pharmacological
manipulations can also increase the self-administration rate on a simple fixed ratio
schedule resembling decreases in the unit dose, hence causing a shift to the right of the
dose effect function and a decrease in the reinforcing potency of cocaine (Wilson and
Schuster, 1972; Roberts and Vickers, 1984; Bergman et al., 1990; Caine and Koob,
1994). For example, low to moderate doses of DA receptor antagonists can increase
cocaine self-administration maintained on such a schedule in a manner similar to
decreasing the unit dose of cocaine (Wilson and Schuster, 1972; Roberts and Vickers,
1“984; Bergman et al., 1990; Caine and Koob, 1994). This suggests that partial blockade
of DA receptors by competitive antagonists can reduce the reinforcing potency of cocaine
(Koob, 1995). Conversely, DA agonists decrease cocaine self-administration in a manner
similar to increasing the unit dose of cocaine (Yorkel and Wise, 1978; Woolverton et al.,
1981; Self and Stein, 1992; Weed et al., 1993), suggesting that the effects of
administering DA agonists together with cocaine can be additive, perhaps due to their
mutual activation of the same neural substrates.

The use of different schedules of reinforcement in drug self-administration can
provide important controls for non-specific motor and motivational factors. For example,
fixed-interval schedules of self;dministration can be designed to measure response rate

independently of frequency of reinforcement (Altman et al., 1996). Progressive ratio
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schedules have been used to evaluate the reinforcing efficacy of cocaine by increasing the
response requirements for successive reinforcements and determining the Breaking point,
1.e. the point at which the animal will no longer respond. A variety of evidence supports
the hypothesis that this schedule is effective in determining the rank order of reinforcing
efficacy for different reinforcers, including cocaine (Griffiths et al., 1978; Roberts et al.,
1989).

Intravenous drug self-administration in animals is reliable and has predictive
validity. The dependent variable is reliable as a measure of the motivation to obtain drugs
(the amount of work an animal will perform to obtain the drug). It also has predictive
validity because doses of drugs that are highly reinforcing in animals are reported to have
reinforcing effects in humans, as measured by both operant tests and subjective reports.
Construct validity refers to the extent to which the model has a sound theoretical
rationale; its evaluation requires a good theoretical understanding of both the model and
the condition modelled. Unfortunately, both sides of this equation are rarely met; in the
present case, drug intake by animals is now well understood (at least under steady-state
conditions), but a coherent theoretical understanding of substance abuse by people
remains elusive. It is difficult to assess the construct validity of the self-administration
model because of the tenuous nature of the constructs of abuse and dependence.
However, some of the findings from self-administration studies potentially have profound
ifnplications for the construct of dependence (e.g. with reference to the importance of

withdrawal in dependence).

1.6.2 Conditioned Place Preference

The reinforcing effects of cocaine have also been investigated using place-
conditioning procedures (e.g. Spyraki et al., 1982; Schenk et al., 1986; Morency and
Benninger, 1986). In such studies, a distinctive environment is paired repeatedly with
administration of drug, and a different environment is associated with the undrugged‘
state. Typically, the environments differ with respect to visual cues (e.g. brightness),
tactile cues (e.g. textured floors)-and/or odour. Reinforcement is measured as an increase

in the time spent in the compartment previously paired with drug. It is assumed that the
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environmental cues take on secondary (conditioned) reinforcing effects due to their
previous temporal association with the effects of the drug itself, and that the animals are
displaying approach behaviour directed towards these conditioned reinforcers (Stolerman,
1992). Evidence that this effect is related to classical conditioning was provided by Bardo
et al. (1986) since partial reinforcement (i.e. sometimes exposing the animal to the
chamber, or CS, in the absence of drug) attenuated the place preference. The advantages
of place conditioning as a model for evaluating cocaine’s effects are similar to those of
drug self-administration, but also include (a) a high sensitivity to low doses of cocaine;
(b) potential utility in studying both sides of hedonic valence (e.g. both pbsitive and
negative reinforcement); (c) testing for drug reinforcement is under drug-free conditions
and (d) it allows for precise control over the interaction of environmental cues with drug
administration (Carr et al., 1989). The major disadvantages of place conditioning are the
enormous cost, effort and time required to generate meaningful results.

To what extent does the conditioned place preference procedure meet the various
criteria by which an animal model of drug dependence should be assessed? The model
has a reasonable degree of predictive validity. The procedure has as not yet been used to
compare drugs in terms of their relative abuse potential: it therefore is less useful in this
respect than the self-administration model. Indeed, it is often difficult to generate graded
dose effect curves with any one drug (Carr et al., 1989) so it is difficult even to compare
the relative efficacies of different doses of the same drug. As far as face validity is
concerned, the procedure makes no attempt to model the symptomatology of drug abuse,
although people may well seek out drug-associated stimuli and environments for their
conditioned incentive effects. Thus the model may possess face validity to an extent that
remains to be seen. The conditioned place preference procedure gains most of its
validation from the fact that it is a measure of drug-induced reward. As this concept is
central to most conceptualisations of drug abuse, the model clearly has some degree of
construct validity. However, conditioned place preference models are not ‘pure’ measures-

of reward, but they do provide a useful alternative to the self-administration procedure.
L
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1.6.3 Drug Discrimination

Individual’s feelings are said to be private events that can only be revealed by
verbal, written, or other modes of communication unique to humans. Because of this, the
development of animal models of subjective drug effects poses a substantial challenge. A
methodology holding considerable promise in this regard is drug discrimination
(Holtzman, 1990). In a typical dnig discrimination experiment, animals are injected with
drug or placebo on separate test sessions. Depending upon which solution is
administered, responding on one of two levers results in the delivery of a reinforcer
(usually as food) according to a particular schedule of reinforcement. Stimuli that are
uniquely associated with the availability of a reinforcer are called ‘discriminative stimuli’
when they acquire control over the frequency of a response that is reinforced in their
presence. The accuracy of the discrimination can be tested by administering the training
drug or placebo during test sessions. Sensitivity and specificity of the discrimination are
evaluated by administering different doses of the training drug and other test drugs. Test
drugs may include those that are likely to be discriminated as the training drug (usually
drugs from the same pharmacological class) or positive controls (usually compounds
from different pharmacological classes).

Animals readily learn to discriminate cocaine from vehicle injections.
Discriminative control by cocaine in rats was first shown by Colpaert, Niemegeers and
Janssen (1976), and has been demonstrated subsequently in other species, such as
pigeons, rhesus monkeys and squirrel monkeys (de la Garza and Johanson, 1983; 1985;
Woolverton and Trost, 1978). Discrimination of cocaine from saline can be achieved
under a variety of schedule conditions and different routes of administration. Wood et al.
(1987) demonstrated that the DS properties of cocaine were mediated centrally by
showing that intracerebroventricular (i.c.v.) injections resulted in cocaine-appropriate
responding in rats trained to discriminate intraperitoneal (i.p.) cocaine from saline.
Evaluation of the DS effects of cocaine has shown the drug to be similar to other-
psychomotor stimulants. For instance, in studies with animals trained with either cocaine
or amphetamine, generalisatioriﬂasts have shown that the DS effects of these drugs fully

cross-generalise (Emmett-Oglesby et al., 1983). A number of good reviews can be found
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on drug discrimination méthodology (e.g. Jarbe, 1989; Holtzman, 1990; Goudie, 1991;
Goudie and Leathley, 1993), of which a summary is given below. |

1.6.4 Methods of Training and Testing For Drug Discrimination Procedures

A. Species : .
Drug discrimination studies have been conducted using a variety of animal

species, including rats, mice, gerbils, pigeons, rhesus and squirrel monkeys. However,
there have been no indications of species differences between these studies. Therefore,
the choice of species can be based upon cost factors, research facilities available and

personal experience and preference.

B. Paradigm
Virtually all drug discrimination studies today are carried out using operant

behavioural procedures. Most commonly, differential responding for drug and vehicle is
maintained by food reinforcement. For example, a rat is placed in a standard operant
chamber with two levers as the response manipulanda (Figure 1.3). The rat is trained to
press one lever during sessions that follow injection of the training drug, and to press the
other lever during sessions that follow injection of drug vehicle. The rat receives a food
pellet for emitting a particular number of responses (e.g. FR10 or FR20, fixed ratio of 10
or 20 responses, respectively) on the injection-appropriate lever. Various schedules of
reinforcement are commonly used. For example, in fixed interval schedules (FI),
responding is reinforced for the first response x seconds after the last reinforcement, and
in fixed ratio schedules (FRn), responding is reinforced on the last response of a fixed
number (n) of responses. Responding may also be maintained by variable interval (VI) or
variable ratio (VR) schedules where the response requirements are expressed as an
average for a range of possible values.

When animals are responding reliably (both levers) on the appropriate schedule,
discrimination training begins with the drug and its vehicle being administered in a-
pseudorandom sequence prior to testing. Drug and vehicle sessions are held on different
days according to a single altefn/ation schedule (e.g. Drug, Vehicle, Drug, Vehicle, Drug,

Vehicle, etc.), or by double alteration schedules (e.g. drug, drug, vehicle, vehicle, etc.), or

33



Chapter I: General Introduction

Figure 1.3. A ratin one of the operant chambers. The rat is trained to press the levers (response) to activate a food

delivery mechanism (reinforcement).
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some other balanced schedule of treatment. Numerous variations of this sort of sequence
can be devised, but the alternation schedules have numerous advantages, such as (Goudie
and Leathley, 1993):

1. To avoid lever bias, there are equal numbers of drug and vehicle sessions.

2. To facilitate learning there are not more than about two to three consecutive sessions

of administration of either drug or vehicle. _

Operant sessions usually run for 15-30 min, and the animals are typically maintained at
approximately 80% of their ad-lib body weights. To avoid any effects of inherent lever
bias, for half of the group of animals the drug-appropriate lever should be different from
that of the other half. Even though studies often differ in methodology, these

methodological differences do not seem to make much difference to the results.

C. Assessment of Discriminative Responding
During training, the development of discriminative control over lever selection

can be measured by recording the total number of responses accumulated by each
individual animal on both levers prior to presentation of the first reinforcer or over a
series of reinforcers. Results are usually derived in one of two ways. With the
‘quantitative’ method, the amount of responding on the lever appropriate to the training
drug is expressed as a percentage of the total number of responses emitted during a test
epoch (i.e. drug-appropriate plus vehicle-appropriate responses). The ‘quantal’ method
derives from the view that discrimination of drug-induced stimuli is an all-or-none event
rather than occurring along a stepwise continuum of intensity. The subject either does or
does not discriminate the test drug as being similar to the training drug. With the quantal
method, the percentage of animéls receiving the first reinforcement of the session on the
drug-appropriate lever is the principal dependent measure (rather than percentage of drug-
appropriate responses). Quantal assays are necessarily only used with large groups
(typically, N>8) since each subject on test will only generate one data point (that is, the
subject will make only one of the two possible response options). In contrast, with
quantitative assays, it is possi‘tLle to obtain from a single subject a dose-response curve

since, in repeated tests with different doses, the subject will emit quantitatively different
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degrees of responding. Thus, if one is working with a restricted number of animals, it is

more appropriate to use a quantitative assay (Goudie and Leathley, 1993). |

D. Training Dose
The rate at which a discrimination is learned is a key factor in choosing a training

dose. Therefore, the optimal procedure is to use a large dose so that the discrimination
can be learned relatively rapidly. In studies requiring low training doses, it is possible to
train animals initially to discriminate a higher dose and then to ‘fade’ the dose down to a
level that animals would not have been able to discriminate if they had been traiﬁed on it
initially. However, such ‘fading’ techniques take a considerable amount of time and
therefore have practical limitations (Holtzman, 1990). Most studies assessing cocaine’s
DS effects in rats have used a training dose of 10 mg/kg (e.g. Barrett and Appel, 1989;
Broadbent et al., 1989; Callahan et al., 1991; Callahan and Cunningham, 1991; Baker et
al., 1993). However, lower training doses of cocaine (e.g. 3 mg/kg) have also been used,
and such studies have sometimes demonstrated qualitative as well as quantitative
differences in the drug substitution profiles of compounds (e.g. Terry et al., 1994).
Recently, a novel discrimination procedure has been devised, whereby rats are trained to
discriminate between two doses of cocaine (2.5 vs. 10 mg/kg; Kleven and Koek, 1998).
The authors claimed an advantages of the dose versus dose discrimination procedure for
interaction studies, since sensitivity to pre-treatments may be enhanced as a consequence
of the steeper dose-response function in dose-dose trained animals. Compounds that
partially substitute in drug versus saline trained animals are therefore expected to
engender primarily low-dose lever selection, so minimising the influence of baseline,
high-dose-lever selection following pre-treatments that may have partial cocaine-like

effects when given alone.

E. Pharmacological Characteristics of Discriminative Stimulus Control
An important attraction of the drug discrimination methodology is that for many

classes of drugs the discriminative stimulus effects satisfy the criteria for receptor-

mediated events. For example: -

36



Chapter 1: General Introduction

1. Drugs that interact with the same defined population of receptors on other assay
systems have qualitatively similar discriminative stimulus properties, és reflected by
their ability to generalise with one another.

2. Drugs do so with an order of potency that parallels their potencies in those other assay
systems. |

3. Antagonists that bind reversibly to the receptor block the discriminative effects of
drugs of the same class in a competitive (i.e. suﬁnountable) manner (Holtzman,

1990).

These features enable the investigator to determine dose-response curves; slopes can then
be compared and differences in the potencies of drugs can be established. Hence, the
drug discrimination procedure provides a discrete and objectively quantifiable
behavioural endpoint that reflects the actions of a drug at the cellular level (Slangen,
1991). In summary, the drug discrimination procedure has relatively low predictive
validity as a model of abuse potential, since many drugs (some of which are not abused
by humans) act as discriminative stimuli. The model does have some predictive value in
that it has a high degree of pharmacological specificity, and allows researchers to
compare novel drugs with known drugs of abuse, and to determine whether they have
similar mechanisms of action. However, the model does not attempt to reflect aspects of
fhe symptomatology of drug abuse (face validity). But the model implies that human
‘subjective’ responses to drugs of abuse, which are important determinants of abuse

potential, can be measured in animals (Goudie, 1991).

1.6.5 Reasons for Using The Drug Discrimination Model

The advantages of intravenous self-administration and drug discrimination as
preclinical models for studying the psychological effects of drugs are several. Drug self-
administration has potential utility in studying both the positive and negative reinforcing
effects of drugs. Both procedures have predictive validity and are reliable. They also lend

themselves to within-subjects designs, limiting the number of subjects required. Indeed,
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once an animal is trained, full dose-effect functions can be generated for different drugs,
and the animal can be tested for weeks or months. |

The disadvantages of intravenous self-administration are largely technical. Special
skills and procedures are required to implement and maintain a chronic catheter
preparation, and success in maintaining viable catheter preparations in rodent studies can
be difficult to achieve. Disadvahtages of drug discrimination studies are that subjects
receive numerous doses of the training drug and ahy neuropharmacological changes
caused by such phenomena as sensitisation or tolerance cannot be measured easily.
However, tolerance and sensitisation to cocaine’s effects do not usually seem.to occur as
indicated by test-retest similarities of dose-response curves (Emmett-Oglesby et al,,
1983). The major disadvantage of place conditioning is the enormous cost, effort, and
time required to generate results. Each drug dose requires testing 8-12 animals in an
independent (between subjects) design, and although each animal is tested numerous
times it yields only one independent data point. Also, there is some concern, as
mentioned previously, as to what precisely is being measured in the model.

The importance of animal models used to measure the psychological effects of
cocaine lies in the assumption that the findings obtained in the animal models will have
relevance to the problems of drug abuse and addiction in man. Certainly, some animal
models can predict abuse potential, but the value of these animal models goes far beyond
just the capacity to predict abuse potential. Animal models can provide a means of
‘studying both the behavioural and biological bases of drug addiction. The drug-
discrimination method will therefore be used as a model to examine DA receptor subtype

involvement in cocaine’s effects.
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CHAPTER 2:

DOPAMINE RECEPTOR SUBTYPE INVOLVEMENT IN THE
DISCRIMINATIVE STIMULUS EFFECTS OF COCAINE

2.1 Introduction :
Drug discrimination procedures have been particularly useful in characterising

the neuronal mechanism(s) underlying the in v_ivo effects of coéaine. Cocaine has
been known for a long time to serve as a discriminative stimulus and has been
extensively studied in this regard. For example, in 1976 Colpaert and colleagues were
first to demonstrate that 10 mg/kg of cocaine could function as a DS in rats (Colpaert
et al,, 1976). Many subsequent studies have shown that cocaine is capable of
controlling differential responding in a variety of other species including pigeons (e.g.
de la Garza and Johanson, 1985; Jarbe, 1981, 1984) squirrel monkeys (e.g.
Woolverton and Trost, 1978) and rhesus monkeys (e.g. de la Garza and Johanson,
1983). Furthermore, the cocaine/saline discrimination can be trained under a variety
of schedule conditions and using different routes of administration. The purpose of the
present chapter is to provide a brief review of the scientific evidence that supports
dopaminergic involvement in the DS effects of cocaine and to identify research

questions that need to be answered in order to further elucidate these neurochemical

processes.

2.2 Effects of Monoamine Re-uptake Inhibitors:

DA appears to play a prominent role in the DS effects of cocaine. DA re-
uptake inhibitors such as GBR‘12909, mazindol, nomifensine and bupropion readily
substitute for cocaine in rats (Broadbent et al., 1991; Cunningham and Callahan,
1991; Witkin et al., 1991; Baker et al., 1993), monkeys (Kleven et al., 1990;
Spealman, 1995), pigeons (Johanson and Barrett, 1993), and mice (Middaugh et al.,
1998) trained to discriminate cocaine from saline (Table 2.1). These findings
consistently indicate that the D/S properties of cocaine are reproduced by compounds
that block DA re-uptake. In éontrast, selective noradrenergic (NE) and serbtonergic

(5-HT) uptake inhibitors do not produce responding on the cocaine-appropriate lever.

~ However, there have been reports that NE may play a more important role when low

training- doses of cocaine are used (Terry et al, 1994), or in species
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Summary of substitution tests with monoamine re-uptake inhibitors assessed in species trained to discriminate cocaine from saline.

Study

Kleven et al. (1990)

Broadbent et al. (1991)
Cunningham and Callahan
(1991)

Witkin et al. (1991)

Baker et al. (1993)

Species

Rhesus Monkeys

Rat

Dose (mg/kg)

02-04

10.0

10.0

10.0

10.0

40

Drug Used

GBR 12909 (DA)
Mazindo!
Nomifensine
Bupropion
Tomoxetine (NE)
Nisoxetine
Fluoxetine (5-HT)

Nomifensine (DA)
GBR 12909
Bupropion
Nisoxetine (NE)
Desipramine
Imipramine

GBR 12909 (DA)
Desipramine (NE) &
Fluoxetine (5-HT)

GBR 12909 (DA)
WIN 35,428
Mazindol

Mazindol (DA)
Nomifensine
GBR 12909
Bupropion

Desipramine (NE)
Citalopram
Fluoxetine (5-HT)

Comment

Generalisation to cocaine

No effect
No effect

Complete substitution. Order of potency :
Nomifensine > GBR 12909 > Bupropion

Partial effect

Complete substitution

No effect by itself - coadministration with low -
doses of cocaine enhanced discriminative
stimulus effects of cocaine

Full substitution

Complete substitution. Order of potency:
Mazindol > Nomifensine > GBR 12909 >
Bupropion

Partial effect
No effect .
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Johanson and Barrett Pigeons 1.0-1.7 L-deprenyl(DA) Substitution
(1993) Imipramine (NE)
Tomoxetine
Bupropion
Fluoxetine (5-HT) Partial substitution
GBR 12909 (DA)
Terry et al. (1994) Rat 3.0 WIN 35,428 (DA) Fully substituted for cocaine
GBR 12909 -
Tomoxetine (NE) Fully substituted for cocaine
Nisoxetine (NE)
Fluoxetine (S-HT) No effect
Spealman (1995a) Squirrel Monkeys 0.18-1.0 GBR 12909 (DA) Substituted for all conditions
Talsupram (NE) Substituted for cocaine for low dose training
Tomoxetine conditions
Nisoxetine
Desipramine
Schama et al. (1997) Squirrel Monkeys 03-1.0 Fluoxetine (5-HT) No effect on its own - In combination with cocaine
' enhanced discriminative stimulus effects of
cocaine
Middaugh et al. (1998) Mice 10.0 Mazindol (DA) Substituted completely for cocaine
Nomifensine
Nisoxetine (NE) No effect
Fluoxetine (5-HT) No effect
Kleven and Koek (1998) Rat 2.5vs.10.0 Paroxetine Citalopram (5-HT)  Dose-related increases in high dose lever selection

Fluoxetine Alaproclate when injected with combination of low training
* ) dose of cocaine

Desipramine Talsupram (NE)  Same as above

Nortriptyline

Nisoxetine (NE) Intermediate levels of responding

Key: (DA) - Dopaminergic, (NE) - Noradrenergic, (5-HT) - Serotonergic mediated events.
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other than rodents, since Johanson and Barrett (1993) and Spealman (1995) showed
that NE re-uptake inhibitors substitute for cocaine in pigeons and squirrel monkeys,
respectively. Nevertheless, drug discrimination studies suggests that DA plays a more
important role in the behavioural effects of cocaine than NE: compounds that act
primarily through noradrenergic (NE) mechanisms (e.g. desipramine, imipramine,
nisoxetine) substitute fully. for coéaine in squirrel monkeys (Spealman, 1995a) at best
only partially in rats (Broadbent et al., 1991; Baker et ai., 1993) or not at all in mice
(Middaugh et al.,, 1998). By contrast, the highly selective DA re-uptake inhibitor,
GBR 12909, substitutes completely for cocaine in both monkeys (Kleven et aI., 1990;
Spealman, 1995a) and rats (Broadbent et al., 1991; Cunningham and Callahan, 1991,
Witkin et al., 1991; Baker et al., 1993) regardless of training dose. It could be that
species and/or training conditions are important determinants of the extent to which
NE is involved in the DS effects of cocaine. Even so, taken together with findings that
selective NE inhibitors enhance the DS effects of cocaine in rats and non-human
primates (Kleven et al., 1990), it is conceivable that NE may exert a modulatory
function in both species.

Likewise, the involvement of 5-HT in the DS effects of cocaine should not be
discounted. 5-HT re-uptake blockade reliably enhances the DS effects of cocaine
when combined with cocaine (Cunningham and Callahan, 1991; Schama et al., 1997,
Kleven and Koek, 1998), but has negligible effects when tested alone for substitution
in a variety of species (Kleven et al., 1990; Baker et al., 1993; Terry et al., 1994,
Middaugh et al., 1998). Also, Schama et al. (1997) showed that ﬂuoxetine, a 5-HT re-
uptake inhibitor, did not substitute for cocaine in squirrel monkeys trained to
discriminate a range of cocaine doses (0.3 - 10 mg/kg), but in combination with a low
dose of cocaine it enhanced the DS effects of cocaine. In a different discrimination
procedure, where rats were trained to discriminate between two doses of cocaine (2.5
vs. 10 mg/kg; Kleven and Koek, 1998) it was shown that paroxetine, citalopram,
fluoxetine, and alaproclate (all 5-HT re-uptake inhibitors), as well as desipramine,
talsupram and noftriptyline (allﬁE re-uptake inhibitors) caused dose-related increases
in high-dose lever selection when injected in combination with the low training dose
of cocaine. It has been suggested that, like NE re-uptake inhibition, 5-HT re-uptake

| blockade may play a modulatdry function in the DS effects of cocaine (see Walsh and
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Cunningham, 1997, for review). In conclusion, the evidence so far points to DA as
being paramount to the DS effects of cocaine. If this is the case, then it is irhportant to
evaluate the effects of DA receptor-selective compounds in rats trained to discriminate
cocaine from saline in order to determine whether specific DA receptors are critical to

cocaine’s DS effects.

2.3 Effects of D1-like and D2-like Agonists:

Over recent years, extensive work has been carried out to identify the relative
contrisutions of different DA receptor subtypes to the DS effects of cocaine. Several
studies have addressed this question by examining the effects of selective DA receptor
* agonists in subjects trained to discriminate cocaine from saline injections. For
example, Barrett and Appel (1989) found that the D2-like agonist, quinpirole, fully
substituted for cocaine in rats trained to discriminate 10 mg/kg cocaine from saline. In
contrast, the D1-like agonist, SKF 38393, produced a maximum of only 40 % drug-
appropriate responding in the same subjects. Other studies with rats have found
qualitatively similar effects, although the maximal effects of the agonists have varied.
For example, quinpirole has been reported to produce approximately 85 % (Callahan,
Appel and Cunningham, 1991; Callahan et al., 1991; Callahan and Cunningham,
1993) or 40 % (Witkin et al., 1991; Callahan, Appel and Cunningham, 1991) cocaine-
appropriate responding; SKF 38393 has been reported to produce approximately 75 %
(Callahan et al., 1991) or 60 % (Witkin et al., 1991) cocaine-appropriate responding
(Table 2.2). However, it is clear that both quinpirole and SKF 38393 substitute to
some extent for cocaine. These findings have led to the conclusion that effects
- mediated by both D1-like and D2-like receptors contribute to the effects of cocaine,
but that stimulation of either receptor subtype alone is generally not sufficient to fully
reproduce the DS effects of cocaine (Witkin et al., 1991).

In contrast to the data from rats, neither SKF 38393 nor quinpirole produced
any cocaine-like responding in rhesus monkeys trained to discriminate cocaine from
saline (Kleven et al., 1990), although both D1-like and D2-like agonists have been
shown to substitute near-fully in squirrel monkeys (Spealman et al., 1991). Katz and
Witkin (1992) showed that when SKF 38393 and quinpirole were combined in
_squirrel monkeys trained to discriminate cocaine from saline, the combinations was no

more effective than quinpirole alone. In pigeons, these two drugs only produce partial
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Summary of substitution tests with DA receptor agonists assessed in species trained to discriminate cocaine from saline.

Study

Barrett and Appel (1989)

Kleven et al. (1990)

Spealman et al. (1991)

Callahan and Cunningham
(1991)

Callahan, Appel and
Cunningham (1991)

Witkin et al. (1991)

Katz and Witkin (1992)

Species

Rat

Rhesus Monkeys

Squirrel Monkeys

Rat

Rat

Squirrel Monkeys

Dose (mg/kg)

10.0

0.2-04

03

10.0

10.0

10.0

0.3

44

Drug Used

SKF 38393 (D1)
Quinpirole (D2)

SKF 38393 (D1)
Quinpirole (D2)

SKF 82958 (DP1)

SKF 82917

[(+) - PHNO] (D2)
Quinpirole

Quinelorane

CY 208-248

() - apomorphine (D1/D2)

SKF 38393 (D1)
Quinpirole (D2)

SKF 38393 (D1)

Quinpirole (D2)

(-) - apomorphine (D1/D2)
SKF 38393 SKF 75670 (D1)
CY 208-243 Pergolide (D2)
(-)-NPA RU 24213
N-0434 N-0437

SKF 38393 (D1)

Quinpirole (D2)

Comment

No effect
Complete generalisation
No effect

Substitution on average of only 54 - 77%
responding

Partial substitution
Full substitution

Partial substitution
Full substitution

Full substitution

Partial substitution (40-80%)

No effect

Partial generalisation



Johanson and Barrett (1993)
Callahan and Cunningham

(1993)

Terry et al. (1994)

Speaiman (1995b)

Vanover and Woolverton
(1994)

Acri et al. (1995)
Lamas et al. (1996)

Spealman (1996)

Pigeons

Rat

Squirrel Monkeys

Rhesus Monkeys

Rat
Rhesus Monkeys

Squirrel Monkeys

1.0-1.7

10.0

3.0

0.3

02-04

10.0

0.4

03
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(SKF 38393 and Quinpirole combined)

SKF 75670 (D1)

~ Quinpirole (D2)

Bromocriptine Quinpirole
(Full D2 agonists)

Preclamol Terguride
(Partial D2 agonists)

SKF 38393 SKF 77434 (D1)
SKF 75670

Quinpirole (D3/D2)

N-0434 ()~ NPA (D2)
SDZ 208-912

Terguride SDZ 208-911
SDZ 208-912
(Partial D2 agonists)

PD 128483
(High affinity partial D2
agonist - DA autoreceptors)

(+) - PD 128907 (D3/D2)
(t) - 7-OH-DPAT

Quinpirole (D3/D2)
(%) - 7-OH-DPAT

PD 128907 (D3/D2)
(+) - 7-OH-DPAT
Quinpirole

Not effective when compared to quinpirole alone

Partjal substitution
Complete substitution

Less than 50% responding
Fully substituted for cocaine

Fully substituted for cocaine =

< 32% responding

No effect

Substituted for cocaine - did not work as an
antagonist

Substituted for cocaine

Completely generalised to cocaine

Complete generalisation in 2/4 monkeys
Partially reproduce the discriminative stimulus

effects of cocaine. Additive when combined with
cocaine

Key: (DA) - Dopaminergic, (D1) - DA D1 receptor, (D2) - DA D2 receptor mediated events.
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substitution (Johanson and Barrett, 1993).

Together, these results suggest that species difference may be important in
evaluating the DS effects of cocaine, especially with regard to D1 receptor
involvement. For example, recent findings have shown that the efficacies of the D1-
like agonists SKF 38393, SKF 81297 and R(+)-6-Br-APB in stimulating adenylate '
cyclase activity in caudate bmembx.'anes of squirrel monkeys is limited compared to rats
(Izenwasser and Katz, 1993). This implies that the behavioural effects of DA D1-like
agonists in monkeys will not always correspond to their effects on the activity of
adenylate cyclase in rats. In addition, the apparently diffefent interoceptive effects of
SKF 38393, on the one hand, and SKF 81297 / SKF 82958 on the other, may reflect
differences in the intrinsic activity of these drugs at DA D1-like receptors. Whereas
SKF 38393 is less effective than DA in stimulating adenylate cyclase in vitro, SKF
81297 and SKF 82958 have efficacies approaching or exceeding that of DA itself
(Andersen and Jansen, 1990).

Studies of DA receptor involvement in the DS effects of psychostimulants
other than cocaine, such as amphetamine, and other indirect agents such as GBR
12909 and bupropion, have yielded both similar and dissimilar results. For example,
neither the full DA D1-like agonist SKF 81297 nor the partial DA D1-like agonist
SKF 38393 generalise to amphetamine (Arnt, 1988; Nielsen et al., 1989; Callahan et
al.,, 1991; Vangroll and Appel, 1992) suggesting that DA D1-like receptors are not
critically involved in mediating the amphetamine cue. However, agonists of the DA
D2-like receptor family, such as quinpirole, pergolide and piribedil, do generalise to
amphetamine in various species (Arnt, 1988; Nielsen et al., 1989; Sasaki et al., 1995),
although negative results have been reported by Vangroll and Appel (1992) using
quinpirole. A similar lack of substitution by SKF 38393 has also been observed in
monkeys trained to discriminate GBR 12909 from saline (Kamien and Woolverton,
1989; Melia and Spealman, 1991). Partial substitution was also only found for D1-like
and D2-like drugs in rats trained to discriminate bupropion from saline (Terry and
Katz, 1997). In conclusion, th/ese studies involving DA receptor subtype agonists
suggest that amphetamine and GBR 12909 produces DS effects which are different

from those of cocaine. However, more work still needs to be carried out with GBR
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12909. The results for bupropion, on the other hand, indicate that it may Well share
similar actions to cocaine.

Although differences in training parameters or species may explain the partial
substitution of D1-like and D2-like agonists for cocaine (Kamien and Woolverton,
1989; Kleven et al;, 1990; Witkin et al., 1991; Spealman et al., 1991) it might also be -
explained by the choice of dose and/or pre-treatment intervals at which these agonists
preferentially stimulate post synaptic receptors (Callahan and Cunningham, 1993).
For example, by extending the pre-treatment time for bromocriptine and quinpirole
(D2-like agonists), Callahan and Cunningham (1993) obtained full substitution of
these drugs for cocaine, whereas they obtained only partial substitution at shorter pre-
treatment times.

Partial D2-like receptor agonists, such as preclamol and terguride, have been
shown to antagonise the cocaine DS (Callahan and Cunningham, 1993). The authors’
explanation of this effect was that partial D2-like agonists may act as ‘buffers’ to
reduce excessive dopaminergic activity, while their weak agonist activity maintains
sufficient postsynaptic dopaminergic tone. Thus, the pharmacological profile of a
compound with low intrinsic activity would shift from that of an agonist to an
antagonist in the presence of an endogenous ligand competing for the same receptor.
However, in another study the putative partial DA D2-like agonists SDZ 208-911 and

'SDZ 208-912 had no such effects in squirrel monkeys (Spealman, 1995).

Most studies therefore have not indicated a preferential involvement of one
class of receptor over the other; however, DA Dl-like receptors may be more
important at low training doses of cocaine in rats (Terry et al.,, 1994; Kantak et al.,
1995). Training rats to discriminate a low dose of cocaine from saline can alter the
profile of DA receptor subtype agonist substitution, with D1-like agonists subétituting
fully and D2-like agonists showing either full (quinpirole) or minimal substitution
((-)-NPA, N-0434, SDZ 208-912). Given that quinpirole has a higher affinity for the
D3 than the D2 receptor (Sokoloff et al., 1990), differential selectivities at subtypes of ‘
D2-like receptors may explain some of the different outcomes described above.
However, in no previous experiments using a training dose of 10 mg/kg cocaine have
D1-like agonists fully substituted or substituted for cocaine more completely than D2-

like agonists (Barrett and Appel, 1989; Witkin et al., 1991; Callahan et al., 1991). The
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findings therefore suggest a preferential effect of relatively high doses of cocaine (10
mg/kg) at the D2-like receptor subtype, with increasing D1-like receptor involvement
at lower training doses.

Little is known concerning the effects of agonists at specific DA receptor
subtypes within eaéh of the two receptor sub-families (i.e. the DA D1, D5, and D2, -
D3, D4 receptors). Acri et al. (1995) demonstrated full substitution of a relatively
selective DA D3 receptor agonist (PD 128907) for the DS effects of cocaine, albeit at
doses where response rates were very low. This has been supported in other species
using the D3/D2 agonists quinpirole and () 7-OH-DPAT (Lamas et al., 1996).
Spealman (1996) showed that these same compounds, together with PD 128907, only
partially reproduced the DS effects of cocaine in squirrel monkeys, but there was an
additive effect in combination with a low dose of cocaine. Since these compounds are
not completely selective for the DA D3 receptor subtype or may be functionally more
active at D2 sites, the possibility that substitution for cocaine occurs via the DA D2-
receptor subtype cannot be ruled out. In conclusion, it can be said that D1-like and
D2-like agonists substitute at least partially for cocaine, with D2-like agonists being

more efficacious at high training doses.

2.4 Effects of D1-like and D2-like Antagonists:
Antagonist experiments further support a role for DA receptors in the DS

effects of cocaine. The non-selective DA antagonist cis-flupenthixol produces
rightward shifts in the cocaine-dose response function in squirrel monkeys (Spealman
et al., 1991). Studies in rats, monkeys and pigeons have shown that responding on the
cocaine-trained lever is reduced by treatment with either a DA D1-like or a D2-like
receptor antagonist (Kleven et al., 1988; Barrett and Appel, 1989; Kleven et al., 1990;
Witkin et al., 1991; Spealman et al., 1991; Callahan et al., 1991; Baker et al., 1993
and Johanson and Barrett, 1993) (Table 2.3). However, studies in rodents have not
always demonstrated antagonism of the DS effects of cocaine by DA D2-like receptor .
antagonists (e.g. Barrett and Appel, 1989; Witkin et al., 1991). Antagonism, especially
by the D2-like antagonist hagperidol, has often been less pronounced in rats than in
primates (Kleven et al., 1990; Spealman et al., 1991) even when comparable doses,
routes of injection and pre-treatment times have been used across species. In an effort

to resolve thesc; inconsistencies for haloperidol, Callahan and Cunningham (1993)
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TABLE 2.3

Chapter 2: Dopamine Receptor Subtype Involvement...

Summary of antagonism tests with DA receptor antagonists assessed in species trained to discriminate cocaine from saline; plus

miscellaneous substitution/antagonist tests.

Study

Kleven et al. (1988)

Barrett and Appel (1989)

\

Kleven et al. (1990)

Spealman et al. (1991)

Witkin et al. (1991)
Callahan et al. (1991)

Baker et al. (1993)

) Johanson and Barrett (1993)

Callahan and Cunningham
(1993)

Callahan et al. (1994)

Species

Rhesus Monkeys

Rat

Rhesus Monkeys

Squirrel monkeys

Rat

Pigeons

Rat

Dose (mg/kg)

0.2
10.0
02-04

0.3

10.0
10.0

10.0

1.0-1.7
10.0

10.0
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Drug Used

SCH 23390 (D1)

SCH 23390 (D1)
Spiperone (D2)
Haloperidol (D2)

SCH 23390 (D1)
Haloperidol (D2)

SCH 39166 (D1)
YM 09151-2 (D2)

Cis-flupenthixol (D1/D2)

Haloperidol (D2)
SCH 23390 (D1)

SCH 23390 (D1)
Haloperidol (D2)

SCH 23390 (D1)

Cis-flupenthixol (D1/D2)

(%) Sulpiride (D2)

SCH 23390 (D1)
Raclopride (D2)

Bromuride (D2)
Haloperidol (D2)

Microinjection of Cocaine

Comment

Blockade of cue
Blockade of cue
Partial blockade of cue
No effect

Blockade of cue
Blockade of cue

Blockade of cue - rightward shifts indicative of
surmountable antagonism

No effect

50% blockade of cue

Complete attenuation of cue

Cis-flupenthixol and SCH 23390 showed greater
attenuation than Haloperidol or () Sulpiride

Blockade of cue
Blockade of cue

Blockade