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ERK extracellular signal-regulated protein kinase
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ICSS intracranial self-stimulation
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THESIS OUTLINE



Outline

The sensitivity to the reinforcing effects of drugs of abuse constitutes a risk factor for drug
dependence. The overall objective of this thesis was to investigate the neurobiological
mechanisms of cocaine reinforcement and in particular the role of p-opioid receptors in
cocaine reinforcement.

General Introduction - In Chapter 1 of this thesis, an introduction to drug addiction and
preclinical addiction research is provided. Existing theories for mechanisms of addiction
processes are discussed, with emphasis on the role of neurotransmitter systems, including
endogenous dopamine and opioid systems, in drug reinforcement. In addition to
pharmacological approaches, more recent studies have used gene knockout strategies to
determine the role of specific genes in amongst others drug reinforcement. An overview of
genetic approaches in addiction research, particularly preclinical, is provided in Chapter 2.

Endogenous opioid systems - The primary aim of the studies described in this thesis was to
establish the role of the endogenous opioid system and, more specifically, of p-opioid
receptors in cocaine reinforcement. The studies in Chapter 3 were designed to establish the
involvement of p-opioid receptors in cocaine reinforcement, which was determined with
acquisition of cocaine self-administration by p-opioid receptor knockout mice as a measure. It
appears from previous studies with the opioid antagonist naltrexone (NTX), that opioid
receptors in the ventral tegmental area (VTA) are of particular importance in endogenous
opioid modulation of cocaine reinforcement (Ramsey et al., 1999). We therefore focused on
the VTA and performed electrophysiology studies in horizontal slices of the VTA of p-opioid
receptor knockout and wild-type mice. Inhibitory post-synaptic current (IPSC) recordings
were made from dopamine neurons in order to assess GABA mediated neurotransmission in
the VTA in absence of p-opioid receptors (Chapter 3). In addition, signal transduction
pathways coupled to p-opioid receptors in the VTA were explored in an in vitro study as
described in Chapter 4. Slices of the VTA were treated with a specific p-opioid receptor
agonist, fentanyl, and were processed for immunohistochemistry with antibodies for different
phospho-specific proteins for quantification of phospho-protein immunoreactivity.

Long-term exposure to drugs such as cocaine causes sensitization to that particular drug,
which is manifested both by increased locomotor stimulant effects and augmented reinforcing
properties of the drug and is considered to reflect neuroadaptations, which contribute to the
actual development of drug dependence. In Chapter 5, the role of p-opioid receptors in the
acute locomotor response and in cocaine-induced behavioural sensitization was studied using
p-opioid receptor knockout mice, as a model for ectopic absence of p-opioid receptors, and
chronic NTX pre-treated mice, which is a model for transient opioid receptor over-expression
(Chapter 7).

Besides endogenous opioid systems, dopamine is generally regarded to be a common factor in
the effects of different drugs of abuse. Previous anatomical and electrophysiology studies
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Outline

suggested interactions between opioid and dopamine systems in amongst others the
mesolimbic system. Such interaction may be of relevance to p-opioid receptor-induced
modulation of drug reinforcement. In Chapter 6 we therefore quantified levels of mRNA
encoding the rate-limiting enzyme in dopamine synthesis, TH, and levels of dopamine
receptor binding for mice with reinforcement relevant changes in p-opioid receptor levels: p-
opioid receptor knockout mice and chronic NTX treated mice. In addition, locomotor activity
in the open field and spontaneous climbing, behaviours which both involve dopamine were
assessed for these mice.

In Chapter 7, the effects of chronic treatment with the opioid antagonist NTX upon opioid
receptor levels were determined using quantitative autoradiography. Chronic NTX treatment
has been shown to induce supersensitivity to morphine’s analgesic effects and is known to
increase opioid receptor numbers as assessed using whole brain homogenates. Interestingly,
this same treatment is also effective in potentiating the reinforcing effects of both drugs of
abuse, such as cocaine (Ramsey & Van Ree, 1990) and alcohol (Phillips et al., 1997). We
performed a full quantitative mapping study for the three main opioid receptor subtypes: -, 6-
and Kk-opioid receptors. The chronic NTX model was used to investigate the role of (u-)opioid
receptors in cocaine-induced sensitization (Chapter 5) and in the study of opioid-dopamine
interactions (Chapter 6).

Endogenous Cannabinoid systems — Recently, the endogenous cannabinoid system has been
implicated in addiction processes. The studies described in Chapter 8 were designed to
further investigate the role of endogenous cannabinoids, through interactions with the CNS
cannabinoid type 1 (CB1) receptor, in cocaine reinforcement and cocaine-induced behavioural
sensitization. CB2 receptor expression is restricted to the periphery. For this purpose we used
the selective CB1 receptor antagonist SR141716A, which was administered prior to cocaine
self-administration or before the repeated intermittent cocaine injections for sensitization.

The results described in this thesis demonstrate an important and specific role of p-opioid
receptors in cocaine reinforcement, thus suggesting that variations in p-opioid receptor levels
might alter an individual’s proneness to develop cocaine dependence. Further the
neurobiological and behavioural findings are combined to a proposed mechanism through
which p-opioid receptors might modulate cocaine reinforcement in the General Discussion
(Chapter 9).
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MECHANISMS; A PRECLINICAL PERSPECTIVE



Chapter 1

Drug addiction is a major health issue worldwide and is characterised by its persistence and
high rates of relapse. The mechanisms of this complex disease are only partly understood. In
this chapter an overview will be provided of pre-clinical addiction research that has
contributed to our present understanding of addiction processes. To this end, paradigms used
in experimental addiction research and involvement of different neurotransmitter systems, i.e.
dopamine, opioid, GABA, glutamate, serotonin and cannabinoid systems in experimental
addiction will be discussed.

VULNERABILITY TO DRUG ADDICTION

Does drug use lead to drug abuse? Numbers from national drug surveys show that this is not
necessarily the case: an individual who is exposed to an addictive drug does not in any case
become an addict. For cocaine use, approximately 5-10% of the individuals who ever used
cocaine in their life had recently used the drug, which is considered indicative of problematic
cocaine use (Table 1A). The overall numbers for alcohol are higher, the percentage of the
population that ever drank alcohol being approximately 80-85% as compared 2% (the
Netherlands) and 12% (the United States) for cocaine. In the United States, approximately 7%
of the population that ever drank alcohol in their lifetime was categorized as heavy drinkers
(Table 1B). In the Netherlands 13% of the alcohol consuming population was categorized as
heavy drinkers. These numbers suggest individual variation in the risk to develop drug
dependence after being exposed to a drug. The current challenge is to determine which factors
cause such individual variations in vulnerability for drug dependence. There is evidence for
heritability in addiction proneness (see Chapter 2), although the manifestation of a genetic
high risk to become an addict requires in any case the voluntary decision to use drugs in the
first place and therefore depends upon environmental factors (Leshner, 2000).

It is likely that the sensitivity to the positive reinforcing effects, euphoric effects in humans,
induced by a drug determine or at least contribute to repeated drug use, which may eventually
lead to drug addiction (Haertzen et al., 1983) and hence is a possible risk factor for drug
addiction. The aim of the studies described in this thesis was therefore to investigate the
mechanisms underlying the reinforcing effects of in this case cocaine (see Box 1). As outlined

TABLE 1A Cocaine use in the Northern American and Dutch population: numbers from national
drug surveys

Country Year % life time % recentuse % recent of life time users
United States' 2000 112 0.5 4.9

United States' 2001 123 0.7 6.0

The Netherlands® 1997 2.1 0.2 9.5

The Netherlands® 2001 2.9 0.4 13.8

1 SAMHSA, National Household Survey on Drug Abuse
2. National Drug Monitor 2002, Trimbos Institute
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Introduction - Drug addiction and underlying mechanisms

TABLE 1B Alcohol consumption in the Northern American and the Dutch population: numbers from
national drug surveys

% heavy of life time

Country Year % life time % heavy drinkers drinkers
United States' 2000 81 5.6 6.9
United States' 2001 82 5.7 7.0
The Netherlands® 2000 86 13 15

1 SAMHSA, National Household Survey on Drug Abuse. Heavy drinking being defined as drinking five or more
drinks on the same occasion on each of five or more days in the past 30 days

2 National Drug Monitor 2002, Trimbos Institute. Heavy drinking was defined as drinking more than 6 units of
alcohol for at least one day every week

in the next section, animal models have been developed which allow the investigation of
addiction processes, including drug reinforcement, which is a measure of facilitation by a drug
of the acquisition of an instrumental response required to earn the drug. Reward, another
widely used term in addiction research, expresses the positive subjective effects of a stimulus.

ANIMAL MODELS IN ADDICTION RESEARCH

Drug addiction is, as compared to other psychiatric diseases, relatively easy and reliably
measurable in laboratory animals. Subjective measures such as reward or euphoria can not be
measured as such in laboratory animals. However, operant conditioning tasks, amongst others
based on Thordike’s law of effect “behaviour that produces 'satisfying” outcomes tends to be
repeated”, Skinner’s analytic operant approach (Zimbardo et al., 1995), and conditioning
paradigms based on, amongst others, classical conditioning introduced by the Russian
physiologist Ivan Pavlov (1927, see Zimbardo et al., 1995), allow the investigation of
addiction processes in laboratory animals (Van Ree, 1996).

In literature the effects of drugs of abuse are described in terms of reward and reinforcement.
The distinction between reward and reinforcement is often vague and confusing. Reward
expresses the positive subjective effects of a stimulus, which is not experimentally
measurable. On the contrary, positive reinforcement can be assessed experimentally. For
positive reinforcement is a measure of the facilitation by a stimulus, e.g. drugs of abuse, of the
acquisition of an instrumental response required to earn the stimulus.

Drug addiction is a complex trait involving amongst others reinforcement, motivation and
craving for the drug. The initiation of self-administration is mainly determined by the
reinforcing effects of a drug (Van Ree et al., 1999) and is therefore most informative about
drug reinforcement per se. In contrast, drug-maintained responding, drug-induced conditioned
place preference (CPP) and relapse involve multiple factors such as motivation and craving, in
addition to reinforcement.
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Chapter 1

Box 1. COCAINE — A HISTORICAL PERSPECTIVE

Coca chewing is a Southern American habit/tradition, archaeological evidence for which
dates back to at least 2500 BC when the first discoveries of the continent were made
(Deng et al., 2002; Gardner & Vorel, 1998). South Americans chew coca, in combination
with alkali, for medicinal reasons, but more importantly coca chewing was and still is
essential to their daily life. Coca chewing makes people stronger and fitter, enabling
them to work harder and longer, even without eating. In 1859, the German chemists
Albert Niemann and Friedrich Wohler isolated cocaine from Coca leaves, after which
scientists and doctors started experimenting with cocaine. The effects of cocaine were
magical: cocaine appeared a miraculous cure for different symptoms and pathologies.
Ironically, heroin addiction was one of the diseases which people, including Sigmund
Freud, believed they could now cure with cocaine. However as we realize today, cocaine
was not a true medicine in this respect, it merely made the patients feel great for a while.
Soon afterwards many of the patients, and their doctors, developed cocaine
dependence: the first cocaine epidemy had emerged.

When dissolved in water cocaine can be snorted, i.e. nasally administered, or injected
intravenously. Cocaine can not be smoked for it is unstable at high temperatures. South
Americans did smoke cocaine, but this was a crude mixture, which included cocaine
sulphate, which they called basé. North Americans though basé was the freebase of
cocaine, i.e. lacking the hydrochloride group which is easily removed by adding strong
alkali. The resultant product, which the North Americans started to smoke, was in fact
pure cocaine base: the highly addictive crack, much different form the basé the South
Americans smoked.

Cocaine is, like amphetamine, an indirect dopamine agonist. Upon interaction with
monoamine transporters (Ritz et al., 1987), cocaine blocks dopamine re-uptake thereby
increasing the available dopamine in the synaptic cleft thus causing more dopamine
binding to post-synaptic dopamine receptors (see Figure). Recent studies, which used
gene knockout mice for different monoamine transporters suggest that dopamine
transporters (DAT) probably do not solely account for the effects of cocaine. Involvement
of other monoamine transporters was suggested (Uhl et al., 2002).

Drug-free state

COCAINE

Q DAT ‘ Dopamine receptor % Dopamine
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Introduction - Drug addiction and underlying mechanisms

In this thesis, the term reinforcement will be used in the context of acquisition of drug self-
administration, while reward is chosen in the context of intracranial self-stimulation,
maintenance (and relapse) of self-administration and in case of CPP.

Self-administration

The most widely used model in experimental addiction research is the self-administration
paradigm. In this case, rats, monkeys and more recently also mice, earn an intravenous or
intracerebral infusion of the drug of interest by execution of the instrumental response, i.e.
lever pressing, nose pokes or head dipping. Researchers have shown, using this paradigm, that
animals self-administer drugs which are known to have addictive potential in humans, e.g.
morphine, heroin, fentanyl, cocaine, amphetamine, nicotine and alcohol whereas drugs with a
low addictive potential are not readily self-administered by animals (Van Ree et al., 1978;
Criswell, 1982; Grahame & Cunningham, 1995; Kuzmin et al., 1996; Kuzmin et al., 1997a).

Acquisition of drug self-administration is predominantly determined by the positive
reinforcing efficacy of the drug of interest (Van Ree et al.,, 1999). Acquisition of self-
administration is of particular interest with respect to individual variation in drug dependence
for repeated exposure is required to become dependent upon a drug. Repeated drug exposure
and hence drug dependence will not develop if the positive reinforcing efficacy is low to a
given individual. Once the self-administration is acquired, animals will maintain stable
responding. Secondary reinforcers such as environmental stimuli may contribute to
maintenance of responding for self-administration.

Subsequently forced withdrawal of the drug can be induced by the experimenter, which
typically leads to physical withdrawal signs that are best described for opioid dependence. The
relevance of physical dependence, induced either by cessation of drug self-administration or of
drug administration by an experimenter, is questionable. Dependence syndromes differ
substantially across drugs of abuse. The dependence syndromes associated with
psychostimulants, e.g. amphetamine and cocaine, are even the reverse of withdrawal
syndromes characteristic for depressants, e.g. opioid drugs. Moreover, relief of withdrawal
distress has not proven effective in the treatment of drug addiction (Wise & Bozarth, 1987).

After abstinence and extinction of responding on the previously drug-paired lever or hole,
reinstatement of responding can be triggered in laboratory animals with a history of drug self-
administration. Drug cues but also environmental cues associated with previous self-
administration or stressors have been shown to induce reinstatement of lever pressing even if
the drug is not available (Shalev et al., 2002). The reinstatement of responding on the
previously drug-paired lever or hole is considered to reflect drug seeking and may reflect drug
craving. As such, reinstatement may resemble human relapse (Epstein & Preston, 2003).

The self-administration paradigm has contributed substantially to our current knowledge of
drug reinforcement. Moreover it has face and construct validity and has therefore been used
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Chapter 1

repeatedly to screen promising novel treatments. Drug self-administration is thus a powerful
tool in experimental addiction research.

Conditioned place preference (CPP)

Another commonly used paradigm to evaluate rewarding effects of drugs of abuse is
conditioned place preference (CPP). The place preference paradigm is based on the principal
introduced by Pavlov, that neutral environmental cues can, by pairing them to affective
stimuli, evoke similar approach behaviour as the affective (rewarding) stimuli. Typically a
conditioned place preference apparatus consists of at least two compartments, one of which is
paired to administration of a drug of interest. After the conditioning the animals will be
allowed to choose between the two compartments in a drug-free state. If the animals spend
more time in the previously drug-paired compartment the animal displays CPP. CPP has been
described for morphine, heroin, cocaine, amphetamine, nicotine, alcohol and A’-
tetrahydrocannabinol (A’-THC) (Stewart & Grupp, 1981; Mucha et al., 1982; Spyraki et al.,
1982; Spyraki et al., 1983; Fudala et al., 1985; Lepore et al., 1995). Place preference probably
reflects the desire/motivation to re-experience the rewarding effects of the drug, although the
validity of CPP for the investigation of drug reward relevant to humans is speculative (Bardo
& Bevins, 2000). For example, amphetamine-induced CPP was not predictive of subsequent
intravenous self-administration of amphetamine (Bardo et al., 1999).

Intracranial self-stimulation (ICSS)

Intracranial self-stimulation has been widely used to explore the involvement of brain circuits
in reward. In this paradigm, animals are trained to press a lever, nose poke or head-dip in
order to obtain electrical stimulation in so-called ‘pleasure centers” i.e. the medial forebrain
bundle, particularly the ventral tegmental area (VTA), and the lateral hypothalamus (Wise,
1998). Here the electrical stimuli serve as positive reinforcers. Different drugs of abuse, i.e.
morphine, heroin, amphetamine, cocaine, phencyclidine and A>-THC, all reduce the threshold
current for ICSS. This facilitation of ICSS appears to be a common effect of drugs of abuse,
despite their different primary sites of action (see Van Ree et al., 1999).

THEORIES FOR COMMON MECHANISMS OF DRUG REWARD

Intriguingly, various drugs of abuse, which use different primary targets, can all lead to the
same phenomenon: drug dependence. Opioid drugs, such as morphine and heroin, interact
with opioid receptors in the brain (Snyder & Pasternak, 2003), whereas psychostimulants, i.e.
cocaine and amphetamine, act as indirect dopamine agonists through blockade of the
dopamine transporter and the vesicular monoamine transporter (VMAT), respectively (Ritz et
al., 1987; Pifl et al., 1995). Alcohol is thought to act through interactions with ligand-gated ion
channels, examples of which are gamma-aminobutyric acid (GABA), serotonin, nicotinic
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Introduction - Drug addiction and underlying mechanisms

acetylcholine (nACh) and glutamate receptors (Soderpalm et al., 2000). Further, nicotine
probably exerts its actions through interaction with nicotinic acetylcholine (nACh) receptors
(Corrigall et al., 1992; Picciotto et al., 1998) and the effects of A’-THC, the active component
of cannabis/marihuana, involve binding to cannabinoid receptors (Gardner & Vorel, 1998;
Childers & Breivogel, 1998). Despite their diverging primary sites of action these drugs all
reduce the threshold for intracranial self-stimulation, illustrative of their rewarding properties
(for review see Koob et al., 1998). Furthermore these drugs are self-administered by rodents
and monkeys in operant tasks, indicative of reinforcing properties of these drugs (see Van Ree
et al., 2000). A’-THC may be an exception to this, for this drug is not readily self-administered
by laboratory animals (Maldonado, 2002), although self-administration of A~THC by rats and
squirrel monkeys has been shown (Van Ree et al., 1978; Tanda et al., 2000). It is likely that
the actions of different classes of drugs converge to the same system, a ‘reward system’. Here
examples of candidates for a common ‘reward system’ will be outlined, with particular focus
on endogenous dopamine and opioid systems.

Dopamine systems in reward

Dopamine systems and their topographical organization have been well described. There are
different groups of dopamine neurons in the central nervous system (see Figure 1). The A8
and A10 neurons in the retrorubral nucleus and ventral tegmental area (VTA), respectively,
constitute the mesolimbic and mesocortical systems with projections to limbic areas and the
ventral striatum, olfactory tubercle, nuclei of the stria terminalis and the neocortex. A9
neurons in the substantia nigra account for the major input of the mesostriatal system with
projections to the caudate putamen, globus pallidus, subthalamic nucleus and neocortex.
Further, dopaminergic nuclei are organized in All, Al2, AI3 and Al4 diencephalic
dopaminergic cell groups, A15 hypothalamic cells, A16 neurons in the olfactory bulb and
retinal A17 dopaminergic neurons (Role & Kelly, 1991).

The existence of dopamine receptors in the brain was first proposed in 1978. Two subtypes of
dopamine receptors were suggested, one of which was positively coupled to adenylyl cyclase
(AC) whereas the other was not coupled to AC (Spano et al., 1978). The AC coupled receptors
were called dopamine D1 receptors; the others were called D2 subtypes (Kebabian & Calne,
1979). The classification in D1 and D2 subtypes is still valid today and has been extended
with pharmacological, biochemical, physiological and anatomical findings in which these
subtypes have been shown to differ substantially (Missale et al., 1998). The first dopamine
receptor to be cloned was the D2 receptor in 1988 (Bunzow et al., 1988). Two years later the
dopamine D1 receptor was cloned by three different groups (Dearry et al., 1990; Monsma, Jr.
et al.,, 1990; Zhou et al., 1990). Subsequently D3-, D4- and D5-dopamine receptors and
several splice variants were identified, which will not be discussed here. The dopamine
receptors are classified to DI1-like receptors, comprising D1 and D5 receptor subtypes, and
D2-like receptors, which include dopamine D2, D3 and D4 receptors, based on sequence
homology, function and anatomical distribution (Missale et al., 1998).
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Chapter 1

Dopamine appears to be a common mediator of effects of different classes of drugs of abuse.
An overview of studies to suggest a role of dopamine in drug reward/reinforcement but also of
studies arguing against involvement of dopamine in these processes will be provided here.

& A17

FIGURE 1

Dopamine systems in the brain.

A Dopamine cell groups in the midbrain, A8 (retrorubral nucleus), A9 (substantia nigra) and A10
(ventral tegmental area), form the mesostriatal and mesolimbic systems.

B Other dopamine cell groups in the brain: A11-A14 (diencephalic dopaminergic cell groups), A15
(including preoptic areas and hypothalamus), A16 (contains the olfactory bulb) and A17 (retinal
dopaminergic neurons).

Intracranial self-stimulation (ICSS)

The mesolimbic dopamine system, which originates in the VTA with projections to the
nucleus accumbens and prefrontal cortex (the medial forebrain bundle), is generally
considered the ‘reward system’. In 1954 Olds and Milner first recognized the rewarding
effects of electrical brain stimulation. They noted that rats acquired lever pressing in order to
obtain electrical stimulation when the electrode was placed in certain brain regions. In their
study the septum was particularly sensitive to the rewarding effects of electrical stimulation
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(Olds & Milner, 1954). Later other groups described electrical self-stimulation for more brain
regions. The medial forebrain bundle, the lateral hypothalamus and the VTA were most
sensitive for ICSS (Wise, 1998). Although it is evident that the mesolimbic system supports
ICSS, dopamine may not be critically involved in the rewarding aspects of ICSS as was
demonstrated with haloperidol and 6-hydroxydopamine (6-OHDA) lesions (Fibiger et al.,
1976).

Dopamine release

Further support of a role of dopamine in reward was provided by microdialysis studies. It was
shown using this technique that drugs abused by humans, e.g. morphine, methadone, cocaine,
amphetamine, alcohol and nicotine all increase dopamine release from the nucleus accumbens
(Di Chiara & Imperato, 1988a; Pontieri et al., 1996; Tanda et al., 1997), particularly from the
shell (Pontieri et al., 1995). Dopamine release from the nucleus accumbens shell is not only
enhanced after experimenter-delivered drugs, but also after self-administration of cocaine and
heroin (Gerrits et al., 2002). Related to dopamine release may be the psychomotor stimulant
effects, which are common for different drugs of abuse. As proposed by Wise and Bozarth
(1987), psychomotor activation induced by a drug is predictive of the reinforcing effect of the
drug and thus its addiction liability.

Lesions

Different research groups have made use of 6-hydroxydopamine (6-OHDA) lesions of the
mesolimbic dopamine system in order to determine the role of this system in drug
reinforcement/reward. Cocaine-maintained self-administration was reduced in rats with 6-
OHDA lesions in the nucleus accumbens or VTA (Roberts et al., 1977; Roberts & Koob,
1982; Pettit et al., 1984), although 6-OHDA lesions had only minor effects on the acquisition
of cocaine self-administration (Gerrits & Van Ree, 1996). Acquisition and maintenance of
amphetamine self-administration were reduced by 6-OHDA lesions in the nucleus accumbens
(Lyness et al., 1979). In disagreement with the latter findings, facilitated acquisition of
amphetamine self-administration was reported after radiofrequency or 6-OHDA lesions of the
VTA (Le Moal et al., 1979; Deminiere et al., 1984). The discrepancies between these studies
might be ascribed to differences in the extent of the lesion. Incomplete neuron loss may
prompt the remaining neurons to compensate thereby facilitating rather than abolishing drug
reinforcement. 6-OHDA lesions in the nucleus accumbens were however without effect on
acquisition or maintenance of heroin self-administration (Pettit et al., 1984; Gerrits & Van
Ree, 1996). In line with these findings, 6-OHDA lesions of the nucleus accumbens did not
alter the dose-response curve for morphine-maintained self-administration (Dworkin et al.,
1988) although the same group reported augmented morphine maintained self-administration
after 6-OHDA lesions of the nucleus accumbens in a prior study (Smith et al., 1985). Finally,
alcohol self-administration, both acquisition and maintenance, were not affected by 6-OHDA
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lesions of the nucleus accumbens (Rassnick et al., 1993; Koistinen et al., 2001). To
summarise, 6-OHDA lesion studies have shown a critical role of accumbens dopamine in
cocaine and amphetamine reinforcement while dopamine in the nucleus accumbens is not
required for the reinforcing effects of alcohol and opiates.

Dopamine receptors

If dopamine release in the nucleus accumbens contributes to the reinforcing/rewarding effects
of drugs of abuse then dopamine antagonists should reduce these actions of drugs of abuse.
Interestingly in this respect is the finding that dopamine D1 and D2 receptor antagonists
increase the threshold for intracranial self-stimulation, indicative of reduced reward after
dopamine receptor blockade (Baldo et al., 1999). Further evidence for a role of dopamine
receptors in addiction processes from self-administration and CPP induced by different drugs
will be outlined below.

Dopamine D1 receptor antagonists (SCH23390, A69045), D2 receptor antagonists (raclopride,
eticlopride, YM-09151-2) or the mixed D2/5HT, antagonist risperidone, administered either
systemically or directly into the VTA, nucleus accumbens or the amygdala, were shown
repeatedly to enhance the rate of cocaine-maintained self-administration (Koob et al., 1987,
Britton et al., 1991; Corrigall & Coen, 1991; Hubner & Moreton, 1991; Maldonado et al.,
1993; McGregor & Roberts, 1993; Caine et al., 1995; Ranaldi & Wise, 2001). Interestingly,
these effects of D1 and D2 antagonists upon cocaine-maintained responding were strain-
dependent (Haile & Kosten, 2001). In contrast to the above, minor or no effects of the
dopamine antagonist flupentixol (Negus et al., 1996), the D1 receptor antagonist SCH23390
and the D2 receptor antagonist pimozide (Woolverton & Virus, 1989) or the D2 antagonist
spiperone (Koob et al., 1987) were also reported. The increase in cocaine-maintained
responding induced by dopamine receptor blockade was interpreted as a compensation for the
reduced reinforcing effects of cocaine. Studies which used a progressive ratio schedule of
reinforcement, in which increasingly more instrumental responses are required in order to
obtain a cocaine infusion, provided further evidence for this interpretation. In fact, progressive
ratio studies revealed that dopamine D1 and D2 antagonists reduced the ‘break-point’, i.e. the
maximum number of responses for a single reinforcer (Hubner & Moreton, 1991; McGregor
& Roberts, 1993; Fletcher, 1998; Ranaldi & Wise, 2001). This reduction in the ‘break-point’
as observed for cocaine and amphetamine self-administration suggests that dopamine D1 and
D2 antagonists indeed reduce the reinforcing effects of psychostimulant drugs.

Alcohol reward may also be modulated by dopamine. For example, the partial D1 agonist
SKF38393 reduced both alcohol consumption and preference (Silvestre et al., 1996). Further,
the dopamine antagonists fluphenazine and haloperidol reduced alcohol consumption and
preference (Rassnick et al., 1992; Panocka et al., 1993). Similarly, alcohol but also sucrose-
maintained self-administration was reduced by the dopamine D2 antagonist raclopride when
injected in the VTA, although only the highest dose of raclopride was effective (Samson &
Chappell, 1999). Hodge and colleagues studied the effects of agonists and antagonists for
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dopamine DI and D2 receptors upon alcohol-maintained responding. Reductions in alcohol
self-administration were apparent after treatment with the D1 antagonist SCH23390, with high
doses of the D2 receptor agonist quinpirole (which at low doses enhanced responding) and the
D2 antagonist raclopride. The D1 agonist SKF38393 was without effect (Hodge et al., 1997).
However, dopamine D1 and D2 receptor antagonists did not affect alcohol consumption in
another study, at least not without a concomitant reduction in water intake (Silvestre et al.,
1996). In agreement with these findings, Czachowski and co-workers reported reduced
appetitive responding for alcohol after intra-accumbal raclopride administration, while alcohol
consumption was not affected by this treatment (Czachowski et al., 2001). Further, clozapine,
a dopamine D4 receptor antagonist, did not affect alcohol-induced CPP, although the
locomotor activating effects of alcohol were reduced as was alcohol-induced conditioned taste
aversion, although only for one dose (Thrasher et al., 1999).

With respect to opiates, acquisition of heroin self-administration was reduced but not
abolished by systemic injections of haloperidol. In contrast, intracerebral injections of
haloperidol in terminal areas of dopaminergic pathways, i.e. the striatum, nucleus accumbens,
amygdala, prefrontal cortex and pyriform cortex, did not affect heroin self-administration in
drug naive rats. The authors concluded that dopamine is not critically involved in opiate
reward (Van Ree & Ramsey, 1987). No effects on acquisition of heroin self-administration
were observed after intra-accumbens administration of the dopamine D1 antagonist
SCH23390, although motor activity was effectively reduced by the same doses of SCH23390
demonstrating its effective blockade of D1 receptors at these doses. In the same study,
systemic SCH23390 did reduce acquisition of heroin self-administration but responding on the
non-reinforced lever was also reduced suggesting dopamine D1 receptors are not involved in
heroin reinforcement (Gerrits et al., 1994).

At the time just prior to a scheduled self-administration session dopamine levels in the nucleus
accumbens were reduced as compared to naive rats. This finding was interpreted such that
dopamine may be involved in the desire for the drug or drug seeking (Gerrits et al., 2002).
Reinstatement studies provided evidence for involvement of dopamine in drug seeking after a
period of withdrawal. Cocaine-primed reinstatement of responding for cocaine was reduced by
the D1 receptor antagonist SCH23390 but only when SCH23390 was injected in the
accumbens shell and not the core or lateral septum (Anderson et al., 2002). A role of D1
receptors in cocaine reinstatement was however not supported by another study, which did
describe reduced cocaine-induced reinstatement of responding for cocaine by the dopamine
D2 antagonist eticlopride (Schenk & Gittings, 2002). Dopamine D1 and D2 antagonists
reduced stimulus-induced reinstatement of alcohol seeking (Liu & Weiss, 2002). Finally, the
D1 antagonist SCH23390, the D2 antagonist raclopride and mixed dopamine antagonists
flupentixol and haloperidol reduced heroin-primed reinstatement of responding for heroin
(Shaham & Stewart, 1996; Ettenberg et al., 1996).

The antipsychotic clozapine (D4 receptor antagonist) reduced cocaine-induced CPP and
haloperidol reduced CPP induced by electrical prefrontal cortex stimulation (Duvauchelle &
Ettenberg, 1991; Kosten & Nestler, 1994). D1 receptor antagonists consistently impaired
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acquisition of CPP induced by cocaine, amphetamine, morphine, nicotine or diazepam
(Acquas et al., 1989; Cervo & Samanin, 1996; Baker et al., 1998; Bardo et al., 1999; Rezayof
et al., 2002; Zarrindast et al., 2003). Place aversion induced by naloxone or the k-opioid
receptor agonist U69593 was also reduced by the D1 antagonist SCH23390 (Shippenberg &
Herz, 1988). It is not clear whether dopamine D1 receptors are involved in the expression of
CPP for one study did and another did not observe effects of dopamine D1 receptor
antagonists. Similarly, the role of dopamine D2 receptors in CPP is questionable for
inconsistent findings were reported on this matter (Shippenberg & Herz, 1988; Cervo &
Samanin, 1996; Baker et al., 1996; Bardo et al., 1999; Rezayof et al., 2002; Zarrindast et al.,
2003). Taken together, these findings suggest a contribution of dopamine to motivational
aspects of drugs of abuse.

Recently dopamine D3 receptors have received considerable attention in addiction research.
Dopamine D3 receptors are potential targets in treatment of drug addiction (Le Foll et al.,
2000). D3 receptor selective agonists have been shown to decrease cocaine self-administration
in trained rats, indicating that dopamine D3 receptor agonists enhance cocaine’s reinforcing
effects (Caine & Koob, 1993). The partial D3 receptor agonist BP897 was found to reduce
cue-controlled cocaine seeking without intrinsic reinforcing effects and without affecting
cocaine self-administration on an FR1 schedule (Pilla et al., 1999). More recently, disruptions
of amphetamine and nicotine cue-conditioned hyperactivity by BP897 were reported (Aujla et
al., 2002; Le Foll et al., 2003). BP897 is currently in phase II clinical trials for it is regarded a
potential therapeutic target in the treatment of cocaine abuse (Beardsley et al., 2002). Studies
on a novel selective D3 receptor antagonist, SB-277011-A, showed reduced cue-controlled
cocaine-seeking and reduced cocaine-enhanced reward in rats after treatment with SB-
277011-A, although cocaine reinforcement was not affected (Di Ciano et al., 2003). In mice,
reduced nicotine cue-conditioned hyperactivity has been shown after treatment with SB-
277011-A (Vorel et al., 2002; Le Foll et al., 2002). Cocaine-induced place preference
appeared not to be modulated by dopamine D3 receptor ligands (Gyertyan & Gal, 2003),
whereas morphine-induced CPP was enhanced in dopamine D3 receptor knockout mice
(Narita et al., 2003). A recent study reported that BP897 attenuated both the development and
the expression of cocaine-induced CPP while not affecting morphine or food-induced CPP
(Duarte et al., 2003). In summary, the notion has emerged that dopamine D3 receptors can
modulate drug reinforcement, although they appear to have a more prominent role in drug
seeking behaviour.

To summarise, dopamine systems are involved in reward as is evident from the support of
intracranial self-stimulation by the mesolimbic system and the modulation of self-
administration of different drugs after 6-OHDA lesion or dopamine antagonist treatment.
However, it is important to note that acquisition and maintenance of heroin, morphine and
alcohol were insensitive to 6-OHDA lesions and dopamine antagonists did not affect
acquisition of heroin self-administration. These findings suggest that dopamine is not
generally involved in reinforcement across drugs of abuse.
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Endogenous opioid systems in reward

In the early 1970s, opioid binding sites were demonstrated in brain tissue (Pert & Snyder,
1973; Terenius, 1973; Simon et al., 1973). Shortly thereafter endogenous opioid peptides were
identified: first Met-enkephalin and Leu-enkephalin (Hughes et al., 1975) and later (-
endorphin (Bradbury et al., 1976) and dynorphin (Goldstein et al., 1979). Enkephalin, f-
endorphin and dynorphin are derived from different precursor molecules, i.e. proenkephalin,
pro-opiomelanocortin (POMC) and prodynorphin, respectively. Around the same time the
existence of multiple opioid receptors was suggested based on pharmacological findings.
Martin et al. described different syndromes in dogs that were chronically exposed to morphine
(n), ketocyclazocine (k) or SKF-10,047 (o) (Martin et al., 1976). Since c-mediated effects
were shown insensitive to naloxone, G-sites are considered non-opiate sites. Another example
for different opiate sites was the finding that, in contrast to guinea pig ileum, mouse vas
deferens exhibited a higher affinity for enkephalins than for morphine, which suggested
enkephalin-preferring sites (Lord et al., 1977). Besides the main opioid receptor classes, which
are the p-, 6- and k-opioid receptors, other subtypes such as €-, 1-, A- and (-opioid receptors
have been proposed (for review Akil et al., 1998). In the early 1990s the main opioid receptor
subtypes were cloned and further characterized. The first to be identified was the §-opioid
receptor in 1992 (Evans et al., 1992; Kieffer et al., 1992). In the following year the p- and -
opioid receptors were also cloned (Thompson et al., 1993; Meng et al., 1993; Yasuda et al.,
1993; Chen et al., 1993; Wang et al., 1993). Opioid receptors belong to the 7-transmembrane
G-protein coupled receptor family; they are negatively coupled to G; and induce a reduction in
cyclic AMP. As reviewed elsewhere, p-, 6- and x-opioid receptors have a widespread
expression pattern in the brain yet distinct from each other (Mansour et al., 1988; Mansour et
al., 1995; Lesscher et al., 2003a). Amongst the areas where opioid receptor binding has been
demonstrated are regions of the mesolimbic system. Interestingly, the endogenous opioid
peptides have some selectivity for the p-, 8- and k-opioid receptors. B-Endorphin is relatively
selective for p-opioid receptors while enkephalin is more selective to 6-opioid receptors and
dynorphin binds selectively to k-opioid receptors (see Akil et al., 1998 and Gutstein & Akil,
2001 for review).

Endogenous opioids, particularly f-endorphin, have reinforcing properties. It has, for example,
been demonstrated that B-endorphin is self-administered by rats (Van Ree et al., 1979) and
that B-endorphin can induce conditioned place preference (Amalric et al., 1987). The
reinforcing effects of endogenous opioid peptides suggested a potential role of these
neuropeptides in reinforcement/reward induced by drugs of abuse. The impressive body of
evidence for involvement of endogenous opioid systems in the effects of drugs of abuse,
particularly alcohol, cocaine and heroin, has been reviewed elsewhere (see amongst others
Ulm et al., 1995; Van Ree, 1996; Herz, 1997; Herz, 1998; Van Ree et al., 1999; Van Ree et
al., 2000). Here, an overview will be given of pharmacological studies, which dealt with
endogenous opioid systems in experimental addiction. This overview is not exhaustive and
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further evidence for endogenous opioids in drug addiction from genetic studies will be
discussed separately in Chapter 2 of this thesis.

Intracranial self-stimulation (ICSS) studies provided support for a role of endogenous opioid
systems in brain reward. The non-selective antagonist naloxone (NLX) reversed cocaine-,
amphetamine- and morphine-induced facilitation of ICSS (Bain & Kornetsky, 1987; Schaefer
& Michael, 1990), although NLX was ineffective in reversing cocaine-induced facilitation of
ICSS in another study (Van Wolfswinkel et al., 1988). The reduction of cocaine-induced brain
reward by naltrindole may suggest involvement of §-opioid receptors in drug reward (Reid et
al., 1993). When administered alone, the opioid antagonists NLX and diprenorphine reduce
ICSS responding, however only using a fixed-ratio schedule (Schaefer & Michael, 1988).
Furthermore the p- and §-opioid receptor agonists DAMGO and DPDPE, administered in the
nucleus accumbens, both reduced the threshold for ICSS (Duvauchelle et al., 1996;
Duvauchelle et al., 1997).

Further, drugs of abuse induce changes in endogenous opioids in the brain. For example, B-
endorphin immunoreactivity was reduced in limbic structures 18 hours after heroin and
cocaine self-administration (Sweep et al., 1988). In a subsequent study Sweep and co-workers
reported enhanced plasma [-endorphin levels in addition to the previously described
reductions of B-endorphin in limbic regions. In contrast, immediately after the last self-
administration session minor changes in -endorphin immunoreactivity were noted (Sweep et
al., 1989). More recently, Gerrits et al. studied opioid release using the indirect approach of in
vivo autoradiography with the non-selective opioid antagonist [’H]diprenorphine. Marked
increases in opioid release were noted in restricted areas of the mesocorticolimbic system just
before the scheduled self-administration session for both alcohol and cocaine. These findings
suggested a role of endogenous opioids in drug craving (Gerrits et al., 1999). With
microdialysis, enhanced B-endorphin levels in the nucleus accumbens were observed after
acute administration of cocaine, alcohol and amphetamine treatment, while nicotine was
without effect (Olive et al., 2001). Similar findings for cocaine were reported by Roth-Deri
and co-workers who further reported enhanced brain activity in the nucleus accumbens and the
arcuate nucleus, where the cell bodies of B-endorphin producing POMC neurons are localised
(Roth-Deri et al., 2003). Marinelli and co-workers determined dopamine and B-endorphin
concurrently after alcohol administration. An interesting observation was that the increase in
dopamine release appeared to occur prior to the rise in f-endorphin levels in the nucleus
accumbens, suggesting independent or at least different mechanisms of dopamine versus f3-
endorphin release (Marinelli et al., 2003).

Endogenous opioids and cocaine

Endogenous opioid systems are involved in cocaine reinforcement. This is evident from the
impaired acquisition of operant responding for intravenous cocaine by NLX or naltrexone
(NTX) treatment. Acute treatment with NLX and NTX just prior to self-administration caused
rightward shifts in the dose-response curves for cocaine self-administration in naive rats and
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mice, which is indicative of reduced reinforcing properties of cocaine (De Vry et al., 1989;
Ramsey & Van Ree, 1991; Kuzmin et al., 1997a; Kiyatkin & Brown, 2003). Ramsey et al.
have shown by local injections of NTX in different regions that the effects of NTX upon
cocaine reinforcement are mediated by the ventral tegmental area (VTA) while NTX was
ineffective when injected in the amygdala, caudate putamen, nucleus accumbens or prefrontal
cortex (Ramsey et al., 1999). In contrast to the acute effects of opioid antagonists, chronic
exposure to NTX facilitated the acquisition of cocaine self-administration (Ramsey & Van
Ree, 1990). Several studies have addressed possible involvement of k-opioid receptors in
initiation of cocaine intake, which provided some conflicting findings. The k-opioid receptor
antagonist nor-binaltorphimine (nor-BNI) impaired acquisition of cocaine self-administration
in rats (Kuzmin et al., 1998) while the same group reported enhance reinforcing effects of
cocaine after treatment with the k-opioid receptor agonist U50,488H in drug naive rats
(Kuzmin et al, 1997b). Another study reported impaired acquisition of cocaine self-
administration in rats treated with the k-opioid receptor agonist U69593 (Schenk et al., 2001).
Interestingly, acquisition of cocaine self-administration was also facilitated in adult rats that
were prenatally exposed to the opioid agonist morphine (Ramsey et al., 1993). A recent study
demonstrated altered p-opioid receptor binding in amongst others the nucleus accumbens and
the amygdala after prenatal morphine treatment in rats, although unfortunately the VTA was
not included in their analysis (Vathy et al., 2003).

The involvement of opioid systems in cocaine-maintained self-administration is less clear as is
apparent from the conflicting literature on this matter. In rats that were trained to self-
administer cocaine, NTX was either ineffective (Ettenberg et al., 1982; Stromberg et al., 2002)
or NTX enhanced cocaine-maintained responding (Carroll et al., 1986). In contrast, the p-
opioid receptor agonist DAMGO consistently reduced cocaine self-administration when
administered in the VTA or the pontine nucleus (Corrigall et al., 1999a; Corrigall et al.,
1999b; Corrigall et al., 2000). The shift in the dose-response curve for cocaine self-
administration by intra-VTA DAMGO infusions was interpreted by Corrigall et al. to reflect
increased reinforcing value of cocaine. However the same group failed to show convincing
effects of the p-opioid receptor antagonist CTOP upon cocaine responding (Corrigall et al.,
1999a; Corrigall et al., 1999b). The irreversible p-opioid receptor antagonist B-funaltrexamine
(B-FNA) did not affect cocaine self-administration on a Fixed Ratio (FR) 1 schedule while
responding for cocaine on a progressive ratio schedule of reinforcement was attenuated by [3-
FNA injected in the VTA or the nucleus accumbens (Ward et al., 2003). Conflicting results
were obtained with the &-opioid antagonist naltrindole, which reduced cocaine-maintained
self-administration in one study (Reid et al., 1995) while naltrindole was ineffective in
modulating cocaine responding in another study (De Vries et al., 1995). k-Opioid receptors are
probably not involved in cocaine dependence for only minor or no effects upon cocaine-
maintained self-administration were noted after treatment with the k-opioid receptor agonists
U50,488H or U69593 and the k-opioid receptor antagonist nor-BNI (Corrigall et al., 1999b;
Schenk et al., 2001).
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With respect to reinstatement, k- but not p-opioid receptors modulate reinstatement to cocaine
seeking. For example, Comer et al. reported no effect of NTX or the p-opioid receptor agonist
etonitazene upon cocaine-primed reinstatement of cocaine seeking while the mixed p-/k-
opioid receptor agonist/antagonist buprenorphine reduced cocaine seeking reinstated by
cocaine (Comer et al, 1993). Schenk et al. later observed reduced cocaine-induced
reinstatement after treatment with the x-opioid receptor agonist U69593. This effect, which
was reversed by the k-opioid receptor antagonist nor-BNI, was also observed for reinstatement
of cocaine seeking induced by the cocaine analogue RTI-55 but not for reinstatement induced
by the dopamine transporter inhibitors GBR12909 and WIN35,428 (Schenk et al., 2000).

Also motivational aspects of cocaine involve endogenous opioid activity. NLX and NTX
reduced the development of cocaine-induced CPP in rats and mice (Bilsky et al., 1992; Gerrits
et al., 1995; Kuzmin et al., 1997a), although in one study effects of NTX were only noted on
the third test day for expression of CPP (Houdi et al., 1989). Further the pl-opioid receptor
selective antagonist naloxonazine and the mixed p-/k-opioid receptor agonist/antagonist
buprenorphine also reduced cocaine-induced place preference (Kosten et al., 1991;
Rademacher & Steinpreis, 2002). Also 6-opioid receptors may contribute to the motivation for
cocaine reward. Antisense oligonucleotides for the d-opioid receptor reduced cocaine-induced
CPP in mice and the §-opioid receptor antagonist naltrindole reduced place preference cocaine
(Suzuki et al., 1994), although these findings were not supported by another study (De Vries et
al., 1995). More specifically, 62- rather than 61-opioid receptor subtypes have been implicated
in cocaine-induced CPP (Suzuki et al., 1994).

Taken together, endogenous opioid systems are important in cocaine reinforcement and
motivational aspects of cocaine, although their contribution to cocaine-maintained self-
administration is less prominent.

Endogenous opioids and alcohol

Endogenous opioid systems have also been implicated in alcohol reinforcement. For example,
NTX impaired the acquisition of alcohol self-administration and alcohol preference in mice
and rats (Phillips et al., 1997; Davidson & Amit, 1997). In contrast, chronic exposure to NTX
facilitated the initiation of alcohol consumption and enhanced alcohol preference (Phillips et
al., 1997).

The effect of opioid antagonists upon alcohol-maintained self-administration has been widely
investigated. The relatively non-selective opioid antagonists NLX and NTX were repeatedly
shown to reduce alcohol maintained self-administration and alcohol preference in mice, rats
and monkeys (Froehlich et al., 1990; Kornet et al., 1991; Hyytia, 1993; Phillips et al., 1997;
Stromberg et al., 1998; June et al., 1999; Middaugh et al., 1999; Parkes & Sinclair, 2000;
Koistinen et al., 2001; Goodwin et al., 2001; Hyytia & Kiianmaa, 2001; Shoemaker et al.,
2002; Stromberg et al., 2002). Similar reductions in alcohol intake were noted after
intracerebroventricular (i.c.v.) injection or local administration of NLX in the nucleus
accumbens and the amygdala (Heyser et al., 1999). In contrast, Bienkowski and co-workers
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did not observe effects of acute NTX upon alcohol consumption while small reductions in
alcohol intake were noted after subchronic NTX treatment (Bienkowski et al., 1999).

Similar findings have been reported for p-opioid receptor antagonists, e.g. the irreversibly p-
opioid receptor alkylating B-funaltrexamine (B-FNA) and the p-opioid receptor antagonist
CTOP reduced alcohol maintained responding (Hyytia, 1993; Stromberg et al., 1998; Hyytia
& Kiianmaa, 2001). In contrast, the p-opioid receptor agonist DAMGO enhanced alcohol
intake when injected in the nucleus accumbens (Zhang & Kelley, 2002). The literature dealing
with the involvement of &-opioid receptors in alcohol maintained self-administration is
ambiguous. Some groups found no modulation of alcohol intake by 6-opioid receptor
antagonists naltrindole or ICI 174,864 (Hyytia, 1993; Stromberg et al., 1998; Middaugh et al.,
2000) while another study reported reduced alcohol self-administration after naltrindole
treatment (Hyytia & Kiianmaa, 2001). Further, June and co-workers described a similar
reduction in alcohol responding induced by the 6,-opioid receptor antagonist naltriben (June et
al., 1999). There is no clear evidence for involvement of k-opioid receptors in maintenance of
alcohol self-administration, although the k-opioid receptor agonist CI-977 may modulate
alcohol drinking in a dose-dependent way (Holter et al., 2000).

With respect to relapse to alcohol consumption, the non-selective opioid receptor antagonist
NTX, the &-opioid receptor selective antagonist naltrindole and the p;-opioid receptor
selective antagonist naloxonazine all reduced alcohol seeking in rats (Ciccocioppo et al.,
2002). Moreover, renewed alcohol consumption by monkeys after a short period of abstinence
was reduced by NTX (Kornet et al., 1991).

It is clear from these studies that endogenous opioid systems can modulate alcohol
reinforcement and that opioid receptor activity may contribute to relapse to alcohol intake. In
addition, the contribution of endogenous opioid systems to the motivational aspects of alcohol
has been evaluated in alcohol-induced place conditioning paradigms. NTX did not affect the
development and expression of conditioned place aversion induced by alcohol in rats
(Bormann & Cunningham, 1997). Kuzmin et al. also failed to show effects of NLX upon the
acquisition of alcohol-induced CPP although expression of CPP was reduced by NLX
(Kuzmin et al., 2003). The latter study further demonstrated that NLX inhibited alcohol-
primed expression of CPP after extinction of preference.

Endogenous opioids and opiates

Endogenous opioid involvement in heroin self-administration has also been demonstrated. For
example, Martin et al. found a rightward shift in the dose-response curve for heroin self-
administration after NTX treatment in drug naive rats. This suggests reduced reinforcing
effects of heroin in presence of the opioid antagonist NTX (Martin et al., 1996). In drug-naive
mice, the «-opioid receptor agonist U50,488H facilitated morphine self-administration
(Kuzmin et al., 1997b). Van Ree investigated the effects of B-endorphin and related peptides
upon initiation of heroin self-administration in rats. He did not find heroin intake affected by
B-endorphin itself although non-opioid fragments of B-endorphin either reduced (y-type
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endorphins BE,.;; and PE¢;;) or facilitated (B-endorphin,o) acquisition of heroin self-
administration (Van Ree, 1983).

Opioid receptor antagonists also affected heroin-maintained self-administration. NLX and
NTX enhanced heroin maintained responding when administered systemically, but also in the
VTA, nucleus accumbens and lateral hypothalamus whereas local administration of NLX in
the prefrontal cortex did not affect heroin self-administration (Koob et al., 1984; Vaccarino et
al., 1985; Corrigall, 1987). In contrast, another study reported reduced heroin self-
administration in trained rats (Oei, 1980) and Walker et al. found reduced heroin intake after
NLX was administered in the bed nucleus of the stria terminalis (BNST) or the nucleus
accumbens, but only in morphine dependent rats (Walker et al., 2000). Martin and co-workers
made use of the irreversible p-opioid antagonist B-FNA, which alkylates the p-opioid
receptor. I.c.v. B-FNA reduced heroin maintained self-administration (Martin et al., 1995),
which was repeated in a later study by the same group (Martin et al., 1998). In yet another
study B-FNA was injected in the caudal part of the nucleus accumbens and was found to cause
a rightward and downward shift in the dose-response curve for heroin-maintained self-
administration (Martin et al., 2002). The dose-effect curves for heroin responding in relation
to p-FNA doses in time and the concurrently determined ["THIDAMGO binding are complex.
Nonetheless, it is clear from these studies that p-opioid receptors are involved in heroin-
maintained responding in rats. Finally, the 6-opioid receptor antagonist naltrindole did not
affect morphine maintained responding (Reid et al., 1995) whereas the 6,-opioid receptor
antagonist naltrindole-5"-isothiocyanate attenuated heroin-maintained self-administration
(Martin et al., 2000b).

With respect to reinstatement of extinguished responding for heroin, Stewart and Wise showed
that morphine facilitated reinstatement of heroin self-administration. In contrast, NTX reduced
the propensity to resume heroin consumption (Stewart & Wise, 1992).

NLX further impaired the development of place preference for heroin (Braida et al., 2001) and
for B-endorphin (Amalric et al., 1987). Interestingly, chronic exposure to NTX enhanced
cocaine-induced CPP (Bardo & Neisewander, 1987). This was however dose- and regimen-
dependent: differences between chronic NTX and control rats were only observed in single
trial morphine-induced CPP. There is no evidence for involvement of endogenous opioid
systems in the expression of heroin-induced CPP (Hand et al., 1989).

Endogenous opioids and nicotine

Besides its involvement in alcohol, cocaine and opiate reward, endogenous opioid systems
also modulate nicotine reward, although the literature dealing with opioids in nicotine
addiction is relatively limited (Pomerleau, 1998). The role of endogenous opioids in the
initiation of nicotine self-administration has not been investigated. However, reduced nicotine
maintained self-administration in rats has for example been shown after administration of the
p-opioid receptor agonist DAMGO into the VTA (Corrigall et al., 2000).
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Endogenous opioids and cannabinoids

The contribution of endogenous opioid systems to cannabinoid reward has been addressed
using knockout studies, which will be discussed in chapter 2. However, there is also
pharmacological evidence for opioid modulation of cannabinoid reward. For example, Braida
et al. described reduced place preference induced by the cannabinoid agonist CP55,940 when
given concurrently with NLX (Braida et al., 2001).

Mechanisms of opioid modulation of reward

As evident from the previous sections, endogenous opioid systems are involved in addiction
processes of different classes of drugs of abuse. It appears that particularly opioid receptors in
the VTA have a key role in opioid modulation of reinforcement. The p-opioid receptor is most
likely involved in this, for example because the VTA is relatively rich in p-opioid receptors
whereas the VTA contains little 6-opioid receptor binding sites (Lesscher et al., 2003a).
Secondly, studies, which dealt with opioid modulation of initiation of drug self-administration,
which involves predominantly the positive reinforcing effects of drugs, used either naloxone
or naltrexone. These opioid antagonists have some selectivity for p- over 6- and k-opioid
receptors, (Gutstein & Akil, 2001). Thus p-opioid receptors in the VTA appear to have an
important role in drug reinforcement. According to the current theory, p-opioid receptors in
the VTA increase dopamine neuron activity through disinhibition through a relief of
GABAergic tone (Figure 2). In the VTA, two types of neurons have been characterised:
principal dopamine-containing neurons and secondary non-dopaminergic neurons. The latter
are sensitive to p-opioid agonists and are presumably GABAergic interneurons (Gysling &
Wang, 1983; Johnson & North, 1992b). Indeed, in the VTA p-opioid receptors are expressed
mainly by non-dopaminergic, presumably GABA containing neurons (Garzon & Pickel,
2001). Activation of p-opioid receptors causes hyperpolarization of the secondary GABA
containing neurons, thereby relieving inhibitory input to dopaminergic projection neurons
(Johnson & North, 1992a). In line with this is the finding that intra-VTA administration of the
GABAg receptor agonist baclofen impaired acquisition of cocaine self-administration and
reduced responding for cocaine using a progressive ratio schedule of reinforcement (Brebner
et al., 2000; Campbell et al., 2002). Baclofen locally injected in the VTA further reduced
acquisition of heroin self-administration, enhanced the rate of heroin-maintained self-
administration and reduced heroin-induced dopamine release (Xi & Stein, 1999). Similarly,
increased mesolimbic GABA concentration which was achieved by local administration of the
GABA transaminase inhibitor gamma-vinyl GABA (GVG) also impaired acquisition of heroin
self-administration and reduced heroin reinforcement during maintenance of heroin self-
administration (Xi & Stein, 2000). Corrigall and co-workers compared the effects of the
GABA, and GABAg receptor agonists muscimol and baclofen, respectively. Both GABA
agonists reduced nicotine self-administration in trained rats but did not affect cocaine self-
administration (Corrigall et al., 2000). It is further interesting to note in this context, that the
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GABA 4 antagonist bicuculline is self-administered directly in the VTA by mice (David et al.,
1997).
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FIGURE 2

Schematic drawing of principal dopamine and secondary GABA neurons in the ventral tegmental area.
A Dopamine neurons are tonically inhibited by GABA, which is released from the GABA
(inter)neurons and interacts with GABA receptors, which are localized on these dopamine neurons.

B p-Opioid receptors are localized on the GABA (inter)neurons in the VTA and when activated by
opioids, either endogenous or exogenous, they cause the GABA neuron to hyperpolarize. Thereby,
opioid ligands can relieve the inhibitory input onto dopamine neurons in the VTA thus causing
increased activity of the dopamine neuron and hence of dopamine output to amongst others the nucleus
accumbens.

Other neurotransmitter systems in reward

Besides dopamine and opioids, other neurotransmitters have also been implicated in
modulating rewarding effects of drugs of abuse of which GABA was already mentioned in the
previous section.
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Glutamate and reward

Glutamate is among the examples of other neurotransmitters, which was studied by several
groups for its possible contribution to drug addiction. A recent study, which used the mGluRS5
antagonist MPEP, described reduced cocaine- and nicotine-maintained self-administration in
mice after treatment with MPEP. In naive mice, MPEP reduced responding for nicotine
although the intake of nicotine was not affected (Paterson et al., 2003). In line with these
findings, NMDA antagonists dizolcipine, ketamine and AP-5 locally administered in the VTA
reduced heroin reinforcement. AMPA antagonists only partly reduced heroin reinforcement
(Xi & Stein, 2002) and did not affect cocaine-maintained responding when administered in the
nucleus accumbens (Cornish et al., 1999). The latter study also explored the effects of AMPA
agonists upon cocaine reinforcement and cocaine seeking. In fact, AMPA agonists effectively
enhanced the reinforcing effects of cocaine as was evident from a reduction in the rate of
cocaine-maintained self-administration. Moreover, AMPA agonists potentiated reinstatement
of extinguished cocaine seeking. The NMDA antagonist MK-801 further impaired the
acquisition of cocaine- and morphine-induced CPP (Cervo & Samanin, 1996; Kim et al.,
1996), although amphetamine-induced CPP was not affected by MK-801 treatment (Hoffman,
1994). Interestingly, the AMPA antagonist DNQX impaired the expression but not the
acquisition of cocaine-induced CPP (Cervo & Samanin, 1996). Of further interest in relation
to glutamatergic involvement in addiction processes is the notion that synaptic plasticity
(memory-like processes) occurs in reward-related regions such as the VTA. In 1999, Bonci
and Malenka demonstrated long-term potentiation at synapses onto dopamine neurons in the
VTA, which they induced with a pulse pairing protocol (Bonci & Malenka, 1999).
Subsequently, a single exposure to cocaine was shown to induce long-term potentiation (LTP)
of AMPA receptor-mediated currents at excitatory synapse onto dopaminergic neurons in the
VTA (Ungless et al., 2001).

Serotonin and reward

Using agonists and antagonists selective for different subtypes of serotonin receptors, the
contribution of serotonin systems to drug reward has also been investigated. The 5-HTg
antagonist GR127935 did not affect cocaine self-administration (Castanon et al., 2000).
Studies with 5-HT;, and 5-HT g agonists yielded conflicting results. For example, the 5-HT g
agonist CP93,129, but not the 5-HT; s agonist 8-OH-DPAT, in the nucleus accumbens reduced
amphetamine reinforcement as was concluded based on a reduction in the break-point for
responding using a progressive ratio schedule of reinforcement (Fletcher et al., 2002). Another
group reported enhanced cocaine reinforcement after treatment with the 5-HT;g agonists
RU24969, CP94,253 and CP93,129 (Parsons et al., 1998). Cocaine-induced CPP was not
affected by the 5-HT;, agonist buspirone (Ali & Kelly, 1997). Most studies agree on the lack
of involvement of 5-HT2 receptors in drug reinforcement. Neither the 5-HT2 agonist DOI nor
the 5-HT, antagonist ritanserin affected responding for amphetamine using a progressive ratio
schedule (Fletcher, 1998; Fletcher et al., 2002). Moreover, the 5-HT, antagonist ritanserin did
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not alter alcohol preference (Panocka et al., 1993) nor did another 5-HT, antagonist ketanserin
affect cocaine-maintained self-administration (Ranaldi & Wise, 2001). In contrast, reduced
alcohol consumption and cocaine reinforcement were observed after treatment with the 5-
HT,c antagonist amperozide (McMillen et al., 1993). Yet another study described reduced
cocaine reinforcement after exposure to the 5-HT,c agonist Ro 60-0175 although food-
maintained responding and cocaine-induced hyperactivity were also reduced by this treatment
(Grottick et al., 2000). Finally 5-HTj; receptor antagonists did not affect cocaine-maintained
responding (Peltier & Schenk, 1991) but reduced alcohol intake (Knapp & Pohorecky, 1992)
and impaired the facilitation of intracranial self-stimulation by cocaine (Kelley & Hodge,
2003). Taken together serotonin systems can modulate drug reward. Knockout studies
contribute further insight into the role serotonin systems have in reward processes, these will
be discussed in Chapter 2 of this thesis.

Endogenous cannabinoids and reward

Endogenous cannabinoids have recently received substantial attention for their possible
involvement in reward, as reviewed by Gardner and Vorel (Gardner & Vorel, 1998). Two
cannabinoid receptors have been identified: the CB1 and the CB2 receptor (Childers &
Breivogel, 1998). The CB1 receptor is expressed in brain while localisation of the CB2
receptor is restricted to the periphery. The central effects of A’-tetrahydrocannabinol (A’-
THC), the active component of marijuana, are mediated by cannabinoid type 1 (CBI1)
receptors. Intracranial self-stimulation studies have confirmed the rewarding aspects of A’-
THC as was concluded from the reduction in threshold for ICSS caused by A’-THC (Gardner
et al., 1988) although the rewarding properties of A>~THC seem to be strain-dependent for A’-
THC facilitated ICSS in Lewis but not Fisher rats (Lepore et al., 1996). In further support of
involvement of cannabinoid systems in reward, the CB1 receptor antagonist SR141716A
reduced responding for ICSS indicative of reduced rewarding effects of brain stimulation
(Deroche-Gamonet et al., 2001). However, other studies suggest only a minor contribution of
cannabinoid neurotransmission to reward. For example, the CB1 receptor agonist WINS55,212-
2 did not affect ICSS itself, but impaired cocaine-induced facilitation of ICSS. This effect of
WINS5,212-2 upon cocaine reward was blocked by the CB1 receptor antagonist SR141716A
which itself was without effect on ICSS (Vlachou et al., 2003). Another study failed to show
effects of another CB1 receptor agonist, CP55,940, upon ICSS while in this case SR141716A
reduced ICSS responding however only at a very high dose at which SR141716A acts as an
inverse agonist (Arnold et al., 2001).

Besides their possible intrinsic rewarding properties, endogenous cannabinoids have also been
implicated in rewarding aspects of different classes of drugs of abuse. For example, the CB1
receptor antagonist SR141716A reduced heroin self-administration although the effects
depended on the schedule of reinforcement. SR141716A effectively reduced heroin self-
administration on a progressive ratio schedule of reinforcement while being modestly effective
/ ineffective on heroin-maintained behaviour (Solinas et al., 2003 but Navarro et al., 2001).
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SR141716A further reduced acquisition of morphine self-administration, morphine-induced
CPP in mice (Navarro et al.,, 2001) and heroin-induced CPP in rats (Braida et al., 2001).
Further, pre-exposure to the CB1 agonist CP55,940 potentiated acquisition of morphine self-
administration and morphine-induced CPP in rats (Norwood et al., 2003). Cocaine-maintained
self-administration was not sensitive to effects of SR141716A but WIN55,212-2 reduced
cocaine-maintained responding (Fattore et al., 1999). This may suggest either enhanced
reinforcing effects of cocaine but may also reflect reinforcing effects of WIN55,212-2 itself.

Endogenous cannabinoid systems have been extensively studied for their role in alcohol
reward. The cannabinoid agonist Win55,212-2 enhanced alcohol intake while water, food or
sucrose intake were not affected (Colombo et al., 2002). Another CB1 agonist CP55,940
enhanced the breakpoint for self-administration of beer in a progressive ratio paradigm
(Gallate et al., 1999). The CB1 receptor antagonist SR141716A reduced acquisition of alcohol
drinking (Serra et al., 2001), it reduced alcohol and sucrose intake but not water or food intake
in another study (Arnone et al., 1997), while yet another study did not reveal effects of
SR141716A on alcohol intake (Colombo et al., 2002). An interesting study by Wang and co-
workers demonstrated age-dependent effects of SR141716A on alcohol preference in mice.
Young C57Bl/6 mice display greater alcohol preference as compared to adult mice from the
same strain. While adult mice were not sensitive to SR141716A in relation to alcohol
preference, SR141716A effectively reduced alcohol preference in young C57B1/6 mice. This
difference in sensitivity to cannabinoid receptor blockade may be related to reduced CBI1
receptor G-protein coupling in old versus young C57Bl/6 mice (Wang et al., 2003). Further,
SR141716A reduced the break-point for beer intake on a progressive ratio schedule of
reinforcement, which was alcohol concentration dependent (Gallate & McGregor, 1999). This
finding provided further evidence for cannabinoid involvement in alcohol reinforcement.

Cannabinoid involvement has further been suggested in MDMA-maintained self-
administration, which was reduced when CP55,940 was co-administered with MDMA, and
augmented with co-infusion of SR141716A (Braida & Sala, 2002). Further, nicotine-
maintained self-administration was impaired by CB1 receptor blockade (Cohen et al., 2002)

Interestingly, the CB1 antagonist SR141716A effectively reduced reinstatement of cocaine
seeking in rats primed by either cocaine, cues associated with cocaine or the CB1 agonist
HU210 (De Vries et al., 2001). Footshock-induced reinstatement of cocaine seeking was not
affected by SR141716A. Cocaine- or sucrose maintained self-administration was not affected
by SR141716A in the latter study. Recently, the same group demonstrated that SR141716A
also effectively reduced reinstatement of responding for heroin (De Vries et al., 2003). These
findings suggest that CB1 receptors are promising targets for relapse prevention therapy.
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CONCLUDING REMARKS

In this chapter an overview of the experimental addiction field is provided with particular
focus on the role of different neuromodulators in reward and/or reinforcement. These appear
to be more or less involved in different aspects of addiction processes.

A striking difference was noted in the involvement of dopamine in the reinforcing effects of
classes of drugs: dopamine is required for the reinforcing effects of psychostimulants but not
of alcohol and opiates. In contrast, the endogenous opioid system is involved in reinforcement
across classes of drugs of abuse. Therefore, variations in the endogenous opioid system, which
may be genetic or environmental in nature, might contribute to an individual’s vulnerability to
develop drug dependence in general.

The role of specific genes, including opioid genes, has been studied in experimental addiction
using gene knockout studies, which will be discussed and related to genetic risk to develop
drug dependence in humans in Chapter 2.
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Twin studies, with 1000-2500 twin pairs included, for alcohol, cocaine and opiates estimated
that genetic factors account for 40-60% of the variation in liability to drug dependence
(Prescott et al., 1999; Prescott & Kendler, 1999; Kendler et al., 2000). Such a high genetic
contribution to vulnerability to drug addiction demands for knowledge of the role specific
genes may play in addiction processes. Genetic technology advances of the past decade have
allowed the investigation of specific genes, which may contribute to various diseases,
including drug addiction. With the completion of the mapping and sequencing of the human
genome (The International Human Genome Sequencing Consortium, 2001), the focus is now
on the function of different genes and the contribution of mutations in specific genes to
disease or vulnerability to disease, for example by single-nucleotide polymorphism (SNP)
analysis. Efforts are currently made world-wide in order to establish a catalogue of common
variants in the human population DNA, including SNP’s (Sachidanandam et al., 2001; Collins
etal., 2003).

While appreciating the complexity of diseases such as psychiatric disorders, pre-clinical
studies provide a unique tool for investigation of the function of specific genes in specific
traits, including drug reinforcement for which excellent animal models have been developed
over the years (Chapter 1). Here an overview will be provided of genetic pre-clinical studies,
particularly using gene knockout mice, which have thus far contributed to our understanding
of genes involved in addiction.

GENETIC STUDIES IN RODENTS

An impressive amount of literature is available dealing with rat strains, which were selectively
bred for high or low alcohol preference. In 2002 Murphy and co-workers have reviewed the
literature describing differences between the Indiana University Rat lines bred for high or low
alcohol preference, i.e. the high/low alcohol drinking (HAD/LAD) rats and the alcohol-
preferring/nonpreferring (P/NP) lines (Murphy et al., 2002). These lines obviously differ in
their alcohol consumption and preference, but also in neurotransmitter systems including the
serotonin, dopamine, GABA and opioid systems. Other lines selectively bred for their alcohol
preference are the ALKO alcohol/nonalcohol lines (AA/ANA, the University of Chile A and
B lines (UChA/UChB) and the Sardinian alcohol-preferring/nonpreferring lines (sP/sNP)
(Murphy et al., 2002). Similarly, different strains of rats and mice have been compared for
their reward profile. For example, C57Bl/6 mice appear more sensitive to cocaine
reinforcement than BALB/c mice (Deroche et al., 1997) and DBA mice (Grahame &
Cunningham, 1995), although DBA mice may acquire self-administration faster than C57Bl/6
mice (Rocha et al., 1998b). Further, alcohol consumption by C57B1/6 mice is also higher as
compared to DBA mice (Lessov et al., 2001). C57B1/6 and DBA mice were also compared for
morphine reinforcement. Drug naive DBA mice self-administered morphine while C57B1/6
mice failed to do so. Interestingly, the same study demonstrated that emotional stress
enhanced morphine self-administration in both strains: the dose-response curve for DBA mice
was shifted to the left while C57B1/6 mice responded for morphine with similar rates as DBA
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mice after emotional stress (Kuzmin et al., 1996). Thus, both genetic and environmental
factors determine the actual reinforcement phenotype of mice in this case. Studies, which used
genetically distinct strains or selectively bred lines of rats or mice have pointed out that
genetic influence exists in sensitivity to drugs of abuse. It is however difficult to identify
specific genes, which may determine such differential sensitivity to drugs.

In order to pinpoint specific loci in the genome, which may determine for example an
individual’s sensitivity to alcohol reinforcement, Quantitative Trait Loci (QTL) studies have
been exploited. These efforts in fact yielded several QTL’s for murine responses to drugs of
abuse (Crabbe et al., 1999). Knowledge of such gene locations enables us to pinpoint certain
candidate genes, probably largely aided by pharmacology-based knowledge of systems
involved in drug addiction.

The function of individual genes thus identified can and has been studied using gene knockout
animals or using antisense oligodeoxynucleotides (ODN’s). In the last decade knockout mice
for genes encoding a wide variety of proteins have been generated (see Box 1 for gene
knockout technology) and used to explore the role of specific opioid genes in
reward/reinforcement.

In the next section, opioid gene knockout studies in addiction research are summarised.
Subsequently, the contribution of gene knockout mice to the understanding of dopamine
involvement in drug reward is discussed. Finally, an overview of the reward-related
phenotypes described for miscellaneous other gene knockout mice, e.g. for serotonin, GABA,
cannabinoid and other systems is provided.

Opioid gene knockout mice

As outlined in Chapter 1 of this thesis, endogenous opioid systems have been implicated in
drug reinforcement. Endogenous opioids appear to be particularly involved in the initiation of
drug self-administration. This has been shown both with opioid antagonists for different drugs
of abuse, i.e. cocaine, alcohol and opiates. In the last decade knockout mice for genes
encoding for opioid receptors and opioid precursors have been generated and used to explore
the role of specific opioid genes in drug dependence. In this section, opioid gene knockout
studies in drug dependence research are summarised.

Opioid receptor knockout mice

Of the opioid receptor null mutants, the p-opioid receptor knockout mouse was most
extensively studied in drug reinforcement. Matthes and colleagues were the first to publish on
p-opioid receptor knockout mice (Matthes et al., 1996). These mice were generated by
insertion of a Neo cassette in exon 2 of the p-opioid receptor gene. In the years to follow other
groups also developed p-opioid receptor knockout mice, either by deletion of exon 1 (Sora et
al., 1997; Tian et al., 1997; Schuller et al., 1999) or deletion of both exons 2 and 3 (Loh et al.,
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Box 1. GENE KNOCKOUT TECHNOLOGY

The most widely used approach to generate knockout mice lacking a specific gene
is schematically represented in the figure below.

First mutant DNA should be prepared, which is usually done by replacement of the
DNA containing the gene or part of the gene of interest, typically with marker-
containing DNA such as the neomycine gene (1). Embryonic stem (ES) cells,
usually derived from 129/Sv mice, will be transfected with the targeting vector. A
proportion of the ES cells will incorporate the mutant DNA by homologous
recombination. Subsequently the marker DNA, such as the neomycine gene
encoding for neomycin-resistance enzymes, are used to select those ES cells in
which the mutant DNA was successfully incorporated (2). The selected ES cells are
injected into host blastocysts, typically taken from C57BI/6 mice (3). These
blastocysts containing the mutant-DNA containing ES cells are then applied to the
uterus of a usually a C57BI/6 pseudo-pregnant female (4). If the mutated stem cells
developed into germ cells the offspring may contain chimeras, i.e. mice which have
the mutation (5). The chimera males are then allowed to mate with wild-type,
typically C57BI/6, females (6). Successful germline transmission will yield mice
heterozygous for the mutation in the offspring of this mating (7). Subsequent
breeding of heterozygous females and males results in offspring containing
knockout (-/-), wild-type (+/+) and heterozygous (+/-) mice in a ratio of 1:1:2 (8).
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1998). Several groups have used these knockout mice as tools to investigate the role of the p-
opioid receptor in drug dependence processes. With regard to opiates p-opioid receptor null
mutants did not self-administer morphine (Becker et al., 2000). Moreover, morphine- and
heroin-induced conditioned place preference (CPP) was respectively abolished (Matthes et al.,
1996) or did not develop in these mice (Contarino et al., 2002). Alcohol reward in the p-
opioid receptor deficient mice was investigated in three laboratories. Roberts et al (2000)
reported reduced alcohol intake in an operant self-administration paradigm, although
responding for water was also reduced in p-opioid receptor null mutants. p-Opioid receptor
knockout mice further displayed reduced preference for alcohol over water in a two-bottle
choice task (Roberts et al., 2000). Data from another laboratory confirmed a role for p-opioid
receptors in alcohol consumption as evident from a two-bottle choice paradigm and CPP
experiments, although the genotype effects were only observed in female mice (Hall et al.,
2001). Finally, Becker et al. also observed reduced alcohol intake by p-opioid receptor
knockout mice as compared to wild-types, but alcohol-induced CPP was not different between
genotypes in this study (Becker et al., 2002). With respect to psychostimulants, no difference
was found between p-opioid receptor knockout mice and wild-type controls in cocaine-
induced CPP (10 mg/kg) (Contarino et al., 2002). Another group reported reduced CPP
induced by 5 mg/kg cocaine in p-opioid receptor knockout mice, whereas 10 mg/kg cocaine
induced CPP in the knockout but not in the wild-type mice (Becker et al., 2002). Finally, place
preference for A’-tetrahydrocannabinol (A’-THC) (Ghozland et al., 2002), nicotine
(Berrendero et al., 2002) and deltorphin-II (Hutcheson et al., 2001) were also abolished in p-
opioid receptor null mutants.

6-Opioid receptor null mutants self-administered more alcohol than wild-type controls. The &-
opioid receptor null mutants further displayed a greater preference for alcohol over water as
compared to wild-type mice, but only after operant self-administration experience (Roberts et
al., 2001). Ghozland and colleagues reported no difference in the development of place
preference for low doses of A>-THC (1 mg/kg) and place aversion for a high dose of A°~THC
(5 mg/kg) between d-opioid receptor knockout and wild-type mice (Ghozland et al., 2002).

k-Opioid receptor knockout and wild-type mice were comparable in A’~-THC-induced place
preference (low dose, 1 mg/kg), whereas place aversion induced by higher doses of A>~THC (5
mg/kg) was impaired in k-opioid receptor null mutants (Ghozland et al., 2002).

Opioid peptide precursor knockouts

Knockout mice for opioid peptide precursor genes have also been developed and used in
research on the role of opioid peptides in drug dependence. 3-Endorphin knockout mice were
developed through truncation of the pro-opiomelanocortin (POMC) prohormone gene. These
-endorphin null mutants were used to investigate directly the role of B-endorphin in alcohol
intake. Heterozygous mice (50% B-endorphin expression) consumed more alcohol than wild-
type mice did in a two-bottle choice paradigm. The null mutants consumed more alcohol
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compared to wild-type controls, but only for the 7% alcohol solution and not when 10%
alcohol was presented (Grisel et al., 1999). In addition to this finding, f-endorphin deficient
mice acquired operant responding for alcohol, although in this study wild-type mice did not
(Grahame et al., 1998).

Preproenkephalin knockout mice were not different from wild-type mice with regard to
alcohol consumption and preference in a two-bottle choice test nor were there differences
between genotypes in alcohol-induced CPP (Koenig & Olive, 2002).

Prodynorphin null mutants developed morphine-induced CPP comparable to wild-type mice.
In agreement with the k-opioid receptor, place aversion induced by 5 mg/kg A’-THC was
impaired in mice lacking the prodynorphin gene (Zimmer et al., 2001). Place preference for a
lower dose of A’-THC, such as described by Ghozland et al. (2002), was not studied in
prodynorphin null mice.

Dopamine gene knockout

The mesolimbic system is considered to play a key role in drug addiction. For example,
intracranial self-stimulation is supported when electrodes are placed in the medial forebrain
bundle (Koob et al., 1998, Chapter 1). In support of involvement of dopamine in reward is the
finding that all drugs of abuse increase dopamine release from the nucleus accumbens, despite
their different primary targets of action (Di Chiara & Imperato, 1988a; Pontieri et al., 1996;
Tanda et al., 1997). Moreover, studies which used either 6-hydroxydopamine (6-OHDA)
lesions or dopamine antagonists suggest a role of dopamine in reward (see Chapter 1),
although dopamine may not be crucial to drug reinforcement (Pettit et al., 1984; Van Ree &
Ramsey, 1987; Gerrits et al., 1994; Gerrits & Van Ree, 1996). To further evaluate the
significance of dopamine genes to drug reward, knockout mice strategies for specific
dopamine genes have been applied in experimental addiction research.

Dopamine receptors are classified to D1- or D2-like receptors. The D1-like receptors comprise
the D1 and D5 receptor subtypes and D2-like receptors are subdivided in D2, D3 and D4
receptors (Missale et al., 1998). Of further interest is the primary target of cocaine, the
dopamine transporter (DAT) and the vesicular monoamine transporter (VMAT) through
which amphetamine is thought to act. Mice lacking either the dopamine D1, D2, D3, D4 or D5
receptor gene, DAT or VMAT have been developed, some of which were characterized with
respect to their reinforcement phenotype as outlined below.

Dopamine receptor knockout mice

Mice deficient in dopamine D1 receptors consumed less alcohol and displayed less preference
for alcohol over water as compared to wild-type mice (El Ghundi et al., 1998). In contrast,
cocaine-induced place preference was not affected by dopamine D1 receptor knockout (Miner
etal., 1995).
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Studies with dopamine D2 receptor knockout mice have yielded conflicting results.
Intracranial self-stimulation of the nucleus accumbens was retained in dopamine D2 receptor
null mutants. Cocaine reinforcement was not affected by dopamine D2 receptor gene
knockout: the D2 null mutants acquired cocaine self-administration as the wild-type mice
(Caine et al., 2002). Morphine-induced CPP was acquired by wild-type and dopamine D2
receptor knockout mice when the mice were naive to morphine prior to conditioning. In
contrast, dopamine D2 receptor knockout mice withdrawn from morphine did not develop
morphine-induced place preference even though withdrawal signs were comparable between
genotypes (Dockstader et al., 2001). Of the D2 receptor short and long forms have been
identified. Genetic deletion of the D2 long gene abolished morphine-induced place preference
as well as place aversion induced by naloxone-precipitated withdrawal (Smith et al., 2002).
Finally, D2 receptor null mice, trained to lever press for water, did not maintain morphine-
induced responding suggesting that morphine is not reinforcing in D2 receptor knockout mice
(Elmer et al., 2002). Alcohol reinforcement probably also requires D2 receptor activity for D2
receptor knockout mice did not increase lever pressing for alcohol (Risinger et al., 2000) while
consuming comparable amounts of water and food as wild-type mice. Alcohol consumption
and preference were also reduced in dopamine D2 receptor null mutants while saccharin and
quinine consumption was not affected by deletion of the D2 receptor gene (Phillips et al.,
1998). Further, dopamine D2 receptor null mutants did not develop place preference for
alcohol, although this finding may have been confounded by increased preference of
dopamine D2 receptor knockout mice for the drug-paired grid floor when paired to saline
(Cunningham et al., 2000).

There is little literature available on studies, which investigated the contribution of the other
dopamine receptor subtypes, i.e. D3, D4 and D5 receptors, to addiction processes by means of
gene knockout strategies. The role of dopamine D3 receptors in drug reinforcement has
recently been studied by different groups with dopamine D3 receptor selective drugs (see
Chapter 1). Dopamine D3 receptor knockout mice are also available, but thus far only one
study reported on their reward-relevant phenotype: morphine-induced CPP was enhanced in
dopamine D3 receptor knockout mice (Narita et al., 2003). Dopamine D4 receptor knockout
mice were supersensitive to the locomotor activating effects of alcohol, cocaine and
methamphetamine, however the reinforcing effects of these drugs are yet to be investigated in
these D4 receptor deficient mice (Rubinstein et al., 1997).

Dopamine transporter knockout mice

Studies with dopamine transporter (DAT) mice have lead to unexpected findings. Most
important in this respect was the finding that DAT null mutants acquired cocaine self-
administration although slower than their wild-type littermates. Similarly, cocaine-induced
CPP was retained in DAT knockout mice. This implicates that the DAT, which was
considered the primary target for cocaine, is not required for the reinforcing effects of cocaine.
Serotonin transporters (SERT) have been suggested to account for the retained rewarding
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effects of cocaine in these mice (Sora et al., 1998; Rocha et al., 1998a). Interestingly,
morphine-induced CPP was potentiated in absence of the DAT gene as was the increase in
extracellular dopamine levels induced by morphine (Spielewoy et al., 2000). Further evidence
for a role of the dopamine transporters in drug reward is derived from alcohol studies. Hall
and co-workers described increased alcohol intake in heterozygous DAT knockout mice and
mice deficient in the vesicular monoamine transporter 2 (VMAT2) gene (Hall et al., 2003b).
However this increment in alcohol consumption was only observed for male mice. A trend
towards reduced alcohol consumption and preference in DAT and VMAT?2 knockout females,
which is in agreement with another study (Savelieva et al., 2002), suggests a gender dependent
role of DAT in drug reinforcement. Finally, mice heterozygous for the VMAT2 gene
displayed impaired amphetamine-induced CPP, which underlines the critical role of VMAT2
in the actions of amphetamine (Takahashi et al., 1997).

Besides the dopamine transporter, cocaine can also act through other catecholamine re-uptake
transporters, namely through norepinephrine and serotonin transporters (NET and SERT,
respectively). Mice with a genetic deletion of the gene encoding the NET, display augmented
CPP induced by cocaine (Xu et al., 2000). Similarly, cocaine-induced CPP is enhanced in
SERT knockout mice (Sora et al., 1998; Sora et al., 2001). Combined knockout mice with
genetic deletions of both the dopamine and the serotonin transporter gene caused a reduction
in cocaine-induced CPP (Sora et al., 2001). These findings suggest that the NET and the
SERT are, in addition to the DAT, involved in rewarding aspects of cocaine, which may
explain the retained self-administration of cocaine by DAT knockout mice.

DARPP-32 knockout mice

An important regulator in dopaminoceptive neurons is dopamine and cyclic adenosine 3°5-
monophosphate-regulated phosphoprotein 32 kDa, abbreviated as DARPP-32. Upon
activation of dopamine DI receptors, DARPP-32 is phosphorylated while it is
dephosphorylated upon activation of dopamine D2 receptors. When phosphorylated, DARPP-
32 acts as an inhibitor of protein phosphates-1 (PP-1), which in a phosphorylated state
regulates various downstream targets such as neurotransmitter receptors, ion channels and
transcription factors (Greengard et al., 1999). Knockout mice for the protein phosphatase-1
(PP-1) inhibitors DARPP-32 and Inhibitor-1 (I-1) were impaired in cocaine-induced CPP
while cocaine-induced locomotor activity and cocaine-induced dopamine release were not
affected in these mice (Zachariou et al., 2002). Further, alcohol consumption and alcohol-
induced CPP were also reduced in DARPP-32 null mutants (Risinger et al., 2001). These
findings suggest a role of DARPP-32 and hence possibly dopaminoceptive neurons in
rewarding aspects of alcohol and cocaine.
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GABA-related gene knockout mice

Genetic deletion of the al subunit of the GABA, receptor did not affect CPP induced by
either cocaine (Reynolds et al., 2003) or alcohol (Blednov et al., 2003). Similarly, alcohol-
induced place preference was not different for GABA, al subunit knockout mice. However,
ol subunit null mutants displayed reduced alcohol and saccharin consumption, while their
quinine consumption was comparable to that of wild-type mice (Blednov et al., 2003). In the
same study the involvement of B2 subunits was also assessed using knockout mice. Reduced
saccharin and quinine consumption were apparent in B2 null mutants while their alcohol
consumption was comparable to wild-type mice. The authors concluded that neither al nor 2
subunits of the GABA, receptor are involved in alcohol reinforcement. Finally, knockout
mice for the 6 subunit of GABA, receptors consumed less alcohol and also displayed less
severe withdrawal signs after discontinuation of chronic alcohol exposure (Mihalek et al.,
2001).

Serotonin receptor knockout mice

A substantial amount of literature is available which deals with the role of SHT receptors in
addiction processes, as studied using gene knockout strategies, which will be outlined here.
Drug reinforcement is enhanced in SHT;g knockout mice as is evident from facilitated
initiation of cocaine and alcohol self-administration (Rocha et al., 1997; Risinger et al., 1999)
and enhanced cocaine self-administration using a progressive ratio schedule (Rocha et al.,
1998c; Castanon et al., 2000). Once self-administration of cocaine or alcohol was acquired,
the 5-HT,g knockout mice were not different from wild-type control mice (Rocha et al., 1997,
Risinger et al., 1999). Oral alcohol intake studies yielded contradicting results. Alcohol
consumption was enhanced according to one study (Crabbe et al., 1996) while no difference
between 5-HT,g knockout mice and wild-type controls in alcohol consumption was apparent
in another study where alcohol was continuously available in a two-bottle choice paradigm
(Gorwood et al., 2002). Further, cocaine-induced locomotor activity was also potentiated in
5HT;g null mutants (Rocha et al., 1998c; Castanon et al., 2000) indicative of a phenotype
which was not limited to reinforcement. Castanon and colleagues included an analysis of the
effects of a specific 5-HT g receptor antagonist in their study and found no knockout-like
effects of acute 5-HTp receptor blockade upon cocaine self-administration (Castanon et al.,
2000). The latter finding suggests that the reinforcement phenotype of 5-HT, null mutants
probably reflects compensatory changes rather than merely the lack of 5-HTp receptors. In
contrast to the studies above, suggesting enhanced rewarding effects of drugs in mice with a
deletion of the 5-HTp receptor gene, alcohol-induced CPP was abolished in 5-HT;z knockout
mice (Risinger et al., 1996) while cocaine-induced place preference was retained (Belzung et
al., 2000). Thus although the reinforcing effects of cocaine and alcohol appear to involve 5-
HT g receptor activity this receptor may not play a key role in drug dependence.
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Cannabinoid receptor 1 knockout mice

Mice deficient in the cannabinoid receptor subtype 1 (CB1) gene have been reported to fail to
self-administer the cannabinoid agonist WIN55,212-2 and morphine while cocaine, nicotine
and amphetamine self-administration is retained in these mice (Ledent et al., 1999; Cossu et
al.,, 2001). Also reductions in alcohol consumption have been reported for CB1 receptor
knockout mice, while food and fluid intake were not different from wild-type controls
(Hungund et al., 2003). This study by Hungund and co-workers further revealed that alcohol
did not enhance dopamine release from the nucleus accumbens in CB1 receptor null mutants.
Place preference for morphine and nicotine was also abolished in CB1 receptor knockout mice
(Martin et al., 2000a; Castane et al., 2002 but Rice et al., 2002). Further, conditioned place
aversion induced by the k-opioid receptor agonist U50,488 was absent in CB1 receptor
knockout mice (Ledent et al., 1999). In contrast, cocaine-induced place preference was not
different between CB1 receptor null mice and wild-type controls (Martin et al., 2000a).
Interestingly, despite comparable alcohol preference of CB1 receptor knockout and wild-type
mice, CB1 receptor null mutants failed to show a stress-induced increase in alcohol preference
(Racz et al., 2003). This finding suggests an interaction between the CB1 receptor gene and an
environmental factor, stress, which together determined the reinforcement phenotype in this
case.

Miscellaneous other knockout mice

Further findings relevant to addiction processes obtained with knockout mice for various
genes are summarised in Table 1. These include knockout mice lacking genes encoding the
glutamate receptor mGluRS, nicotinic and muscarinic acetylcholine receptors, growth factors
or protein kinase isoforms.

HUMAN GENETICS, SINGLE NUCLEOTIDE POLYMORPHISMS

With the completion of the human genome mapping, the focus in genetic research is now on
functional mutations, such as single nucleotide polymorphisms (SNP’s). Different groups have
identified SNP’s in various genes (Collins et al., 2003) and attempts have been made to find
associations of SNP’s with certain traits, including drug addiction. As an example of recent
advances in human genetics in addiction research by SNP analysis, an interesting SNP in the
p-opioid receptor gene will be discussed here.

Amongst several SNPs identified in the p-opioid receptor gene is the nucleotide substitution at
position 118 (A118G), predicting an Asp40Asn amino acid change (Bergen et al., 1997; Bond
et al., 1998). The A118G variant was associated with enhanced affinity for the endogenous
opioid peptide B-endorphin, suggesting this is a functional variant of the human p-opioid
receptor gene (Bond et al., 1998, but Befort et al., 2001). Some studies suggested a significant
association of the A118G variant with opiate dependence (Szeto et al., 2001; Tan et al., 2003)
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TABLE 1
Overview of reward-related phenotypes of miscellaneous gene knockout mice.

Gene Major findings Reference
mGluR5 X cocaine self-administration (Chiamulera et al.,
2001)
32 subunit nACh = cocaine self-administration (Picciotto et al., 1998;
receptor X nicotine-maintained self-administration when Epping-Jordan et al.,
substituted for cocaine 1999)
nACh receptor = morphine and cocaine CPP (Zachariou et al.,
2001)
M5 Ach receptor X morphine CPP (Basile et al., 2002)
dopamine J alcohol consumption and preference (Weinshenker et al.,
B-hydroxylase 2000)
olb adrenergic J cocaine and morphine consumption (two-bottle (Drouin et al., 2002)
receptor choice)
X morphine CPP
Nociceptin = alcohol CPP (Kuzmin et al., 2003)
CRH 0 alcohol consumption (Olive et al., 2003)
2 alcohol CPP
CRHI receptor alcohol consumption, enhanced alcohol intake 3 (Sillaber et al., 2002)
weeks post-exposure to stress
Neuropeptide Y 1= alcohol consumption and preference (Thiele et al., 1998;
(background dependent; NPY overexpression Thiele et al., 2000a)
{ alcohol intake & preference)
NPYS5 receptor = alcohol consumption (Thiele et al., 2000a)
Alcohol dehydrogenase | alcohol consumption and preference (Isse et al., 2002)
RIIP subunit of PKA 0 alcohol consumption and preference (Thiele et al., 2000b)
PKCy X morphine CPP (Narita et al., 2001)
PKCe J alcohol consumption and preference (Olive et al., 2000)
(rescued by conditional expression of PKCe,
Choi et al., 2002)
Nurrl J alcohol consumption and reward (Werme et al., 2003)
Neurokinin 1 X morphine CPP and naloxone place aversion (Murtra et al., 2000)
GDNF T cocaine CPP (heterozygous mice) (Messer et al., 2000)
BDNF J cocaine CPP (heterozygous mice) (Hall et al., 2003)
NOS x cocaine CPP (Itzhak et al., 1998)
Ca channel Cav2.341¢ = cocaine induced CPP, but insensitive to D1 (Han et al., 2002)
receptor antagonist SCH23390
GIRK2 K" channel = alcohol preference (Blednov et al., 2001)
X alcohol CPP (Hill et al., 2003)
Kir3.2/3.3 J cocaine self-administration (Morgan et al., 2003)
CD81 X cocaine CPP (Michna et al., 2001)
tPA = cocaine self-administration (acquisition and (Ripley et al., 1999)

maintenance)

mutant mice versus wild-type controls, = not different; x abolished; { reduced and 7T increased
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or with alcohol dependence (Town et al., 1999; Schinka et al., 2002), the frequency of the
A118G variant being lower in drug dependent subject groups. However, other studies failed to
show a significant association of the A118G variant of the p-opioid receptor gene with either
opiate (Bond et al., 1998; Franke et al., 2001; Shi et al., 2002) or alcohol dependence (Bergen
et al., 1997; Sander et al., 1998; Gelernter et al., 1999; Franke et al., 2001; Rommelspacher et
al., 2001). Recent findings by Oslin and co-workers, although preliminary in nature, revealed
an association of A118G with the effectiveness of naltrexone in relapse prevention. Relapse
rates were lower and time to relapse was higher in naltrexone-treated subjects bearing the
Asp40 variant as compared to subjects homozygous for the Asn40 allele (Oslin et al., 2003).
Thus, A118G is an example of human gene variants that may contribute to individual variation
in drug dependence and in addiction treatment efficacy.

CONCLUDING REMARKS

Genetic approaches, particularly gene knockout strategies, have been used extensively to
explore the role of specific genes in addiction processes. Fascinating findings such as those
regarding the role of the dopamine transporter in the rewarding effects of cocaine illustrate the
value of such approaches. Particularly because cocaine is itself a catecholamine re-uptake
inhibitor and selective blockers of catecholamine re-uptake transporter subtypes are not
available. However, knockout technology is also limited in nature because of possible
adaptation and compensation, which may have occurred in response to absence of the gene of
interest from gestation. Knockout mice, conditional in time or place, may provide a much
more reliable tool in that respect. These preclinical genetic studies guide the selection of
candidate genes in human association studies. Human geneticists currently explore the
association of specific gene mutations, such as the single nucleotide polymorphisms, with
diseases or disease-related traits.

50









CHAPTER

REDUCED COCAINE REINFORCEMENT AND INCREASED
GABAERGIC INHIBITION IN THE VTA OF p-OPIOID

RECEPTOR KNOCKOUT MICE

Heidi M.B. Lesscher, Daniel S. Mathon, Mirjam A.F.M. Gerrits, Amer Kamal, L.
Tabatabaie, John E. Pintar!, Alwin G.P. Schuller', Marten P. Smidt, Berry M.
Spruijt?, J. Peter H. Burbach, Jan M. van Ree and Geert M.J. Ramakers

D.S. Mathon and H.M.B. Lesscher contributed equally to this work

! Dept. of Neuroscience and Cell Biology, UMDNIJ-Robert Wood Johnson Medical School,
Piscataway, NJ, USA

2 Animal Welfare Centre (AWC), Utrecht University, The Netherlands

IN PREPARATION



Chapter 3

ABSTRACT

Endogenous opioid systems and particularly p-opioid receptors have been implicated in
modulating the reinforcing effects of drugs of abuse like cocaine and have been suggested to
be involved in vulnerability to develop drug dependence.

We studied the role of the p-opioid receptor in cocaine reinforcement using cocaine self-
administration by drug-naive p-opioid receptor knockout and wild-type mice. Compared to
wild-type mice, cocaine self-administration by p-opioid receptor knockout mice was impaired,
thus demonstrating the critical role of p-opioid receptors in cocaine reinforcement. In order to
determine the regulation of p-opioid receptor ligands by cocaine and the involvement of
endogenous p-opioid receptor ligands in cocaine reinforcement, the effects of actively self-
administered or contingently administered cocaine on POMC mRNA expression in the arcuate
nucleus was assessed in wild-type mice. Cocaine intake (mg/kg) was positively correlated
with POMC mRNA levels after active cocaine self-administration but not in the case of
contingently administered cocaine. In order to determine the mechanism underlying impaired
cocaine reinforcement in p-opioid receptor knockout mice electrophysiological recordings
were made from neurons in the ventral tegmental area (VTA). The frequency of spontaneous
inhibitory post-synaptic currents (sIPSC’s), as recorded from dopamine neurons in the VTA,
was increased in p-opioid receptor knockout mice as compared to wild-type controls.

It is concluded, that p-opioid receptors in the VTA are, through regulation of inhibitory input
onto dopamine neurons in the VTA, important modulators of cocaine reinforcement.
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INTRODUCTION

The positive reinforcing effects of drugs of abuse, i.e. the positive subjective effects which
increase the probability of subsequent drug use, are important in the initiation of drug use,
which may ultimately lead to drug dependence. Positive reinforcing effects of drugs of abuse
can be readily assessed by intravenous self-administration in laboratory animals (Van Ree et
al., 1999).

An impressive amount of preclinical research using this paradigm has pointed to a role of
endogenous opioid systems in drug reinforcement (for review see Van Ree et al, 1999; Herz,
1997). Opioid antagonists reduce the acquisition and maintenance of cocaine and ethanol self-
administration (e.g. De Vry et al., 1989; Van Ree et al., 1999;.Froehlich et al., 1990; Kornet et
al., 1991; Phillips et al., 1997; Kuzmin et al., 1997a; Stromberg et al., 1998). Further, p-opioid
receptor knockout mice are impaired in self-administration or conditioned place preference for
morphine, heroin, alcohol, A’-tetrahydrocannabinol (THC), nicotine and deltorphin (Matthes
et al., 1996; Becker et al., 2000; Roberts et al., 2000; Hall et al., 2001; Hutcheson et al., 2001;
Ghozland et al., 2002; Contarino et al., 2002; Berrendero et al., 2002). Primarily opioid
receptors in the ventral tegmental area (VTA) account for opioid modulation of drug self-
administration as was demonstrated by local injection of the opioid receptor antagonist
naltrexone in different areas of the mesolimbic system (Ramsey et al., 1999). Moreover, in
support of involvement of p-opioid receptors in cocaine reinforcement, intra-VTA
administered DAMGO, a specific p-opioid receptor agonist, enhanced cocaine-maintained
self-administration in rats as was apparent from a left-ward shift in the dose-response curve
for cocaine self-administration (Corrigall et al., 1999b). The p-opioid receptor selective
endogenous opioid peptide B-endorphin is likely involved in opioid modulation of drug
reinforcement, particularly since it possesses reinforcing properties itself (Van Ree et al.,
1979). Indeed, the expression of pro-opiomelanocortin (POMC, the precursor of amongst
others B-endorphin) in the arcuate nucleus is regulated by cocaine (Zhou et al., 2002).

In the VTA p-opioid receptors are present on secondary, GABAergic, neurons (Garzon &
Pickel, 2001; Garzon & Pickel, 2002). Activation of the p-opioid receptors hyperpolarizes
these secondary GABAergic neurons, resulting in a disinhibition of the principal dopamine
neurons (Johnson & North, 1992a). Indeed, GABAergic neurotransmission in the VTA has
been implicated in drug reinforcement (David et al., 1997; Xi & Stein, 1999; Corrigall et al.,
2000). As increased dopaminergic output, at least in part due to an increased firing frequency
or switch to burst firing of the principal dopamine neurons (Miller et al., 1981; Overton &
Clark, 1997), is a common effect of drugs of abuse (Di Chiara & Imperato, 1988a), increased
inhibitory, GABAergic, input onto the principal dopaminergic neurons could provide an
explanation for the reduced susceptibility of p-opioid receptor knockout mice for drug
reinforcement.

The primary aim of this study was to establish the role of p-opioid receptors in cocaine
reinforcement. In addition, the involvement of endogenous p-opioid ligands and of
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GABAergic neurotransmission in the VTA in cocaine reinforcement were assessed. We report
that cocaine self-administration is impaired in p-opioid receptor knockout mice and that
POMC mRNA levels in the arcuate nucleus are correlated with cocaine self-administration.
Further, GABAergic input onto dopaminergic neurons in the VTA is enhanced in p-opioid
receptor knockout mice.

MATERIALS AND METHODS

Animals

Male mice aged 2-3 months for behavioural studies, and male and female mice aged 10-17
days for electrophysiological studies, were group housed (2-4) in extended Macrolon® type I
cages with water and food pellets available ad libitum. Environmental conditions were
controlled (22°C and 50% humidity; lights on at 7:00 am and lights off at 7:00 pm, GDL
Utrecht University). The experimental procedures were approved by the Ethical Committee
for Animal Experiments of the University Medical Center Utrecht.

Wild-type C57Bl6/Jico mice were obtained from Charles River (I’ Arbresle, France). The p-
opioid receptor knockout mice used in this study have been described previously and were on
a mixed 129Sv/C57Bl6 background (Schuller et al., 1999). No detectable binding of
PHIDAMGO or p-opioid receptor transcript was present in p-opioid receptor knockout mice
(Schuller et al., 1999). There is no evidence for compensatory changes in other opioid receptor
subtypes: binding to 3-opioid receptor subtypes was comparable between genotypes and &-
and k- and ORL-1 receptor mRNA levels were also unchanged (Schuller et al., 1999). Wild-
type (+/+) and homozygous knockout (-/-) mice were obtained from heterozygous breeding.
The mice used in the present study were on a C57Bl6/Jico background after 6-7 back-
crossings to C57B16/Jico mice (Charles River, 1’Arbresle, France). The mice were genotyped
by Polymerase Chain Reaction on genomic DNA isolated from tail tips. The mutant product
was 700 bp, the wild-type product 525 bp; the three primers used were outside the mutation
site (5" GAC TTT CCT GGC TGA TGC AAA CAA CCT 3’), within the mutation site (5’
CAT GGT TCT GAA TGC TTG CTG CGG ACT 3’) and within the neomycin box (5" CTA
CCT GCC CAT TCG ACC ACC AA 3").

Intravenous cocaine self-administration

p-opioid receptor knockout and wild-type mice were tested for cocaine self-administration as
described previously (Kuzmin et al., 1997b). Briefly, the mice were tested in pairs, one active
and one yoked control, in identical 8x8x8 cm test cages made from non-transparent material
(RITEC, St. Petersburg, Russia). Each cage has a frontal nose-poking hole supported with
infrared sensors interfaced to a computer. Mice were partially immobilized by fixing their
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tails, which protruded through the vertical slot in the back wall, to the horizontal surface using
tape. A ten minutes pre-test was performed on the test day. Based upon the pre-test results the
mice were paired according to basal nose-poke responding. During the 30 minutes self-
administration session, which commenced at least 2 hours after the pre-test, each nose-poke by
the active mouse resulted in a contingent injection of 1.6 pl of either saline or cocaine solution
in the lateral vein of both the active and yoked control mouse. The active groups were slightly
bigger in number than the yoked control groups (1-2 more per group) for it was not always
possible to form pairs due to failure in needle insertion. Nose-pokes by the yoked control mice
were counted but had no programmed consequences.

Cocaine self-administration by p-opioid receptor knockout mice and wild-type mice was
compared. The doses used were 0.4, 0.8 or 1.6 ug per infusion. The data are expressed as the
total number of nose poke responses or as total cocaine intake (mg/kg bodyweight) during the
30 minutes experiment. N = 6-8 per dose per type (active or yoked) per genotype.

POMC mRNA expression

In this experiment, C57Bl/6Jico (wild-type) mice were allowed to self-administer either 0.2,
0.4 or 0.8 ng per infusion with yoked controls as described for experiment 1. N = 5-6 mice per
type (active or yoked) per dose. Because of failures in needle insertion, pairs could not always
be formed, resulting in a slightly larger active group than the yoked control group (1-2 more
mice per dose). The environmental conditions were different from those in the p-opioid
receptor knockout cocaine self-administration experiment, which might account for
differences in the number of nose-poke responses between the experiments. One hour after the
30 minutes self-administration session was completed, the mice were sacrificed by cervical
dislocation after which the brains were quickly dissected and frozen on crushed dry ice. The
brains were stored at —80°C until further processing.

For in situ hybridisation, 16 pm coronal sections were cut at the level of the arcuate nucleus,
nucleus accumbens and ventral tegmental area according to the mouse brain atlas (Paxinos &
Franklin, 2001) using a cryostat (Leica, Rijswijk, NL) and thaw-mounted on Superfrost slides
(Menzel, Germany). A 190 bp pro-opiomelanocortin cDNA fragment spanning exon 2 and the
first 20 bp of exon 3 was subcloned into a PBS +/- vector (Promega, Leiden, NL). An
antisense RNA probe was generated by in vitro transcription with 120 ng of linearised
template DNA, 20 pCi [*’P]-UTP and 40 units SP6 RNA polymerase. The sections were post-
fixed in a 4% paraformaldehyde solution in phosphate-buffered saline (PBS, pH 7.4) for 10
minutes at room temperature (RT), washed twice in PBS for 5 minutes at RT and treated with
0.25% acetic anhydride in tri-ethanolamine (0.1 M, pH 8.0) for 10 minutes at RT. The sections
were then rinsed in PBS for 5 minutes and in 0.83% NaCl for 5 minutes at RT. Subsequently
the sections were dehydrated by immersing them in solutions with increasing concentrations
of ethanol (50%, 70%, 80% and 100%) and dried to air. Hybridisation was performed in 50%
deionised formamide, 10% dextran sulphate, 2xSSC (SSC = 0.15 M NaCl, 0.015 M sodium
citrate), 1x Denhardt’s solution, 5 mM EDTA (pH 8.0), 10 mM phosphate buffer (pH 8.0) and
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12.5 mg/ml tRNA, containing 0.8x106 cpm of the probe. The hybridisation mix was heated at
65°C for 5 minutes, transferred to ice and DTT was added to a final concentration of 2.5 M.
Hybridisation was performed overnight at 55°C in a moist chamber, 100 pl hybridisation mix
per slide. Coverslips were removed in 5xSSC at RT and the slides were briefly dipped in
2xSSC at RT, treated with RNAse A (2 mg/100 ml in 5 M NaCl, 1 M Tris, pH 8.0) for 15
minutes at 37°C and washed for 15 minutes at 37°C in 2xSSC. The slides were then washed
twice in 2xSSC/50% formamide for 15 minutes at 60°C, twice in 2xSSC for 15 minutes at
RT, dehydrated in graded ethanol concentrations and dried to air. Slides were apposed to
Kodak Biomax MR films for 6 days.

Quantitative analysis of the POMC mRNA levels in the arcuate nucleus was performed by
freehand drawing of the arcuate nucleus according to the mouse brain atlas (Paxinos &
Franklin, 2001) using MCID image analyser (Interfocus, Suffolk, UK). There was no POMC
mRNA expression in the nucleus accumbens or VTA. POMC mRNA levels are expressed in
counts per minute (cpm) as calculated from a standard curve of diluted hybridisation mix,
which was laid down with the film. For each animal 2-3 measurements were made for each
hemisphere. Since no significant differences were found between hemispheres, the data were
pooled. Each measure thus represents a mean of 4-6 measurements per animal.

Electrophysiology

Whole-cell patch-clamp recordings were made from VTA neurons in 200 um thick horizontal
slices. Animals were anaesthetised with isoflurane, decapitated and the brain was rapidly
removed and kept in ice-cold high-magnesium artificial cerebral spinal fluid containing (in
mM): NaCl 124, KCI 3.3, KH,PO, 1.2, MgS0O, 2.6, CaCl, 2.5, NaHCO; 20, glucose 10,
saturated with 95% O,- 5% CO,. Slices were cut in a horizontal plane using a vibratome
(Leica, Rijswijk, NL). After preparation the slices were kept at 32°C for at least an hour in
aCSF containing (in mM): NaCl 124, KCl 3.3, KH,PO, 1.2, MgSO, 1.3, CaCl, 2.5, NaHCO;
20, glucose 10, saturated with 95% O,- 5% CO,. Slices were then transferred to the recording
chamber, where they were perfused at 2-3 ml/min with aCSF at RT.

Whole cell recordings from VTA neurons were made using borosilicate glass pipettes with a
resistance of 4-6 MQ. Individual neurons were identified using an upright differential
interference contrast microscope (Olympus), with a differential interference contrast
enhancement CCD camera. Presence of an [, (> 100 pA) was used to distinguish between
principal dopamine (DA) neurons and secondary GABAergic neurons (Mathon et al., 2003).
In current clamp experiments, action potential characteristics were determined and used as an
additional criterion to discriminate between principal DA and secondary GABA neurons. For
current-clamp recordings the recording pipettes contained (in mM): K-gluconate 155, HEPES
10, Na'-ATP 2, Na'-GTP 0.4, EGTA 1, adjusted to pH 7.4 with KOH. For voltage-clamp
recordings the recording pipettes contained (in mM): K-gluconate 78, KC1 77, HEPES 10,
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Na'-ATP 2, Na'-GTP 0.4, EGTA 1, adjusted to pH 7.4 with KOH. For recording spontaneous
and miniature inhibitory post-synaptic currents, cells were clamped at —70mV. To isolate
inhibitory post-synaptic currents, 10 pM DNQX was added to the perfusion medium. When
recording miniature post-synaptic currents additionally 10 uM TTX was present in the
perfusing medium. Whole cell current- and voltage-clamp experiments were done using an
EPC-9 patch-clamp amplifier (HEKA). Whole cell access resistance was typically between 10
and 35 MQ. During recordings the access resistance was monitored and an increase of larger
than 10% resulted in the experiment being terminated. Data was stored for analysis using
Pulse software version 8.53 (HEKA) and on digital analogue tape. The voltage-clamp and
current-clamp data was analysed using Signal (CED), WinWCP and WinEDR Strathclyde
software.

Statistical analysis

SPSS10.1 was used for statistical analyses. The self-administration data were analysed by
three-way ANOV As. The independent factors were type (active or yoked), dose (pg/infusion)
and genotype (+/+ or -/-). The intake data were analysed for the active mice only by two-way
ANOVA with dose and genotype as factors.

The self-administration data for the POMC experiment were analysed by two-way ANOVA
with dose and type (active or yoked) as factors and the number of nose-poke responses as the
dependent variable. Since each mouse received a different amount of cocaine, depending on
the number of nose-poke responses, bivariate correlation analysis was used to assess the
effects of cocaine upon POMC mRNA expression in the arcuate nucleus. The POMC mRNA
expression data were analysed separately for the active and yoked control mice.

sIPSCs, mIPSCs and firing frequencies were compared between p-opioid receptor and wild-
type mice by Student’s ¢ tests. The IPSC probability data were statistically analysed using the
Kolmogorov-Smirnov test.

The data are expressed as mean * SEM. Statistical significance was accepted at P < 0.05.
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RESULTS

Intravenous cocaine self-administration by p-opioid receptor knockout
mice

In order to establish the role of p-opioid receptors in cocaine reinforcement, cocaine self-
administration by p-opioid receptor knockout and wild-type control mice were compared.

Mice were placed in the self-administration boxes for 10 minutes at least 2 hours prior to the
actual self-administration session to determine baseline levels of nose-poke responding.
During this 10 minutes pre-test nose-poke responses did not result in a cocaine infusion.
Baseline nose poke responding by p-opioid receptor knockout mice was not different from
wild-type littermates nor was there a difference between the dose groups (Table 1). During the
30 minutes cocaine self-administration test, the number of nose-poke responses by the active
self-administering mice was significantly higher than the responding by yoked control mice
(effect of type F(1,75)=6.6, P < 0.05, Figures 1A and 1B). This difference in nose-poke
responding between active and yoked control mice is indicative of reliable cocaine self-
administration in this experiment.

A significant effect of genotype on cocaine self-administration was revealed (F(1,75)=5.8, P <
0.05). Further, post-hoc analysis showed a significant genotype effect for the active
responding mice (F(1,36)=4.0, P = 0.05) but not for the yoked control mice (F(1,28)=2.7,
N.S.). These data demonstrate impaired cocaine self-administration by drug-naive p-opioid
receptor knockout mice as compared to wild-type littermates. Total intake is considered a
more informative measure for the reinforcing efficacy of cocaine, and other drugs of abuse
(Van Ree et al., 1999). Total cocaine intake, as calculated for the active mice of both
genotypes, was reduced in p-opioid receptor knockout mice, as is evident from a significant
genotype effect (Figure 1C, genotype effect F(1,41)=6.3, P <0.05), in addition to a significant
effect of dose (F(2,41)=12.3, P < 0.001). These data further support a reduction in cocaine
reinforcement in p-opioid receptor knockout mice.

Cocaine (pg/infusion)
04 0.8 1.6
Active 503+ 82 629+ 82 414+ 82

+/+
Yoked 53.6+134 52.0+13.0 389+ 79
} Active 392+ 111 562+ 58 468+ 94
o Yoked 537+ 69 551+ 74 390+ 7.0
TABLE 1

Nose poke responding during the 10 minutes pre-test for p-opioid receptor knockout and wild-type
mice. Data is expressed as mean £ SEM nose poke responses during 10 minutes per genotype per type
(active or yoked) per dose. N = 6-8 per genotype per dose.
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FIGURE 1

Cocaine self-administration by
p-opioid receptor knockout (-/-)
and wild-type (+/+) mice. The
number of nose-poke responses
during the 30 minutes self-
administration session by (A) the
active mice for graded doses of
by mice both
genotypes and (B) the yoked
control mice of both genotypes
across the different dose groups
(0.4, 0.8 or 1.6 pg/infusion) are
shown. The intake of cocaine by
p-opioid receptor
knockout and wild-type mice
during the 30 minutes self-
administration session is plotted
in (C). Mean + SEM; N=6-8 per
genotype.

* P < 0.03, significant different
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Effects of active self- versus yoked-administered cocaine upon POMC
mRNA expression in the arcuate nucleus

In this experiment the regulation of POMC, precursor of the p-opioid receptor selective
endogenous opioid peptide B-endorphin, by actively self-administered cocaine and by
passively administered cocaine was determined and compared. C57Bl6/Jico mice were
allowed to self-administer either 0.2, 0.4 or 0.8 ug cocaine/infusion. The yoked control mice
received cocaine injections whenever the active mice responded. Overall analysis of the self-
administration data revealed a significant effect of type (active or yoked; F(1,29)=5.6, P <
0.05), indicative of reliable cocaine self-administration in this experiment (Figure 2A).
Inherent to the self-administration paradigm, each mouse received a different dose of cocaine
depending on the number of nose poke responses exerted by each individual mouse. Therefore
levels of POMC mRNA in the arcuate nucleus were plotted against the individual cocaine
intake for each mouse (Figures 2B and 2C). Correlation analysis revealed a significant
correlation between total cocaine intake and POMC mRNA levels in the arcuate nucleus of the
active mice, which self-administered cocaine (R* = 0.27, P < 0.05). In contrast, total cocaine
intake for the yoked control mice, which was controlled by the active mice, was not correlated
with POMC mRNA levels in the arcuate nucleus (R* = 0.02, N.S.). Post-hoc analysis after
correction for incomplete pairs (active N = 17, passive N = 13) confirmed significant positive
correlation between the level of POMC expression and total cocaine intake for active self-
administered cocaine (N = 13, R* = 0.61, P < 0.05, incomplete pairs are indicated by * in
Figure 2B). These findings demonstrate regulation of POMC expression by active cocaine
self-administration, which is a measure for cocaine reinforcement. Therefore POMC, and its
derivative f-endorphin, could be involved in the regulation of cocaine reinforcement.
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FIGURE 2

Effects of active and yoked
administered  cocaine  upon
POMC mRNA expression in the
arcuate nucleus. The nose-poke
responses (mean + SEM) of active
and yoked control C57B1/6 mice
is shown (A); N = 5-6 mice per
dose per type (active or yoked).
POMC mRNA plotted against
individual cocaine intake is
depicted for active (B) and
yoked control (C) mice with N =
17 and N = 13 per group,
respectively. R = Pearson-
correlation  coefficient. (D)
Representative image of POMC
mRNA expression in a coronal
section of the arcuate nucleus,
taken from an active mouse (0.8
ug cocaine/infusion).

* P < 0.05, overall significant
different from yoked control
mice.

# Active mice from incomplete
pairs, tested without a yoked
control mouse.
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GABAergic neurotransmission in the VTA

Here the consequence of the absence of p-opioid receptors for GABAergic neurotransmission
in the VTA was determined. Spontaneous IPSC’s were recorded from dopaminergic neurons,
firing frequencies of both GABAergic neurons and dopaminergic neurons were determined
and miniature IPSC’s were compared for wild-type and p-opioid receptor knockout mice.

Principal neurons in the VTA were identified by the presence of a large hyperpolarization-
activated depolarizing current, I,. To evoke this current 2-second hyperpolarizing pulses (up to
-120 mV) were given. To determine the GABAergic input onto principal dopaminergic
neurons in the VTA, spontaneous inhibitory post-synaptic currents (sIPSCs) were recorded
from dopamine neurons (Figure 3). The frequency of sIPSCs was significantly higher in p-
opioid receptor knockout mice as compared to wild-type mice (3.38 £ 1.01 Hz versus 1.40 +
0.17 Hz, P < 0.05, Student’s #-test, Figure 3A), resulting in a rightward shift in the cumulative
frequency distribution curve (P < 0.001, Kolmogorov-Smirnov, Figure 3B). The amplitude of
sIPSCs was not different between p-opioid receptor knockout mice and wild-type mice (34.24
+ 3.91 pA versus 28.77 £ 1.66 pA, N.S. Student’s #-test, N.S. Kolmogorov-Smirnov, Figure
3C, 3D).

To determine the firing frequency of secondary GABA neurons, current-clamp recordings
were made. Furthermore, current-clamp recordings were made from principal neurons to
determine whether the increased inhibitory input resulted in a reduced activity of these
neurons. In these experiments a number of action potential characteristics were also examined
to add an extra criterion for establishing the identity of the neuron recorded from. Principal
neurons had more depolarised action potential thresholds, longer duration action potentials
and larger undershoots compared to secondary neurons (Table 2). Cells whose action potential
characteristics did not correspond to the identification on basis of the presence of a large I,
were excluded from further analysis.

Threshold Amplitude Undershoot Width at ; max
Principal -21.17£3.04 67.13£1.92 -25.67+3.43 4.27+0.20
Secondary -31.29£1.70 74.61 £1.63 -20.74 £2.07 2.58+0.15

TABLE 2

Action potential characteristics of principal dopamine and secondary GABA neurons in the VTA. The
data represent mean + SEM values for action potential threshold (mV), amplitude (mV), undershoot
(mV) and the action potential width (ms at /2 max).
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FIGURE 3

Enhanced IPSC frequency onto dopaminergic cells in VTA of p-opioid receptor knockout mice.
EPSC’s were recorded from dopaminergic cells in the VTA from p-opioid receptor knockout mice and
wild-type controls.

(A) The average frequency of spontaneous IPSC’s of -/- mice is enhanced as compared to +/+ mice
(mean + SEM). (B) Cumulative probability plots of the frequency distribution of spontaneous IPSC’s of
+/+ mice (@) and -/- mice (0) with significant genotype differences. (C) The average amplitudes of
spontaneous IPSC’s of +/+ and -/- mice (mean + SEM). (D) Cumulative probability plots of the
amplitude distribution of spontaneous IPSC’s of +/+ and -/- mice. (E) and (F) Representative traces
from wild-type (+/+) and p-opioid receptor knockout (-/-) mice, respectively.
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In both the wild-type and p-opioid receptor knockout mice the majority of the secondary
GABA neurons were silent. Only a small proportion of secondary neurons (WT: 3/12, KO:
3/10) fired sporadic action potentials (interval > 5 sec). The cumulative probability plots of the
interval of the remaining neurons showed a significant leftward shift for the knockout animals
compared to the wild-type animals showing an increase in firing activity (P < 0.001,
Kolmogorov-Smirnov, Figure 4B). The resting membrane potential of the silent neurons was
unaltered between the wild-type and p-opioid receptor knockout mice (-35.7 mV + 4.6 versus
—39.7 mV % 1.5 respectively, N = 9 versus 7, P > 0.05, Student’s #-test). Principal neurons
showed a much larger proportion of silent neurons: wild-type animals 16 of 22 neurons tested,
knockout animals 21 of 27 neurons tested. The cumulative probability plot of the remaining
neurons (Figure 4F) showed a small, but significant, rightward shift for knockout animals
compared to wild-type animals indicating a decreased firing activity (P < 0.001, Kolmogorov-
Smirnov). The resting membrane potential of the silent neurons was significantly more
hyperpolarized in principal neurons from p-opioid receptor knockout mice as compared to
wild-type mice (-43.9 mV * 1.6 versus -38.4 mV = 1.7, N =21 and N = 16, respectively, P <
0.05, Student’s #-test). The increased sIPSC frequency observed in dopaminergic neurons of
p-opioid receptor knockout animals therefore appears to be at least partly due to an increase in
firing frequency of local GABAergic interneurons. Furthermore, the increased GABAergic
input results in reduced activity of the dopaminergic neurons.

There are indications that p-opioid receptors are present on presynaptic GABAergic nerve
terminals that synapse on dopaminergic neurons (Garzon & Pickel, 2001; Bergevin et al.,
2002). The absence of p-opioid receptors on presynaptic nerve terminals in knockout mice
could increase the spontaneous release of GABA and thus contribute to the observed increased
amount of sIPSCs observed in dopaminergic neurons. We therefore also examined action
potential-independent release of GABA in wild-type and p-opioid receptor knockout mice by
recording mIPSCs in the presence of 1 uM TTX. The cumulative probability plot of the
frequency was significantly shifted to the right for knock-out animals compared to wild-type
animals (Figure 5B, P < 0.01, Kolmogorov-Smirnov), whereas the amplitude was unaltered
(Figure 5D, P > 0.05, Kolmogorov-Smirnov). The increase in sIPSC frequency might
therefore also be due to an increase in spontaneous GABA release in the p-opioid receptor
knockout mice.
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Firing frequency of secondary GABA neurons and principal dopamine (DA) neurons of wild-type
(+/+) and p-opioid receptor knockout (-/-) mice. Current-clamp recording were made from secondary
GABA neurons and principal dopamine neurons in the VTA of +/+ and -/- mice.

(A) Between-event intervals for the firing GABA neurons. (B) Cumulative probability plot of the
interval distribution of GABA neurons in the VTA of +/+ (@) and -/- (o) mice. (C) and (D) Example
traces of secondary GABA neurons in the VTA of +/+ and -/- mice, respectively.

(E) Between-event intervals for the firing dopamine neurons. (F) Cumulative probability plot of the
interval distribution of principal dopamine neurons in the VTA of +/+ (@) and -/- (0) mice. (G) and (H)
Example traces of principal dopamine neurons in the VTA of +/+ and -/- mice, respectively.

67



Chapter 3

mIPSC Frequency (Hz)
Cumulative Probability

o
o

|
(%209

1 ) T T T T 1
10 20 30 40 50
mIPSC Frequency (Hz)

D

1.0 se."...ununnunu-
LLlg
o0®®

0.8+ o
0.6 H g
0.4

0.2 4

mIPSC Amplitude (pA)
Cumulative Probability

0.0 —lseses®

T T T

T
20 40 60 80 100
mIPSC Amplitude (pA)

FIGURE 5

Miniature IPSC’s recorded from principal dopamine neurons in the VTA of wild-type (+/+) and
p-opioid receptor knockout (-/-) mice in the presence of TTX. The average mIPSC frequencies and
amplitudes are shown in (A) and (C) for +/+ (®) and -/- (0) mice, respectively (mean + SEM). (B) and
(D) represent cumulative probability plots of the mIPSC frequency and amplitute, respectively.
Representative traces are shown for +/+ (E) and -/- (F) mice.

DISCUSSION

Endogenous opioid systems may modulate drug reinforcement through opioid receptors in the
VTA (Herz, 1997; Van Ree et al., 1999). However, direct involvement of p-opioid receptors
in drug reinforcement as determined by acquisition of drug self-administration has not been
established. We report that cocaine self-administration by drug naive p-opioid receptor
knockout mice is impaired as compared to cocaine self-administration by wild-type mice. This
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shows an important role of p-opioid receptors in cocaine reinforcement. The association of
cocaine self-administration with POMC mRNA levels in the arcuate nucleus further suggests
involvement of POMC, and possibly also of POMC-derived peptides such as f-endorphin, in
the regulation of cocaine reinforcement. Finally, our data suggest that increased inhibitory
GABAergic input onto principal dopaminergic neurons in the VTA of p-opioid receptor
knockout mice could provide a mechanism for the reduced reinforcing efficacy of cocaine in
p-opioid receptor knockout mice.

Involvement of p-opioid receptors in cocaine self-administration

Cocaine self-administration by drug-naive p-opioid receptor knockout mice is impaired as
compared to wild-type control mice. This is the first report on cocaine self-administration in
p-opioid receptor knockout mice. Previous studies reported reduced self-administration or
place preference for morphine, heroin, alcohol, nicotine, A’-THC and deltorphin in p-opioid
receptor knockout mice (Matthes et al., 1996; Becker et al., 2000; Roberts et al., 2000; Hall et
al., 2001; Hutcheson et al., 2001; Ghozland et al., 2002; Becker et al., 2002; Contarino et al.,
2002; Berrendero et al., 2002). Merely the motivational properties of cocaine have been
assessed in p-opioid receptor knockout mice and were found not involve p-opioid receptors
(Contarino et al., 2002). The present findings demonstrate that p-opioid receptors play a
critical role in cocaine reinforcement.

The observed reduction in cocaine self-administration in p-opioid receptor knockout mice can
not be attributed to different activity levels as compared to wild-type mice, because there was
no difference between genotypes in the number of nose poke responses during the 10 minutes
pre-test. Furthermore, the nose poke responding of the yoked control mice was not different
between genotypes although wild-type yoked control mice appeared to respond slightly more
than yoked p-opioid receptor knockout mice, which may in fact reflect the higher amount of
cocaine to which yoked wild-type mice were exposed. The lack of a genotype effect upon
non-reinforced nose pokes, both during the pre-test or by the yoked control mice, supports the
specific involvement of p-opioid receptors in cocaine reinforcement. Importantly, the
locomotor response to cocaine in an open field is normal in p-opioid receptor knockout mice
(Lesscher et al., 2003c¢), showing that p-opioid receptors are not required for the locomotor
stimulant effects of cocaine. Thus, p-opioid receptors may be specifically involved in cocaine
reinforcement.

In wild-type mice, actively self-administered but not passively administered cocaine was
positively correlated with POMC mRNA levels in the arcuate nucleus, that is POMC mRNA
levels increased as total active cocaine intake increased. POMC is the precursor of, amongst
others, the p-opioid receptor selective endogenous opioid peptide B-endorphin. Indeed,
B-endorphin levels increase in response to cocaine and also after administration of
amphetamine and alcohol, at least in the nucleus accumbens of rats (Olive et al., 2001; Roth-
Deri et al., 2003; Marinelli et al., 2003). Also, in vivo autoradiography revealed that opioid
levels are increased after cocaine self-administration in rats (Gerrits et al., 1999). Active self-
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administration is a measure for cocaine reinforcement, which requires p-opioid receptor
activation. The positive correlation of active cocaine self-administration with POMC mRNA,
the precursor of B-endorphin, therefore suggests that f-endorphin, through interactions with p-
opioid receptors, may contribute to opioid modulation of cocaine reinforcement. However,
other endogenous opioids such as the novel p-opioid receptor selective endomorphins 1 and 2
(Zadina et al., 1997) or enkephalins, which also have affinity for p-opioid receptors, may also
be involved.

Electrophysiological changes in VTA of pg-opioid receptor knockout mice

The dopaminergic projections of the VTA to the nucleus accumbens are involved in mediating
the reinforcing properties of cocaine (Koob & Nestler, 1997). The opioid antagonist
naltrexone (NTX) reduced the initiation of cocaine self-administration and cocaine
reinforcement only when naltrexone was administered directly in the VTA and not when NTX
was applied to terminal regions of the mesolimbic system, i.e. striatum, prefrontal cortex,
amygdala and nucleus accumbens (Ramsey et al., 1999). Based on these findings, it is likely
that particularly the loss of p-opioid receptors in the VTA contributes to the reinforcement
phenotype of p-opioid receptor knockout mice.

In the VTA p-opioid receptors are located on secondary, GABAergic, neurons, of which at
least a subset are thought to be local interneurons providing inhibitory input onto principal,
dopaminergic, neurons (Johnson & North, 1992a; Johnson & North, 1992b; Garzon & Pickel,
2001; Garzon & Pickel, 2002). Activation of p-opioid receptors on secondary neurons results
in hyperpolarization and subsequent depression of spontaneous inhibitory potentials on
principal neurons (Johnson & North, 1992a). Here, we show that the basal frequency of
sIPSCs onto principal dopaminergic neurons is increased in mice lacking the p-opioid receptor
compared to wild-type mice, whilst the amplitude is unaltered. This shows an increased
inhibitory input onto principal dopaminergic neurons in these mice.

The increased sIPSC frequency might be a reflection of increased secondary cell firing, as we
find an increased firing frequency of spontaneously active secondary neurons in p-opioid
receptor knockout mice compared to wild-type mice. In addition, the increased inhibitory
input onto principal neurons might also result from enhanced action potential-independent
GABA release from GABAergic nerve terminals synapsing onto principal neurons. The
increase in the frequency but unchanged amplitude of mIPSC’s show that also action
potential-independent release is increased. We therefore conclude that the increase in sIPSC
frequency results from both increased secondary cell firing and increased action potential-
independent GABA release.

The firing activity of active principal dopamine neurons was reduced in p-opioid receptor
knockout mice as compared to wild-type mice. Also, the resting membrane potential of
principal neurons from p-opioid receptor knockout mice was more hyperpolarized than that of
principal neurons from wild-type mice, possibly as the result of increased inhibitory input to
these neurons. GABAergic inhibition can indeed affect the firing activity of dopaminergic
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cells. For instance, blockade of GABAergic projections to principal dopamine neurons in the
substantia nigra pars compacta, caused burst firing in vivo (Tepper et al., 1995). Furthermore,
activation of GABA GABA, and GABAg receptors reduces drug self-administration (Xi &
Stein, 1999; Brebner et al., 2000; Corrigall et al., 2000; Xi & Stein, 2000; Campbell et al.,
2002) and bicuculline, a GABA, receptor antagonist is self-administered locally in the VTA
by mice (David et al., 1997). Addition of agonists for the p-opioid receptor, which reduces
firing of secondary neurons, does not result in increased firing of principal neurons in vitro
(Johnson & North, 1992a; Korotkova et al., 2002). In addition, principal neurons do not show
spontaneous burst firing behaviour in vitro (Johnson & North, 1992b; Seutin et al., 1993;
Wang & French, 1993). This burst firing, which is observed in vivo, is an important
mechanism through which principal dopamine neurons can increase their dopamine release in
the nucleus accumbens (Suaud-Chagny et al., 1992). Principal neurons switch to burst firing
when the animal is presented with certain salient stimuli that result in a behavioural response
of the animal (Miller et al., 1981; Schultz et al., 1997; Schultz, 1998). Differences between pi-
opioid receptor knockout mice and wild-type mice in the activity of principal neurons may
only become apparent when bursting of principal neurons is required. In case of the p-opioid
receptor knockout mice the increase in inhibitory GABAergic input may result in a heightened
threshold for the induction of burst firing and accompanying behavioural response.

In conclusion, the present finding of impaired self-administration by p-opioid receptor
knockout mice demonstrate an important role of p-opioid receptors in cocaine reinforcement,
probably through regulation of inhibitory neurotransmission in the VTA.
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Chapter 4

ABSTRACT

Opioid receptors in the ventral tegmental area, predominantly the p-opioid receptors, have
been suggested to modulate reinforcement sensitivity for both opiate and non-opiate drugs of
abuse. The present study was conducted to study signal transduction proteins, which may
mediate the functioning of p-opioid receptors in the neurons of the ventral tegmental area.
Therefore, brain slices of the ventral tegmental area were exposed in vitro to the specific p-
opioid receptor agonist fentanyl and immunohistochemically stained for four different
activated proteins using phospho-specific antibodies. Fentanyl dose-dependently activated
extracellular signal-regulated protein in brain slices of the ventral tegmental area. This
activation was reversible with naloxone. Furthermore, naloxone itself also activated
extracellular signal-regulated protein kinase. Under the present conditions fentanyl did not
affect extracellular protein kinase kinase 1 and 2 (MEK1/2), Stat and cyclic AMP-response
element-binding protein (CREB) activity. The direct activation of extracellular signal-
regulated protein kinase in ventral tegmental area slices by the p-opioid receptor agonist
fentanyl may suggest a role of extracellular signal-regulated protein kinase in reward
processes.

74



ERK1/2 activation by fentanyl in the VTA

INTRODUCTION

Endogenous opioid systems have been implicated in reinforcement. Especially p-opioid
receptors in the ventral tegmental area (VTA) appear to be involved in both cocaine and
ethanol reinforcement (Van Ree et al., 1999). For instance, self-administration studies in rats
suggest that p-opioid receptors in the VTA can modulate the initiation of cocaine self-
administration. In both drug-naive rats and mice, treatment with opioid antagonists decreased
cocaine intake (De Vry et al., 1989; Kuzmin et al., 1997a). In fact, naltrexone caused a
rightward shift in the dose-response curve for cocaine, indicating that cocaine is less
reinforcing after opioid blockade. Furthermore local injection of the opioid antagonist
naltrexone into the VTA also reduced acquisition of cocaine self-administration, whereas
injections of naltrexone in the caudate, amygdaloid or accumbens nuclei as well as in the
prefrontal cortex did not affect cocaine self-administration (Ramsey et al., 1999). Injection of
the specific p-opioid receptor agonist DAMGO and the antagonist CTOP into the VTA also
altered reinforcement processes for cocaine (Corrigall et al., 1999b). Taken together these
studies suggest that p-opioid receptors in the VTA are involved in sensitivity to drugs of
abuse.

The cloning of the opioid receptors has facilitated the investigation of signalling pathways
involved in opioid receptor mediated functioning. The elucidation of signal transduction
pathways coupled to the p-opioid receptor in neurons in the ventral tegmental area may add
further to the understanding of mechanisms underlying differences in sensitivity to drugs of
abuse. From studies using transfected cell lines it appears that opioid receptors are coupled to
multiple signal transduction pathways. Due to the availability of antibodies against different
phospho-proteins it is now possible to investigate signal transduction pathways in situ
(Reijmers et al., 2000). In vivo studies suggest a role of cAMP-response-element binding
protein (CREB), extracellular signal-related protein kinase (ERK) and ERK kinases 1 and 2
(MEK1/2) in opioid receptor mediated signalling (Guitart et al., 1992; Ortiz et al., 1995;
Berhow et al., 1996; Widnell et al., 1996; Lane-Ladd et al., 1997; Schulz & Hollt, 1998).
However these studies used nonselective opioid agonists which were injected systemically,
either acute or chronically. Most of these studies did not concern the VTA: only Berhow et al.
(1996) described activation of ERK in the VTA after chronic but not acute systemic morphine
treatment. In the present study, signal transduction proteins coupled to the p-opioid receptor in
brain slices of the VTA were investigated. The in vitro approach was chosen to ensure
detection of acute and local effects in the VTA. After stimulation with the specific p-opioid
receptor agonist fentanyl immunoreactivity was determined for phosphorylated CREB, ERK,
MEK1/2 and Stat. These proteins were chosen based on known signal transduction pathways
for p-opioid receptors and availability of phospho-specific antibodies.
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MATERIALS AND METHODS

Animals and tissue preparation

Male Wistar rats (200 gram; GDL Utrecht University) were housed in pairs in Macrolon® type
IIT cages with water and food pellets ad libitum; environmental conditions were controlled
(22°C and 50% humidity; lights on at 7:00 h and lights off at 19:00 h). The experimental
procedures were approved by the Ethical Committee for Animal Experiments of the
University Medical Center Utrecht.

For the in vitro procedures rats were killed by decapitation and brains were quickly dissected
and transferred to ice-cold Krebs-Ringer solution (124 mM NaCl, 3.3 mM KCI, 1.2 mM
KH,PO,, 1.3 mM MgSO,, 10 mM glucose, 20 mM NaHCOs3, 2.5 mM CacCl,). Midbrain tissue
blocks were cut from approximately -4.8 mm to -7.3 mm posterior to bregma, according to the
Rat Brain atlas (Paxinos & Watson, 1998). The tissue was fixed on a specimen plate with
cyanoacrylate glue and 2% agarose and subsequently 500 pm coronal vibratome (Vibratome®
Series 1000) slices were cut in ice-cold Krebs-Ringer solution, oxygenated with 95%0, /
5%CO0,. As an example, one hemisphere of a slice is schematically depicted in figure 1A. Of
each animal two slices cut at the level of the VTA were included in the experiment, which
were assigned to one treatment group and were considered one sample.

In vitro procedures

The 500 pm thick VTA slices were allowed to rest for 1.5 h at room temperature in
oxygenated Krebs-Ringer solution. Slices were then transferred to oxygenated 30°C Krebs-
Ringer solution for another 30 minutes: 15 minutes acclimatisation followed by 15 minutes
treatment.

Experiments
Experiment 1, screening

With phospho-specific antibodies the possible involvement of four intracellular signal
transduction proteins in ventral tegmental p-opioid receptor mediated signalling was studied.
Herefore, rat VTA brain slices were stimulated with the p-opioid receptor agonist fentanyl
(Janssen Pharmaceutica B.V., Tilburg, The Netherlands) in vitro (N=4). The experimental
procedures were validated using three control groups. Fresh tissue and pre-incubated tissue,
i.e. tissue that was fixed after a total 2 h (1.5 h room temperature + 30 min 30°C) incubation in
Krebs-Ringer without additives, were included to check for pre-incubation effects. Further, to
check for tissue viability, tissue was stimulated with 50 mM KCI (KCl was added to the
medium at t = 105 min). For the experimental groups the sodium channel blocker tetrodotoxin
(TTX, 1 uM, Tocris, UK) was used to prevent indirect effects due to depolarization of target
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cells (TTX was added to the incubation medium at t = 90 min). The three experimental groups
were TTX alone, TTX+ 0.1 uM fentanyl and TTX+ 0.5 uM fentanyl (fentanyl was added to
the medium at t= 105 min). The 15 minutes incubation time with fentanyl was chosen since
according to many studies the peak activity of most phospho-proteins lies within the range of
10-20 minutes. The fentanyl concentrations were chosen from a study on inositol (1,4,5)-
triphosphate formation by fentanyl in SH-SYS5Y neuroblastoma cells (Smart et al., 1994) and
comparable studies on cell cultures which used either DAMGO or morphine (Kp in the range
of that of fentanyl, (Johnson et al., 1994; Fukuda et al., 1996; Li & Chang, 1996; Gutstein et
al., 1997; Selley et al., 1997; Polakiewicz et al., 1998; Ai et al., 1999; Schmidt et al., 2000).
After a total 2 h of incubation the slices were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight. The slices were stored in 0.1% sodium-azide in 0.1 M
Tris-buffered saline (TBS, pH 7.4) until further processing.

Experiment 2, ERK activation repeat experiment

To confirm the observed dose-dependent activation of ERK by acute stimulation with fentanyl
the experiment was repeated with the same doses of fentanyl: 77X alone, 77X + 0.1 uM
fentanyl and TTX + 0.5 uM fentanyl (N=6). Fresh tissue was not included since ERK activity
was not different in pre-incubated tissue compared to fresh VTA slices in experiment 1. As an
internal control, additional measurements were made in the substantia nigra reticularis, in
which area moderate levels of p-opioid receptors are expressed (Ding et al., 1996).

Experiment 3, Specificity of ERK activation for the p-opioid receptor

To check for specificity of the effects of fentanyl upon p-ERK immunoreactivity for the p-
opioid receptor the opioid antagonist naloxone was used. The concentration of naloxone was 5
uM; naloxone was added at t = 100 min. Previous studies used either 1 or 10 uM naloxone to
demonstrate opioid receptor involvement in responses to DAMGO or morphine (Smart et al.,
1994; Fukuda et al., 1996; Gutstein et al., 1997; Polakiewicz et al., 1998; Ai et al., 1999;
Schmidt et al., 2000). Based on these studies the intermediate dose of 5 uM naloxone was
chosen to examine opioid receptor involvement in the fentanyl-induced activation of ERK in
this study. 1 uM TTX-treated slices and tissue slices exposed to the combination of 1 pM
TTX and 0.5 pM fentanyl were included, which had been incubated in presence or absence of
naloxone (N=38).

Immunohistochemistry

Polyclonal rabbit antibodies against phosphorylated kinases and transcription factors were
chosen from a broad range of signal transduction pathways. We used antibodies against
phosphorylated ERK (=p42/p44 ERK) from Promega (Madison, WI, USA), MEK1/2 (p-
MEK1/2; Ser217/221) and p-Stat (Tyr705) from New England Biolabs (Beverly, MA, USA),
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and p-CREB antibody from Upstate Biotechnology (Waltham, MA, USA). These antibodies
were specific as checked on a western blot loaded with VTA homogenate.

The fixed VTA slices were cut down to 40 um thick vibratome slices and free-floating
immunohistochemistry was performed. Slices (one in experiment 1, two in experiment 2) from
two to three animals within one treatment group were processed within the same incubation
chamber and a net-well system was used to ensure that incubation times were exactly the same
for all groups. Slices were rinsed with TBS, preincubated with 5-10 mg/ml
sodiumborohydride in TBS for 20 minutes, rinsed with TBS, preincubated with 3% H,O, in
TBS and rinsed again. The slices were incubated in supermix (TBS with 0.5% triton-X-100
and 0.25% gelatine) containing a phospho-specific antibody (anti-p-ERK (1:3200), anti-p-
MEK1/2 (1:800), anti-p-Stat (1:800) or anti-p-CREB antibody (1:2500)) for 1 h at room
temperature followed by 48 h at 4°C while shaking on a rocking table. Slices were again
rinsed with TBS and incubated with biotinylated goat anti-rabbit IgG (1:500; Vector,
Burlingame, USA) in supermix for 1 h at room temperature while shaking. After rinsing with
TBS the slices were then incubated with avidin-biotin complex coupled to peroxidase (1:1000
Vectastain ABC; Vector) in supermix for 2 h at room temperature. Finally, the slices were
rinsed with TBS and stained with 0.5 mg/ml diaminobenzidine (Sigma, Zwijndrecht,
Netherlands) in TBS containing 0.2% nickelammoniumsulphate and 0.01% H,0,. The
enzymatic reaction was stopped in TBS and the slices were mounted on gelatine-coated slides,
dehydrated in graded ethanol, embedded and coverslipped.

Image Analysis

Slices were examined and images were taken using a MCID image analyser (Interfocus,
Suffolk, UK) coupled to a microscope (Zeiss, NL). For quantitative analysis of the
immunoreactivity (IR) for the different phospho-proteins, performed with the same MCID
system, we used images of the VTA (20x objective) at -5.80 mm posterior to bregma,
according to the Rat Brain atlas (Paxinos and Watson, 1998).

The staining pattern for p-CREB, p-MEKI1/2 and p-Stat was punctate, hence proportional
grain area was chosen for quantification of the IR for these proteins. The staining pattern for
p-ERK was more diffuse and therefore optical density was used as the parameter for the
quantification of p-ERK IR. Per animal average immunoreactivity was calculated from single
measurements from both hemispheres of either one (experiment 1) or two slices (experiments
2 and 3).

Statistical Analysis

For statistical analysis of the data one- or two-way ANOVA (SPSS® 9.0 for Windows) was
used, followed by post-hoc comparisons using Student’s ¢ tests. Overall analysis compared
TTX, TTX + 0.1 uM fentanyl and TTX + 0.5 uM fentanyl groups for experiments 1 and 2.
Similar analysis was performed after combination of the data of the experiments 1 and 2,

78



ERK1/2 activation by fentanyl in the VTA

taking the factor experiment into account. For the naloxone experiment an overall analysis
was performed for TTX, TTX + naloxone, TTX + fentanyl and TTX + fentanyl + naloxone. In
addition, separate analyses examined the effects of fentanyl (TTX versus TTX + 0.5 uM
fentanyl, in absence of naloxone) and effects of naloxone itself. Data are represented as mean
* SEM; significance was accepted at P < 0.05.

RESULTS

Validation of experimental procedures

The data for the control groups for the different experiments are summarised in Table 1.
Compared to fresh tissue, p-MEK1/2, p-Stat and p-CREB immunoreactivity (IR) was reduced
after pre-incubation (Table 1a). 50 mM KCI stimulation did not affect the immunoreactivity
for p-MEK1/2, p-Stat and p-CREB. For p-ERK no difference between fresh and pre-incubated
tissue was observed (Table 1b). In the repeat experiment only pre-incubated tissue was
included. Exposure to 50 mM KCI increased p-ERK immunoreactivity. TTX did not
significantly affect IR for p-MEK1/2, p-Stat, p-CREB and p-ERK as compared to pre-
incubated tissue (compare Tables 1 and 2).

In vitro activation of signal transduction proteins by fentanyl in the ventral
tegmental area

Out of four antibodies tested only phosphorylated ERK (p-ERK) showed a response to 15
minutes in vitro incubation with fentanyl, a specific p-opioid receptor agonist. Microscopic
examination of the VTA slices stained for p-ERK revealed differences in the density of the
staining across groups (Figure 1): p-ERK IR was more dense for the fentanyl-treated slices
than for the TTX-treated control slices.

FIGURE 1
Phospho-ERK immunoreactivity in VTA brain slices treated in vitro with fentanyl. Images were taken

at —5.80 mm to bregma according to the Rat Brain Atlas (Paxinos and Watson, 1998) as schematically
drawn in (A). Panel (B) shows p-ERK immunoreactivity for TTX-treated tissue and in panel (C) a
representative example is shown of TTX + 0.5 uM fentanyl-treated VTA slices. Calibration bar: 100
uM
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Quantitative analysis of the slices, for which we used optical density as a parameter,
confirmed the microscopic observations (Table 2). Fentanyl increased p-ERK
immunoreactivity (IR) in in vitro treated VTA slices (overall effect: F(2,11)=9.6, P < 0.01).
Post-hoc analysis revealed significant differences between TTX and TTX + 0.1 pM fentanyl
(P <0.05) and TTX + 0.5 uM fentanyl (P < 0.01), thus the ERK activation by fentanyl was
dose-dependent. No effects of fentanyl upon p-MEK1/2, p-Stat or p-CREB IR (proportional
grain area) were observed (see Table 2). Western blot proved specificity of the antibody for
phosphorylated ERK (p42/p44 ERK) as shown in Figure 2.

A p-MEK1/2 p-Stat p-CREB

Proportional grain area

fresh tissue 0.046 £ 0.001 0.044 +0.009 0.038 +0.008
pre-incubated tissue 0.015+0.002 0.015+0.006 0.019 £ 0.008
50 mM KCI? 0.020 £ 0.005 0.015+0.006 0.020 +0.021

B p-ERK optical density

Experiments 1 + 2  Naloxone experiment (3)

fresh tissue 0.171 +£0.037° -
pre-incubated tissue 0.247 + 0.039 0.237 £0.018
50 mM KCI® 0.338 £ 0.029 -

TABLE 1

Validation of experimental procedures. The data for the control groups for p-MEK1/2, p-Stat and
p-CREB IR from experiment 1 (N=4) are shown in (A). The data for the control groups for p-ERK IR
of experiments 1 and 2 together (N=10) and p-ERK IR of control tissue from the naloxone experiment
(N=8) are summarised in (B). Data are represented as mean = SEM.

% Pre-incubated tissue, ° Data from experiment 1 only

p-ERK p-MEK1/2 p-Stat p-CREB
Optical density Proportional grain area
TTX 0.115 + 0.021 0.013 +£ 0.004 0.016 + 0.004 0.005 + 0.002
TTX + 0.1 yM fentanyl ~ 0.219 + 0.013° 0.022 + 0.009 0.024 + 0.003 0.010 £ 0.003
TTX + 0.5 uM fentanyl ~ 0.246 + 0.017° 0.020 + 0.008 0.017 £ 0.003 0.008 + 0.002

TABLE 2

Exposure of ventral tegmental brain area slices to fentanyl: effects upon signal transduction proteins
(experiment 1).

TTX was added during pre-incubation. The data are shown for p-ERK (optical density) and for
p-MEK1/2, p-Stat and p-CREB (proportional grain area). Data are represented as mean + SEM.
Student’s t-tests: * vs. TTX tissue, P < 0.05 and b ys. TTX tissue, P <0.01 (N=4)
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KDa FIGURE 2

Representative autoradiogram of a phospho-ERK Western blot
1 50 mt loaded with VTA homogenate. The detection of merely p42 and
p44 ERK confirms the specificity of the antibody for
phosphorylated ERK (=p42/p44 ERK).
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ERK activation by fentanyl in VTA slices in vitro

To verify the finding that fentanyl activated ERK in the in vitro approach the experiment was
repeated and similar results were found. Data for p-ERK IR from the two experiments
revealed that there was an overall dose-dependent effect of fentanyl upon p-ERK IR: fentanyl
increased p-ERK IR relative to TTX control slices (F(2,30)=6.7, P < 0.01) (Figure 3a). No
interaction between treatment and experiment was present (F(2,30)=0.37, P = 0.70). Post-hoc
analysis revealed significant differences in p-ERK IR between TTX and both 0.1 uM fentanyl
and 0.5 pM fentanyl treated tissue (P < 0.05 and P < 0.01, respectively). Additional
measurements from the substantia nigra reticularis (SNR), which were included as internal
controls, not reveal activation of ERK by fentanyl. p-ERK IR in SNR: 0.124 + 0.031 for TTX,
0.130 £0.015 for TTX + 0.1 uM fentanyl and 0.116 + 0.028 for TTX + 0.5 uM fentanyl.

Involvement of p-opioid receptors in fentanyl-induced activation of ERK

Overall analysis revealed a significant interaction between naloxone and fentanyl treatment
(treatmentxnaloxone F(1,19)=4.6, P < 0.05, Figure 3b). Consistent with previous experiments
we observed an increase in p-ERK IR in VTA slices after treatment with 0.5 uM fentanyl in
presence of TTX (F(1,15)=9.2, P < 0.01). Naloxone itself increased p-ERK IR both in pre-
incubated tissue without TTX treatment and in TTX treated tissue. A two-way ANOVA
revealed an effect of naloxone (F(1,28)=5.3, P <0.05).
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FIGURE 3

ERK activation by fentanyl in VTA brain slices in vitro. Fentanyl increased p-ERK IR dose-
dependently in rat VTA slices (A) (N=10). The activation of ERK by fentanyl was reversed by the
opioid antagonist naloxone (B) (N=8). Data are represented as mean + SEM.

* P <0.05, ** P <0.01, significant from TTX treatment.
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DISCUSSION

In the present study we show activation of ERK, a member of the mitogen-activated protein
kinase (MAPK) family, by the specific p-opioid receptor agonist fentanyl in rat VTA brain
slices. Further, the opioid antagonist naloxone reversed the fentanyl-induced activation of
ERK. Our data suggest that fentanyl activates ERK dose-dependently via an opioid-receptor
mediated mechanism in VTA brain slices in vitro.

Out of four phospho-proteins only ERK showed a dose-dependent response to fentanyl
treatment in VTA slices in an in vitro approach. Although opioid-mediated regulation of Stat
has not been reported previously, effects upon ERK, MEK1/2 and CREB activity could be
expected considering previous studies. For example, MEK1/2 activation by an opioid has been
described previously, however only for the 6-opioid receptor agonist deltorphin (Hedin et al.,
1999). Several studies reported CREB regulation by opioids. For example, Guitart and
colleagues reported that acute morphine decreased the state of phosphorylation of CREB
(Guitart et al., 1992). Acute precipitation of opiate withdrawal increased the levels of
phosphorylated CREB. Further, chronic exposure to morphine increased levels of CREB in
the locus coeruleus of the rat (Lane-Ladd et al., 1997). Widnell et al. (1996) showed decreased
CREB immunoreactivity in the nucleus accumbens after chronic but not acute morphine. The
lack of opioid-mediated regulation of MEK1/2 and CREB in the present study may be
explained by the use of different opioid agonists. CREB and MEK1/2 activation has only been
reported for the relatively non-specific opioid agonist morphine and for the 3-opioid receptor
agonist deltorphin, respectively. Therefore opioid-induced activation of CREB and MEK may
be mediated by 6- and k- but not by p-opioid receptors. Further different experimental
conditions e.g. treatment time and the brain region studied may explain the lack of MEK1/2 or
CREB activation in the present study. For example, MEK /2 activation by deltorphin peaked
at 5 min treatment time and reached basal levels after 10 min (Hedin et al., 1999), suggesting
that after 15 min exposure as was done in the present study MEK1/2 phosphorylation levels
may have returned to basal levels. Thus although no effects upon MEK1/2, CREB or Stat
phosphorylation state were observed, the possibility of their involvement in opioid-mediated
signalling can not be ruled out.

In transfected cell lines, ERK activation by opioid agonists has been shown previously
(Fukuda et al., 1996; Li & Chang, 1996; Gutstein et al., 1997; Polakiewicz et al., 1998;
Belcheva et al., 1998; Ai et al., 1999; Schmidt et al., 2000). /n vivo studies on opioid-mediated
ERK activation have mostly dealt with chronic effects of systemic morphine. Moreover,
results of these studies were controversial: chronic exposure to morphine decreased ERK
activity in one study (Schulz & Hollt, 1998), whereas the same treatment, but not acute
morphine administration, increased ERK activity in other studies (Berhow et al., 1996; Ma et
al., 2001). Berhow et al. found increased ERK activity after chronic morphine in the VTA and
hence their results may agree with the present findings obtained in brain slices after in vitro
exposure.
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ERK activation induced by an acute stimulation with a specific p-opioid agonist in a
physiologically relevant system, as the VTA brain slices used for the present study has not
been shown previously. Further, the in vitro approach, the use of the sodium channel blocker
tetrodotoxin (TTX), preventing depolarisations, and naloxone blockade ensured the detection
of merely direct cellular p-opioid receptor mediated effects. Our findings indicate a possible
role of ERK in the acute effects of p-opioid agonists in the VTA. As such ERK may have a
role in reward processes. In fact, a role of the mitogen-activated protein kinases (MAPK), of
which ERK is a subtype, in cocaine responsiveness has been suggested previously. Treatment
with a MAPK Kinase (MEK) inhibitor before cocaine reduced cocaine-induced
hyperlocomotion (Valjent et al., 2000) and blocked sensitisation to the locomotor activating
effects of cocaine (Pierce et al., 1999). Valjent et al. (2001) demonstrated ERK activation in
the striatum and nucleus accumbens by A’-tetrahydrocannabinol (A’-THC). Furthermore
inhibition of ERK by the MEK inhibitor SL.327 impaired THC induced place preference. With
regard to opioid reward, involvement of ERK has not been studied so far. It has been shown
that MAPK is involved in p-opioid receptor desensitisation: a feedback signal emanating from
the MAPK pathway appears to be required for p-opioid receptor desensitisation, although
internalisation is not required for MAPK activation by opioids (Polakiewicz et al., 1998;
Kramer & Simon, 2000).

Since ERK activation by fentanyl was dose-dependent, an in vitro approach as described here
may further be applicable to monitor changes in sensitivity of the p-opioid receptor system in,
for example, animal models for altered sensitivity to reinforcing effects of drugs.

Interestingly, naloxone activated ERK in VTA slices for both preincubation and TTX
conditions. Naloxone did block the effects of fentanyl upon ERK phosphorylation, thus acting
as an antagonist in the presence of fentanyl as expected. Our data suggest that naloxone may
act as a partial agonist in absence of fentanyl with antagonistic properties in presence of
fentanyl. In support of non-classical behaviour of this opioid antagonist, partial agonist actions
as well as inverse agonist properties have been suggested for naloxone previously in
transfected cell lines (Fukuda et al., 1998; Wang et al., 1999). Further, Cruz and colleagues
(1996) showed inverse agonist activity of naloxone in guinea-pig ilea preparations. However,
studies which used p-opioid receptor transfected cell lines do not support the present findings:
naloxone blocked opioid-induced effects upon ERK activity, but when administered alone
naloxone did not affect basal ERK activity in transfected CHO-K1 cells (Ai et al., 1999).
Since there are no indications of partial agonist-like properties of naloxone in ERK-activation
from studies using cell lines, we may speculate that cell-specific properties of receptor
activation or participation of other receptor systems in the VTA may account for the naloxone-
induced activation of ERK in the present study.
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In conclusion we show that the specific p-opioid receptor agonist fentanyl induced ERK
activation in a dose-dependent manner in rat VTA brain slices. Assuming a significant role of
VTA p-opioid receptors in reward processes (Van Ree et al., 1999) the signal transduction
pathways involving ERK may be involved in the cellular mediation of reward as supported by
cocaine sensitization and A’-THC place preference studies (Pierce et al., 1999). The direct and
dose-dependent activation of ERK may further provide a tool to test opioid efficacy, possibly
in animal models relevant for addiction proneness. Future research on the intracellular
mechanisms coupled to p-opioid receptor activation in the VTA may provide more insight in
the mechanisms underlying individual proneness to addiction and hence may contribute to the
prevention of drug dependence.
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ABSTRACT

Although p-opioid receptors have been extensively investigated for their role in drug
reinforcement, little is known about the contribution of these receptors to the acute and
sensitized locomotor response to cocaine. In this study p-opioid receptor involvement in acute
cocaine-induced locomotor activity and in the development of cocaine-induced behavioural
sensitization was evaluated using p-opioid receptor knockout mice and chronic naltrexone
(NTX) pre-treatment as models. In addition, co-administration of the specific p-opioid
receptor antagonist CTOP with repeated saline or cocaine injections was used to establish the
involvement of p-opioid receptors in sensitization to the locomotor stimulant effects of
cocaine.

The acute locomotor response to cocaine (3, 10, 20 or 30 mg/kg i.p.) of p-opioid receptor
knockout or chronic NTX pre-treated mice was not different from the cocaine response of
their respective controls. With respect to cocaine-induced behavioural sensitization, induced
by daily injections of 20 mg/kg cocaine for 11 subsequent days, p-opioid receptor knockout
mice developed behavioural sensitization to the locomotor stimulant effects of cocaine
(challenge 10 mg/kg i.p.) comparable to wild-type littermates and the p-opioid receptor
antagonist CTOP did not affect cocaine-induced sensitization either. However, mice which
were pre-treated with NTX exhibited augmented cocaine-induced behavioural sensitization
relative to placebo pre-treated controls, which may be ascribed to increased §-opioid receptor
levels as has been described for chronic NTX pre-treated mice. The present findings suggest
that p-opioid receptors are not required for the acute locomotor response to cocaine nor are
they essential for the development of cocaine-induced behavioural sensitization.
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INTRODUCTION

Repeated intermittent exposure to cocaine enhances the locomotor stimulant effects of cocaine
upon a subsequent exposure. This phenomenon, behavioural sensitization to the motor
stimulant effects of drugs, is thought to reflect long-term adaptations to chronic drug exposure
that may underlie certain aspects of drug addiction (Robinson & Berridge, 2000). A single
exposure to cocaine can be sufficient to induce long-lasting sensitization to the locomotor
stimulant effects of cocaine (Vanderschuren et al., 1999), possibly through long-term
potentiation of dopamine neurons in the ventral tegmental area (VTA) (Ungless et al., 2001).
Repeated intermittent pre-exposure to cocaine also facilitated the subsequent acquisition of
cocaine self-administration (Horger et al., 1990; Piazza et al., 1990). Furthermore pre-
exposure to e.g. amphetamine, cocaine and morphine enhanced the conditioned motivational
effects of the respective drug (Lett, 1989; Shippenberg & Heidbreder, 1995a). Thus, repeated
exposure to drugs of abuse induces long-term adaptations, which contribute to sensitization to
the locomotor stimulant and motivational effects of these drugs.

Involvement of endogenous opioid systems in drug reinforcement has been demonstrated
repeatedly in laboratory animals (Herz, 1997; Van Ree et al., 1999). Opioid antagonists reduce
cocaine and ethanol self-administration (De Vry et al., 1989; Froehlich et al., 1990; Kornet et
al., 1991; Kuzmin et al., 1997a; Stromberg et al., 1998), primarily through p-opioid receptors
in the VTA (Ramsey et al., 1999; Lesscher et al., 2003b). Endogenous opioid systems have
also been implicated in behavioural sensitization induced by psychostimulants. For example,
the non-selective opioid antagonist naltrexone (NTX) prevented the development of cocaine-
induced behavioural sensitization (Sala et al., 1995). The selective 6-opioid receptor
antagonist naltrindole blocked the development, but not the expression, of sensitization to the
locomotor stimulant effects of cocaine (Heidbreder et al., 1993a; Heidbreder et al., 1996).
Moreover, sensitization to the conditioned effects of cocaine was prevented when naltrindole
was given together with repeated cocaine injections (Shippenberg & Heidbreder, 1995b).
Effects of k-selective opioid receptor agonists, both exogenous and endogenous, upon
behavioural sensitization have been reviewed elsewhere (Shippenberg & Rea, 1997). In short,
sensitization to the conditioned effects of cocaine or amphetamine, as apparent after pre-
exposure to a psychostimulant, was abolished when k-opioid receptor agonists were
administered in combination with the psychostimulant (Shippenberg et al., 1996). In addition,
K-opioid receptor agonists reduced sensitization to the locomotor stimulant effects of cocaine
(Heidbreder et al., 1993b; Heidbreder et al., 1995 but Vanderschuren et al., 2000). Taken
together, these studies indicate that 5- and k-opioid receptors are involved in the development
of cocaine-induced behavioural sensitization. In contrast, little is known about the role of p-
opioid receptors in sensitization to the (locomotor) effects of cocaine. Interestingly, data from
a recent study suggested that p-opioid receptors may also contribute to cocaine-induced
behavioural sensitization (Yoo et al., 2003).

The aim of this study was to establish the involvement of p-opioid receptors in acute cocaine-
induced locomotor activity and in cocaine-induced behavioural sensitization. The possible role
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of p-opioid receptors in the acute locomotor response to cocaine and in cocaine-induced
behavioural sensitization was investigated using p-opioid receptor knockout mice, co-
administration of the p-opioid receptor selective antagonist CTOP (Hawkins et al., 1989) and
by means of chronic NTX pre-treated mice. Chronic NTX pre-treatment was included in this
study because chronic exposure of mice to NTX results in an increase in p-opioid receptor
binding sites, although §-opioid receptor binding is also increased by this pre-treatment albeit
to a lower extent and up-regulation of k-opioid receptors after chronic NTX exposure is
restricted to cortical regions (Yoburn et al., 1988; Lesscher et al., 2003a).

MATERIALS AND METHODS

Animals

Male mice, either C57B1/6Jico mice (Charles River, 1’ Arbresle, France) or p-opioid receptor
knockout and wild-type mice derived from heterozygous breeding (GDL, Utrecht), aged 2-3
months were group housed (2-4) in extended Macrolon® type I cages with water and food
pellets available ad libitum. Environmental conditions were controlled (22°C and 50%
humidity; lights on at 7:00 a.m. and lights off at 7:00 p.m., GDL Utrecht University). The
experimental procedures were approved by the Ethical Committee for Animal Experiments of
the University Medical Center Utrecht.

M-Opioid receptor knockout mice

The p-opioid receptor knockout and wild-type mice used for this experiment have been
described previously and were on a mixed 129Sv/C57BI6 background (Schuller et al., 1999).
No detectable binding of "HIDAMGO or p-opioid receptor transcript was present in p-opioid
receptor knockout mice and there is no evidence for compensatory changes in other opioid
receptor subtypes: binding to 6-opioid receptor subtypes was comparable between genotypes
and 6- and k- and ORL-1 receptor mRNA levels were also unchanged (Schuller et al., 1999).
Wild-type (+/+) and homozygous knockout (-/-) mice were obtained from heterozygous
breeding. The mice used in the present study were on a C57Bl6/Jico background after 6-7
back-crossings to C57Bl6/Jico mice (Charles River, 1'Arbresle, France). The mice were
genotyped by PCR on genomic DNA isolated from tail tips. The mutant product was 700 bp,
the wild-type product 525 bp; the three primers used were outside the mutation site (5" GAC
TTT CCT GGC TGA TGC AAA CAA CCT 3'), within the mutation site (5' CAT GGT TCT
GAA TGC TTG CTG CGG ACT 3’) and within the neomycin box (5' CTA CCT GCC CAT
TCG ACC ACC AA 3').
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Chronic naltrexone (NTX) treated mice

At least one week after transportation, C57Bl/6Jico mice from Charles River (L’Arbresle,
France) received a pellet containing 15 mg NTX or a corresponding placebo pellet, which was
implanted subcutaneously in the nape of the neck under isoflurane anaesthesia (2% / 53% N,O
/ 45% O,) (day 1). NTX and placebo treatments were randomly assigned and mice of both
treatment groups were housed together (2 of both per cage). On day 8 the pellet was removed
(2% isoflurane / 53% N,O / 45% O,). All experiments described here commenced 48 hrs after
pellet removal, i.e. on day 10.

Acute cocaine-induced locomotor activity

Experiment 1. p-Opioid receptor knockout mice; Experiment 2. Chronic NTX treated
mice

Clear plexiglass cylinders of 20 cm in diameter and 30 cm in height were used as open fields.
The mice were allowed to acclimatise to the experiment room for at least 1 hour prior to
placement in the open field. The mice were then placed in the open field and motor activity
was monitored for 1 hour. Thereafter saline was injected i.p. and the mice were monitored for
another hour. Finally, cocaine was injected i.p. (3, 10, 20 or 30 mg/kg) after which the mice
were returned to the open field and their locomotor activity was determined for another 30
minutes. During the total 2.5 hour of the experiment, the activity pattern of the mice was
tracked and analysed for the total distance moved in the open field per 5 minutes intervals
using Ethovision Color-Pro 2.3 software (Noldus Information Technology, Wageningen, NL).
N = 6 for 3, 20 and 30 mg/kg treatment groups. N = 8 for the 10 mg/kg cocaine treatment
group of the p-opioid receptor knockout experiment. N = 10 for the 10 mg/kg cocaine treated
chronic NTX or placebo pre-treated groups.

Cocaine-induced behavioural sensitization
Experiment 3. Cocaine-induced behavioural sensitization in wild-type mice

16 C57Bl/6Jico mice were randomly assigned to either cocaine or saline treatment groups.
During 11 days the mice received a daily i.p. injection of either cocaine (20 mg/kg) or saline.
72 Hrs after the last cocaine or saline injection, the mice were transported and allowed to
acclimatise to the experiment room for at least 1 hour. Thereafter, the mice were placed for the
first time in the open field as described. During the first hour in the field the locomotor
activity was measured to monitor the adaptation of the mice to the novel environment.
Subsequently all mice received a saline injection (i.p.) after which they were returned to the
open field and monitored for another hour. Thereafter all mice received a cocaine challenge
(10 mg/kg i.p.) and their locomotor activity in the open field was determined during 30
minutes. The distance moved in the open field was measured as described above.
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Experiment 4. p-Opioid receptor knockout and wild-type mice

At 2-3 months of age the behavioural sensitization commenced as described for experiment 3.
Mice of both genotypes (wild-type (+/+) and p-opioid receptor knockout mice (-/-)) were
randomly assigned to either saline or cocaine treatment groups. Group sizes were either 7 mice
for the +/+ saline treatment group or 8 mice for +/+ cocaine, -/- saline and -/- cocaine
treatment groups.

Experiment 5. CTOP co-administration

For this experiment 32 male C57BIl/6JIco mice from Charles River (L’ Arblesle, France) were
used. After transportation, the mice were allowed to acclimatise for at least one week before
the behavioural sensitization commenced. The mice were randomly assigned to one of four
treatment groups: placebo/saline, placebo/cocaine, CTOP/saline or CTOP/cocaine. CTOP (1
mg/kg) or placebo was administered i.p. 30 minutes prior to the daily saline or cocaine
injections (co-administration) (Kim et al., 2000). Further procedures were similar to those
described for experiment 3. N = 8 per treatment group.

Experiment 6. Effects of chronic NTX pre-treatment upon cocaine-induced
behavioural sensitization

For this experiment mice were, prior to the behavioural sensitization protocol, pre-treated with
naltrexone or placebo by subcutaneous implanted pellets as described above for experiment 2.
The sensitization protocol (see Experiment 3) commenced 48 hrs after removal of the pellet,
i.e. on day 10. N = 8 for placebo/saline, placebo/cocaine, NTX/saline and NTX/cocaine
treatment groups.

Drugs

Cocaine (cocaine-HCI, OPG, Utrecht, The Netherlands) and CTOP (Tocris, Bristol, UK) were
dissolved in saline, control mice received saline injections. Cocaine, CTOP and saline were
injected i.p. in a volume of 5 ml/kg. NTX and corresponding placebo pellets (Research
Triangle Institute, North Carolina, USA) were implanted subcutaneously in the nape of the
neck as described above.

Statistical analysis

For statistical analyses SPSS10.1 was used. Open field activity is expressed as distance moved
in 5 minutes intervals. Analyses of variance (ANOVAs) with repeated measurements were
used to analyse the data with distance moved as the dependent variable. For the acute
experiment only the locomotor activity data for the 30 minutes after cocaine injection was
analysed with genotype (+/+ or -/-, experiment 1) or pre-treatment (placebo or NTX,
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experiment 2) as factors. For the sensitization experiment, the data for the first hour, the hour
after saline injection and the 30 minutes after cocaine challenge were analysed separately. The
independent factors were treatment (saline or cocaine) and either genotype (+/+ or -/-
experiment 4), co-administration (placebo or CTOP, experiment 5) or pre-treatment (placebo
or NTX, experiments 6). When appropriate, post-hoc analyses were performed using Student’s
t-tests. The data are expressed as mean + SEM distance travelled in 5 minutes intervals in
centimetres. Statistical significance was accepted at P < 0.05.

RESULTS

Acute cocaine-induced locomotor activity

Experiment 1. Acute locomotor response to cocaine in p-opioid receptor knockout
versus wild-type mice

After two hours adaptation to the open field (data not shown), the mice received 3, 10, 20 or
30 mg/kg cocaine i.p. The dose-response curve for cocaine-induced locomotor activity of
p-opioid receptor knockout mice and wild-type mice is shown in Figure 1. Cocaine increased
the locomotor activity of both p-opioid receptor knockout and wild-type mice in the open field
in a dose-dependent way (dose effect F(3,48)=31, P <0.001). The genotypes were comparable
in their response to cocaine for there was no significant time x genotype x dose interaction, no
significant effect of genotype, nor was there a genotype x dose effect.

Experiment 2. Effects of chronic NTX pre-treatment upon acute cocaine-induced
locomotor activity

After two hours adaptation to the open field (data not shown), the mice received 3, 10, 20 or
30 mg/kg cocaine i.p.. The dose-response curve for cocaine-induced locomotor activity of
chronic NTX and placebo pre-treated mice is depicted in Figure 2. Cocaine increased the
locomotor activity of the mice in this experiment in a dose-dependent manner as is apparent
from a significant dose effect (F(3,47)=45, P <0.001) and a significant time x dose interaction
(F(15,235)=4.2, P < 0.001). Further, a significant time x pre-treatment x dose interaction was
observed (F(15,235)=2.9, P < 0.001), which was caused by a significant time x pre-treatment
interaction within the 30 mg/kg cocaine dose group (F(5,50)=3.0, P <0.05). It appears that the
response to cocaine is somewhat altered for the NTX pre-treated mice as compared to the
placebo controls (Figure 2).
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FIGURE 1

Acute cocaine-induced locomotor activity for p-opioid receptor knockout (-/-) and wild-type (+/+)
mice. The distance moved in cm during 30 minutes subsequent to 3, 10, 20 or 30 mg/kg cocaine
administration i.p. is shown for both genotypes. N per genotype was 6 for 3, 20 or 30 mg/kg and N = 8
for 10 mg/kg cocaine. Mean + SEM.
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FIGURE 2

Effects of chronic NTX pre-treatment upon the acute response to cocaine. The distance moved in cm
during 30 minutes subsequent to 3, 10, 20 or 30 mg/kg cocaine administration i.p. is shown for both
pre-treatment groups. N per NTX or placebo pre-treatment group was 6 for 3, 20 or 30 mg/kg and N =
10 for 10 mg/kg cocaine. Mean & SEM.
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Cocaine-induced behavioural sensitization
Experiment 3. Cocaine-induced behavioural sensitization in wild-type mice

The locomotor activity in the open field and the response to a 10 mg/kg cocaine challenge of
C57Bl/6Jico mice after repeated administration of 20 mg/kg cocaine or saline injections is
shown in Figure 3.

During the first hour in the open field the activity of the mice declined (time F(11,143)=7.5, P
< 0.001) and there was no effect of cocaine treatment upon the activity in the unfamiliar open
field. Subsequent to saline administration, a further decline in the activity of the mice was
apparent (time F(11,143)=3.2, P <0.01) without cocaine treatment effects. After the 2 hours of
adaptation to the open field, 10 mg/kg cocaine was administered and induced an increase in
the locomotor activity of the mice (Figure 3). The cocaine and saline treated mice responded
differentially to the 10 mg/kg cocaine challenge, as is evident from a significant time x
treatment interaction (F(5,65)=4.8, P <0.01) and an overall effect of treatment (F(1,13)=4.9, P
< 0.05). Post-hoc analyses revealed significant differences between saline and cocaine treated
mice for the first 15 minutes after the 10 mg/kg cocaine challenge was administered; P < 0.05,
P < 0.01 and P < 0.05 for the locomotor activity during 0-5, 5-10 and 10-15 minutes after
cocaine injection, respectively. This sensitization protocol was subsequently used for the
experiments 4, 5 and 6.
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FIGURE 3

Development of behavioural sensitization in C57Bl6/Jico mice. Sensitization was induced by repeated
intermittent treatment of C57B1/6Jico mice with saline or cocaine (20 mg/kg) for 11 days. The time-
course of the activity in the open field, 72 hrs after cessation of the sensitization protocol, is shown
with 1 hour adaptation to the field, followed by 1 hour in the field after an i.p. saline injection and 30
minutes after an i.p. injection of 10 mg/kg cocaine. The activity in the open field is expressed in the
total distance moved in centimetres during 5 minutes intervals. Mean + SEM, N = § per treatment.

* P <0.05, ** P <0.01, significant difference between saline and cocaine treated mice.
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Experiment 4. Cocaine-induced behavioural sensitization in p-opioid receptor
knockout and wild-type mice

Locomotor activity and the response to a cocaine challenge of p-opioid receptor knockout
mice (-/-) and wild-type controls (+/+) are shown in Figure 4.

The locomotor activity of p-opioid receptor knockout and wild-type mice reduced during the
first hour in the open field (effect of time: F(11,297)=10, P < 0.001). During the 60 minutes
after saline injection the locomotor activity of the mice did not further decline and a
significant time x genotype interaction was observed (F(11,297)=2.0, P < 0.05): the p-opioid
receptor knockout mice were less active as compared to wild-type mice 15-20, 35-40 and 40-
45 minutes after saline injection (P < 0.05). There was no effect of treatment upon the activity
of the mice in the open field and all mice were comparable in their locomotor activity just
prior to cocaine injection.

The locomotor response to the 10 mg/kg cocaine challenge was augmented in cocaine treated
mice as compared to saline treated mice, illustrating the occurrence of behavioural
sensitization to cocaine (time x treatment F(5,135)=2.3, P < 0.05). Subsequent post-hoc tests
revealed that cocaine treated mice responded with a higher increase in locomotor activity as
compared to saline treated mice during 0-5, 5-10 and 15-20 minutes after the cocaine
challenge was administered (P < 0.05). No genotype or genotype x treatment interaction was
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FIGURE 4

Behavioural sensitization in p-opioid receptor knockout mice (-/-) and wild-type controls (+/+).
Sensitization was induced by repeated intermittent treatment with saline or cocaine (20 mg/kg) for 11
days. The time-course of the activity in the open field, 72 hrs after cessation of the sensitization
protocol, is shown with 1 hour adaptation to the field, followed by 1 hour in the field after an i.p. saline
injection and 30 minutes after an i.p. injection of a 10 mg/kg cocaine challenge. The activity in the
open field is expressed in the total distance moved in centimetres during 5 minutes intervals. Mean +
SEM, N = 7-8 per treatment per genotype.

* P <0.05, significant difference between saline and cocaine treated subjects.
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observed, suggesting that the development of cocaine-induced behavioural sensitization was
comparable for p-opioid receptor knockout and wild-type mice. There was no difference
between saline treated wild-type and p-opioid receptor knockout mice in their locomotor
response to cocaine in the open field.

Experiment 5. Effects of CTOP co-administration upon cocaine-induced behavioural
sensitization

In Figure 5 the locomotor activity and the locomotor response to a cocaine challenge is shown
for mice, which received either CTOP or placebo co-administered with the repeated
intermittent saline or cocaine injections.

During the first hour in the open field the mice reduced their activity (effect of time,
F(11,308)=28, P < 0.001), indicative of adaptation to the open field. There was a significant
co-administration x treatment effect upon the activity during the first hour in the open field
(F(1,28)=6.8, P < 0.05), which was caused by higher locomotor activity of the CTOP/saline
treated mice as compared to saline/saline and CTOP/cocaine treated mice. The locomotor
activity declined further during the hour after saline injection (time effect F(11,308)=4.9, P <
0.001) and a significant time x co-administration x treatment effect was observed
(F(11,308)=2.1, P < 0.05), which as post-hoc tests revealed was caused by minor differences
between groups. That is, 0-5 minutes after saline administration the saline/cocaine treated
mice were more active than CTOP/cocaine treated mice (P < 0.05). Further, 20-25 minutes
after saline was administered, CTOP/cocaine treated mice were more active than mice from
the CTOP/saline group (P < 0.05) and 35-40 minutes after saline injection, the mice which
received repeated CTOP/saline treatment were more active in the open field as compared to
saline/saline treated mice (P < 0.05). All groups were comparable in their locomotor activity
during the last intervals prior to cocaine administration.

Overall analysis of the locomotor activity of all groups during the 30 minutes after
administration of the 10 mg/kg cocaine challenge dose revealed a significant time x treatment
(saline or cocaine) interaction (F(5,140)=28, P < 0.001). Cocaine treated mice responded with
a higher increase in locomotor activity to the 10 mg/kg cocaine challenge during 0-5, 5-10 and
10-15 minutes after cocaine was injected (P < 0.001, P < 0.001 and P < 0.01). There was no
effect of CTOP co-administration nor was there a significant time x co-administration x
treatment interaction, suggesting that the p-opioid receptor antagonist CTOP did not affect the
development of cocaine-induced behavioural sensitization. CTOP co-administration did not
affect the acute locomotor response to cocaine as CTOP/saline treated mice were not
significantly different in their response to cocaine from placebo/saline treated mice.
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FIGURE 5

Effects of CTOP upon the development of cocaine-induced behavioural sensitization. CTOP or
placebo were injected 30 minutes prior to repeated intermittent saline or cocaine (20 mg/kg) injections
for 11 days (co-administration). The time-course of the activity in the open field, 72 hrs after cessation
of the sensitization protocol, is shown with 1 hour adaptation to the field, followed by 1 hour in the
field after an i.p. saline injection and 30 minutes after injection of a 10 mg/kg cocaine challenge. The
activity in the open field is expressed in the total distance moved in centimetres during 5 minutes
intervals. Mean + SEM, N = 8 per treatment (saline or cocaine) per co-administration (placebo or
CTOP). * P <0.01, ** P <0.001, significant difference between saline and cocaine treatment groups.

Experiment 6. Effects of chronic NTX pre-treatment upon cocaine-induced
behavioural sensitization

The locomotor activity in the open field and the response to a 10 mg/kg cocaine challenge of
chronic NTX and placebo pre-treated mice is depicted in Figure 6.

During the first hour in the open field the mice adapted to the open field, as reflected by a
decrease in locomotor activity (effect of time F(11,308)=14, P < 0.001). There was no effect
of chronic NTX pre-treatment upon the locomotor activity during the first hour in the open
field. The locomotor activity during the hour subsequent to saline injection declined further
(effect of time: F(11,308)=3.7, P <0.001), without group differences.

The cocaine-induced locomotor response was augmented in cocaine treated mice (effect of
treatment F(1,28)=58, P < 0.001). Chronic NTX pre-treatment enhanced the development of
behavioural sensitization to cocaine, which was apparent from a significant pre-treatment x
treatment interaction (F(1,28)=7.2, P < 0.05). Separate analyses of the groups confirmed the
development of cocaine-induced behavioural sensitization in placebo pre-treated mice (time x
treatment F(5,70)=4.8, P < 0.01 and treatment F(1,14)=10, P < 0.01) and chronic NTX pre-
treated mice (treatment F(1,14)=62, P < 0.001). Post-hoc analyses revealed that
placebo/cocaine treated mice were significantly more active than placebo/saline treated mice
during the first 20 minutes after cocaine challenge injection (P < 0.01). Across the entire 30
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FIGURE 6

Effects of chronic placebo or NTX pre-treatment upon the development of behavioural sensitization.
Starting 48 hrs after placebo or NTX pellet removal, repeated intermittent daily injections of saline or
cocaine (20 mg/kg) were given for 11 days. The time-course of the activity in the open field, 72 hrs
after cessation of the sensitization protocol, is shown with 1 hour adaptation to the field, followed by 1
hour in the field after an i.p. saline injection and 30 minutes after an i.p. injection of a 10 mg/kg
cocaine challenge. The total distance moved in centimetres during 5 minutes intervals is shown. Mean
+ SEM, N = 8 per treatment (saline or cocaine) per pre-treatment (NTX or placebo).

* P <0.05, ** P < 0.01, significant difference between saline and cocaine treated mice within the
placebo pre-treated group. § P < 0.05, § P < 0.01, 99 P < 0.001, significant difference between NTX
pre-treated, saline controls and NTX pre-treated, cocaine treated mice.

minutes after cocaine injection, the NTX pre-treated mice that received repeated intermittent
cocaine injections were significantly more active than NTX pre-treated mice that received
repeated saline injections (P < 0.01). Placebo and chronic NTX pre-treated mice, which
received repeated saline injections during the 11 days of sensitization protocol, were not
different in their response to the 10 mg/kg cocaine challenge.

DISCUSSION

Here we investigated the role of p-opioid receptors in the acute locomotor response to cocaine
and in the development of cocaine-induced behavioural sensitization using p-opioid receptor
knockout mice, co-administration of the p-opioid receptor antagonist CTOP and chronic NTX
pre-treatment. Chronic NTX pre-treatment is known to induce increases in p-opioid receptor
binding, but also in 6- and k-opioid receptor binding, although to a lesser extent (Lesscher et
al., 2003a). Our findings indicate that p-opioid receptors are not required for acute cocaine-
induced locomotor activity nor are they essential for cocaine-induced behavioural sensitization
to develop.
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Acute cocaine-induced locomotor activity

The locomotor response to cocaine was not different between p-opioid receptor knockout and
wild-type mice suggesting that p-opioid receptors are not required for cocaine-induced motor
activity. Similarly, no differences were apparent between chronic NTX pre-treated mice and
placebo pre-treated controls, except for the response to 30 mg/kg cocaine, which appeared
somewhat altered for the chronic NTX pre-treated group. Cocaine-induced locomotor activity
has not been described previously for chronic NTX pre-treated animals. With respect to p-
opioid receptor knockout mice, the present findings are in agreement with those of Becker and
co-workers who also reported comparable cocaine-induced locomotor activity for p-opioid
receptor knockout mice, which lack exons 2 + 3 of the p-opioid receptor gene, and wild-type
controls (Becker et al., 2002). Taken together, p-opioid receptors are not required for the acute
locomotor response to cocaine in mice.

Cocaine-induced behavioural sensitization

Opioid modulation of psychostimulant-induced behavioural sensitization has been described
previously, at least for - and k-opioid receptors. The d-opioid receptor antagonist naltrindole
and «-opioid receptor selective agonists impaired the development of behavioural
sensitization, which occurs after repeated intermittent treatment of rats with psychostimulant
drugs (Heidbreder et al., 1993a; Heidbreder et al., 1993b; Heidbreder et al., 1995; Shippenberg
& Heidbreder, 1995b; Shippenberg et al., 1996; Heidbreder et al., 1996; Shippenberg & Rea,
1997 but Vanderschuren et al., 2000). A role of p-opioid receptors in psychostimulant
sensitization was suggested first of all by impaired cocaine-induced sensitization after NTX
co-administered with cocaine (Sala et al., 1995) and also by findings of two recent studies.
Expression of mRNA encoding p- and 6-opioid receptors was increased in the ventral
tegmental area (VTA) of amphetamine sensitised rats (Magendzo & Bustos, 2003). Another
study dealt with cocaine-induced behavioural sensitization in mice with a targeted deletion of
exons 2 and 3 of the p-opioid receptor gene. These p-opioid receptor knockout mice
developed a sensitized locomotor response to cocaine, although the temporal pattern of
responding was different from wild-type mice (Yoo et al., 2003).

The present data show, that cocaine-induced behavioural sensitization is retained in exon 1 p-
opioid receptor knockout mice suggesting that p-opioid receptors are not required for cocaine-
induced behavioural sensitization. However, inherent to application of classic knockout
strategies and hence lack of a specific gene from gestation, the possibility that for example -
opioid receptors have compensated for the loss of p-opioid receptors in this case can not be
ruled out. Retained cocaine-induced behavioural sensitization for p-opioid receptor knockout
mice is not in agreement with previous studies, which suggested a role of p-opioid receptors in
psychostimulant sensitization (Sala et al., 1995; Magendzo & Bustos, 2003; Yoo et al., 2003).
Therefore, a subsequent experiment was performed to elucidate the role of p-opioid receptors
in cocaine-induced sensitization. For this experiment, the p-opioid receptor selective
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antagonist CTOP, which is approximately 2000-fold more specific for p- over d-opioid
receptors (Hawkins et al., 1989), was co-administered with cocaine. In agreement with the p-
opioid receptor knockout experiment, CTOP co-administration did not affect cocaine-induced
behavioural sensitization. These findings indicate that p-opioid receptors are not required for
behavioural sensitization to the locomotor stimulant effects of cocaine to develop.

In the final experiment augmented behavioural sensitization to cocaine was observed in case
of over-expression of predominantly p-, but also 8-, opioid receptors as induced by chronic
NTX pre-treatment. This is an interesting finding considering that the acute locomotor
response to cocaine was not affected by chronic NTX pre-treatment, although at the 30 mg/kg
dose the cocaine response appeared higher for mice that were pre-treated with NTX as
opposed to placebo pre-treated controls. However, p-opioid receptors seem not to be required
for cocaine-induced behavioural sensitization to develop, as can be concluded from the p-
opioid receptor knockout and CTOP experiments, respectively. Therefore it appears unlikely
that enhanced p-opioid receptor levels in chronic NTX treated mice contribute to enhanced
behavioural sensitization to the locomotor stimulant effects of cocaine in these mice. Rather,
the augmented sensitized locomotor response to cocaine of chronic NTX pre-treated mice may
be attributable to increased number of d-opioid receptors, the subtype of opioid receptors
which has indeed been implicated in cocaine-induced behavioural sensitization (Heidbreder et
al., 1993a; Shippenberg & Heidbreder, 1995b; Heidbreder et al., 1996).

In contrast to retained cocaine-induced behavioural sensitization observed for p-opioid
receptor knockout mice, p-opioid receptor knockout mice failed to self-administer cocaine
(Lesscher et al., 2003b), suggesting that p-opioid receptors are critically involved in cocaine
reinforcement but are not required for cocaine-induced behavioural sensitization. For chronic
NTX treatment, a striking parallel increase is apparent in the development of cocaine-induced
sensitization and cocaine reinforcement, both of which are augmented after chronic NTX pre-
treatment. Chronic treatment with NTX facilitated the initiation of cocaine self-administration
in rats (Ramsey & Van Ree, 1990) and initiation of alcohol consumption has been shown to be
potentiated by chronic NTX treatment in mice (Phillips et al., 1997). It appears that similar
mechanisms might be involved in both phenomena. However, since chronic NTX treatment
causes increases both in p- and 6-opioid receptor levels (Lesscher et al., 2003a), the increased
reinforcing effects of cocaine and the augmented cocaine-induced behavioural sensitization in
chronic NTX pre-treated mice are likely to entail distinct mechanisms, that is through
increased - and d-opioid receptors, respectively.

In conclusion, the present findings show that p-opioid receptors are not required for the acute
locomotor response to cocaine nor for the development of cocaine-induced behavioural
sensitization.
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ABSTRACT

Endogenous opioid systems have been implicated in drug reinforcement and drug seeking.
Although the mechanism through which opioid systems modulate drug reinforcement and
drug seeking, interactions of opioid systems with dopamine systems are likely involved. The
present study was designed to investigate the dopamine system of mice with altered opioid
receptor expression levels and with a reinforcement phenotype, i.e. the p-opioid receptor
knockout mice and mice with transient opioid receptor over-expression induced by chronic
naltrexone (NTX) treatment. For both models, dopamine receptor expression and TH mRNA
levels were determined. In addition, locomotor activity in a novel open field and climbing,
behaviours which both involve dopamine, were assessed.

p-Opioid receptor knockout mice, but not chronic NTX treated mice, displayed decreased
dopamine D3 receptor binding. D1- and D2-like receptor binding were not changed in either
model. Further, p-opioid receptor knockout mice were less active than wild-type mice in the
open field as opposed to chronic NTX treated mice, which displayed increased activity in the
open field as compared to placebo controls. p-Opioid receptor knockout mice and chronic
NTX treated mice were not different from their controls in climbing behaviour. The
differences in dopamine D3 receptor binding and open field behaviour of p-opioid receptor
knockout and chronic NTX treated mice suggest functional opioid control over dopamine
systems. Moreover, the reduction in dopamine D3 receptors in p-opioid receptor knockout
mice is an interesting observation considering the increasing evidence that D3 receptors may
be a target for treatment of drug addiction.
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INTRODUCTION

Endogenous opioid systems have been shown to modulate drug reinforcement in animals
(Herz, 1997; Van Ree et al., 1999). For example, opioid antagonists reduce cocaine and
ethanol self-administration (De Vry et al., 1989; Froehlich et al., 1990; Kornet et al., 1991;
Kuzmin et al., 1997a; Stromberg et al., 1998), primarily through p-opioid receptors in the
ventral tegmental area (VTA) (Ramsey et al., 1999). Although the mechanism through which
endogenous opioid systems modulate drug reinforcement is unknown, opioid-dopamine
interactions may be involved.

Anatomical and electrophysiology studies have provided evidence for opioid-dopamine
interactions in the mesolimbic system with dopaminergic neurons in the VTA projecting to the
nucleus accumbens, the prefrontal cortex and the striatum (Oades & Halliday, 1987). In the
VTA principal dopamine-containing neurons and secondary non-dopaminergic neurons have
been characterised, the latter being sensitive to p-opioid agonists and presumably GABAergic
interneurons (Gysling & Wang, 1983; Johnson & North, 1992b). Indeed, in the VTA p-opioid
receptors are expressed mainly by non-dopaminergic, presumably GABA containing neurons
(Garzon & Pickel, 2001). Activation of p-opioid receptors causes hyperpolarization of the
secondary GABA containing neurons, thereby relieving inhibitory input to dopaminergic
projection neurons (Johnson & North, 1992a), which in turn causes increased dopamine output
in the nucleus accumbens. p-Opioid receptors are also expressed in the nucleus accumbens
where they are localised mainly on GABA-containing medium spiny neurons (Svingos et al.,
1997). Although opioid agonists have been suggested to modulate dopamine release from the
nucleus accumbens through local p-opioid receptors (Yoshida et al., 1999), another study did
not provide evidence for local modulation of accumbens dopamine release through p-opioid
receptors (Spanagel et al., 1992).

The aim of this study was to investigate opioid-dopamine interactions in relation to drug
reinforcement. Two distinct mouse models were chosen for this study, which are characterised
by altered opioid receptor expression and have a distinct reinforcement phenotype, i.e. p-
opioid receptor knockout mice and chronic naltrexone (NTX) treated mice. p-Opioid receptor
knockout mice, which lack the p-opioid receptor gene from gestation, are impaired in drug
reinforcement: self-administration or place preference for morphine, heroin, ethanol, cocaine,
nicotine and A’-tetrahydrocannabinol (A’-THC) are reduced in p-opioid receptor deficient
mice (Matthes et al., 1996; Becker et al., 2000; Roberts et al., 2000; Hall et al., 2001;
Ghozland et al., 2002; Becker et al., 2002; Contarino et al., 2002; Berrendero et al., 2002).
Chronic treatment of mice with the opioid antagonist NTX results in an overall, but transient,
upregulation of predominantly p-opioid receptors, although to a lesser extent also of 8- and «-
opioid receptors, in brain (Yoburn et al., 1988; Lesscher et al., 2003a). Chronic NTX
treatment further enhances the reinforcing efficacy of drugs of abuse: acquisition of cocaine
self-administration was facilitated by chronic NTX treatment in rats (Ramsey & Van Ree,
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1990) and chronic NTX exposed mice consumed more alcohol and displayed increased
preference for alcohol (Phillips et al., 1997).

We hypothesised, based on available evidence for dopamine-opioid interactions, that in p-
opioid receptor knockout mice (ectopic lack of p-opioid receptors) or in chronic NTX treated
mice (transient opioid receptor over-expression), the dopamine system may have adapted,
which might in turn contribute to the reinforcement phenotype of either model.

By quantitative in vitro autoradiography, binding to Dl-like, D2-like and dopamine D3
receptors was determined. The D3 receptor was included in our analysis for its high
abundance in the nucleus accumbens, a key area involved in reinforcement/drug seeking
(Missale et al., 1998). Moreover, the D3 receptor has recently received considerable attention
for its possible role in reinforcement/drug seeking (Pilla et al., 1999; Le Foll et al., 2000;
Vorel et al., 2002; Di Ciano et al., 2003; Le Foll et al., 2003). In addition, TH mRNA levels
were determined by in sifu hybridisation. Further the behaviour of both p-opioid receptor
knockout mice and chronic NTX treated mice was assessed in two tasks, both known to
involve dopamine, i.e. activity in an unfamiliar open field and spontaneous climbing (Costall
et al., 1982; Sundstrom et al., 1990; Wolterink et al., 1990; Hooks & Kalivas, 1995).

MATERIALS AND METHODS

Animals

Male mice aged 2 - 3 months were group housed (2 - 4) in extended Macrolon® type I cages
with water and food pellets available ad libitum. Environmental conditions were controlled
(22°C and 50% humidity; lights on at 7:00 a.m. and lights off at 7:00 p.m., GDL Utrecht
University). The experimental procedures were approved by the Ethical Committee for
Animal Experiments of the University Medical Center Utrecht.

The p-opioid receptor knockout mice used in this study have been described previously and
were on a mixed 129Sv/C57BI6 background (Schuller et al., 1999). No detectable binding of
PHIDAMGO or p-opioid receptor transcript was present in p-opioid receptor knockout mice
(Schuller et al., 1999). There is no evidence for compensatory changes in other opioid receptor
subtypes: binding to 3-opioid receptor subtypes was comparable between genotypes and &-
and x- and opioid receptor-like 1 (ORL-1) receptor mRNA levels were also unchanged
(Schuller et al., 1999). Wild-type (+/+) and homozygous knockout (-/-) mice were obtained
from heterozygous breeding. The mice used in the present study were on a C57Bl6/Jico
background after 6-7 back-crossings to C57Bl16/Jico mice (Charles River, 1" Arbresle, France).
Mice were genotyped by Polymerase Chain Reaction on genomic DNA isolated from tail tips.
The mutant product was 700 bp, the wild-type product 525 bp; the three primers used were
outside the mutation site (5" GAC TTT CCT GGC TGA TGC AAA CAA CCT 3"), within the
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mutation site (5' CAT GGT TCT GAA TGC TTG CTG CGG ACT 3') and within the
neomycin box (5' CTA CCT GCC CAT TCG ACC ACC AA 3").

For the chronic NTX experiments, male C57B1/6JIco mice were obtained from Charles River
(L’ Arbresle, France). After transportation, the mice were allowed to acclimatise for at least
one week before the experiment. Pellets containing 15 mg naltrexone or corresponding
placebo pellets were implanted subcutaneous in the nape of the neck under isoflurane
anaesthesia (2% / 53% N,O / 45% O,) (day 1). Naltrexone and placebo treated mice were
housed together (2 of both per cage). On day 8 the pellet was removed (2% isoflurane / 53%
N,O /45% Oy,).

The mice were tested once and were naive to the respective behavioural tasks. For
autoradiography and in situ hybridisation experiments the chronic NTX / placebo treated mice
were killed and brains were dissected 24 hours after pellet removal. Behavioural experiments
for the chronic NTX mice were performed either 24 or 48 hours after the pellet was removed.
At these time-points after removal of the pellet opioid receptors are still up-regulated (Tempel
et al., 1982; Lesscher et al., 2003a). All experiments were performed during the light phase.
Open field and climbing experiments were performed in reduced lighting conditions (50 and
30 Lux, respectively).

In vitro autoradiography for dopamine receptors

16 pm coronal sections were cut for nucleus accumbens, VTA and striatum according to the
mouse brain atlas of Paxinos and Franklin (2001). The limbic regions, i.e. the nucleus
accumbens and the VTA, were chosen for their role in drug reinforcement (Wise, 1998). The
striatum is considered to be involved in habit learning and compulsive drug seeking at later
stages of the addiction process (Robbins & Everitt, 2002). The sections, cut using a cryostat
(Leica, Rijswijk, NL), were thaw-mounted on gelatine-subbed slides and stored at -80°C until
use.

Autoradiography procedures were based on previous studies (Tarazi et al., 1998; Diaz et al.,
2000). Sections were pre-incubated at room temperature (RT) for either 1 hour in 50 mM Tris-
HCI (pH 7.4) containing 120 mM NaCl, 5 mM KCI, 2 mM CaCl, and 1 mM MgCl, for D1-
like and D2-like receptors or 3 times 5 minutes in 50 mM HEPES buffer, pH 7.5, containing
ImM EDTA and 0.1% BSA for D3 receptors. Subsequently the slides were incubated for 1
hour at RT in the before mentioned buffers containing 1.0 nM [PH]SCH-23390 (in the
presence of 40 nM ketanserin) or 1.0 nM [*H]nemonapride (YM-09151-2) (in the presence of
0.5 uM DTG and 0.1 uM pindolol) for D1-like and D2-like receptors, respectively. For D3
receptor binding slides were incubated for 45 minutes with 0.2 nM ['*’I]¢rans-7-OH-PIPAT in
50 mM HEPES buffer, pH 7.5, containing ImM EDTA and 0.1% BSA. Non-specific binding
was determined on adjacent sections in the presence of 1 uM cis-flupentixol, 10 uM S(-)-
sulpiride or 1 mM dopamine for Dl-like, D2-like and D3 receptors, respectively.
Subsequently, the slides were washed either twice 5 minutes in ice-cold buffer (D1-like and
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D2-like) or four times 2 minutes in ice-cold HEPES buffer containing 100 mM NaCl (D3).
Thereafter slides were dried to air and exposed to Kodak Biomax MS film with Kodak
Biomax Transcreens (Amersham, UK) for two (D1-like) or three weeks (D2-like) at -80°C.
For D3 autoradiography slides were exposed to Kodak Biomax MR film (Amersham, UK) for
3 days.

In situ hybridisation for TH mRNA

For TH mRNA in situ hybridisation, 16 pm coronal sections were cut and thaw-mounted on
Superfrost slides (Menzel, Germany). An 1151-bp TH ¢cDNA fragment spanning nucleotides
14 — 1165 was subcloned into a PBS +/- vector (Promega, Leiden, NL). An antisense RNA
probe was generated by in vitro transcription with 554 ng of linearised template DNA, 20 nCi
[PP]-UTP and 40 units T3 RNA polymerase. The sections were post-fixed in a 4%
paraformaldehyde solution in phosphate-buffered saline (PBS, pH 7.4) for 10 minutes at RT,
washed twice in PBS for 5 minutes at RT and treated with 0.25% acetic anhydride in tri-
ethanolamine (0.1 M, pH 8.0) for 10 minutes at RT. The sections were then rinsed in PBS for
5 minutes and in 0.83% NacCl for 5 minutes at RT. Subsequently the sections were dehydrated
by immersing them in solutions with increasing concentrations of ethanol (50%, 70%, 80%
and 100%) and dried to air. Hybridisation was performed in 50% deionised formamide, 10%
dextran sulphate, 2xSSC (SSC = 0.15 M NacCl, 0.015 M sodium citrate), 1x Denhardt’s
solution, 5 mM EDTA (pH 8.0), 10 mM phosphate buffer (pH 8.0) and 12.5 mg/ml tRNA,
containing 0.8x106 cpm of the probe. The hybridisation mix was heated at 65°C for 5
minutes, transferred to ice and DTT was added to a final concentration of 2.5 M.
Hybridisation was performed overnight at 55°C in a moist chamber, 100 pl hybridisation mix
per slide. Coverslips were removed in 5xSSC at RT and the slides were briefly dipped in
2xSSC at RT, treated with RNAse A (2 mg/100 ml in 5 M NaCl, 1 M Tris, pH 8.0) for 15
minutes at 37°C and washed for 15 minutes at 37°C in 2xSSC. The slides were then washed
twice in 2xSSC/50% formamide for 15 minutes at 60°C, twice in 2xSSC for 15 minutes at
RT, dehydrated in graded ethanol concentrations and dried to air. Slides were apposed to
Kodak Biomax MR films (Amersham, UK) for 11 days.

Image Analysis

Quantitative analysis of receptor binding and TH mRNA was performed using an MCID
image analyser (Interfocus, Suffolk, UK). Specific binding was determined through
subtraction of non-specific binding from total binding with the overlay-function (MCID
analysis software). Binding or TH mRNA levels were determined by freehand drawing of the
regions of interest according to the mouse brain atlas of Paxinos and Franklin (2001), i.e.
striatum (D1-like, D2-like and D3; 1.10 mm from bregma), nucleus accumbens core and shell
(D1-like, D2-like and D3; 1.10 mm from bregma) and VTA (D1-like and TH mRNA; -3.52
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mm from bregma). Fmol/mg tissue equivalents of specific binding were determined from [*H]

'] microscales (Amersham, UK), which were laid down with each film. TH mRNA

or [
levels were expressed in counts per minute (cpm) as calculated from a standard curve of
diluted hybridisation mix, which was laid down with the film. For each animal 2-3
measurements were made for each hemisphere. Since no significant differences were found
between hemispheres, the data were pooled. Each measure thus represents a mean of 4-6

measurements per animal. N = 5-7, representing the number of animals per group.

Behavioural experiments
(1) Locomotor activity in an open field

The open field was a clear Plexiglas cylinder of 20 cm in diameter and 30 cm in height. The
mice (8-10 per treatment or genotype) were placed in the cylinder and locomotor activity was
measured for one hour. Using a camera-linked computerised tracking system with Ethovision
Color-Pro 2.3 software (Noldus Information Technology, Wageningen, NL) the distance
moved in the open field was measured in 5 minutes intervals.

(2) Climbing

The climbing cage consisted of wire-mesh netting walls and ceiling (mesh size 1.3 x 1.3 cm).
The mice were placed in a climbing cage for 30 minutes. During this period the behaviour in
the climbing cage was recorded on videotapes for subsequent analysis. The experimenter,
blind to genotype or treatment, scored the time the mice spent climbing during the 30 minutes
test using Observer Video-Pro 4.1 software (Noldus Information Technology, Wageningen,
NL). Climbing was defined as ‘all four paws holding on to the wire mesh’. N = 8 mice per
treatment or genotype.

Statistical analysis

For statistical analyses SPSS10.1 was used. Data for dopamine D1-like, D2-like, D3-receptor
binding were analysed separately by two-way ANOVA with area and genotype or
NTX/placebo treatment as factors. When appropriate post-hoc Student’s #-tests were
performed. TH mRNA expression data was analysed by Student’s #-tests with genotype or
treatment as factor. Locomotor activity in the open field is expressed in distance moved in 5
minutes intervals. One-way ANOVA with repeated measurements was used for analysis of the
open field data with genotype or NTX/placebo treatment as factor. Climbing was compared
between groups with Student’s ¢ tests. Data are expressed as mean = SEM. Statistical
significance was accepted at P < 0.05.
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RESULTS

In vitro autoradiography for dopamine receptors

Dopamine receptor binding for p-opioid receptor knockout mice and chronic NTX treated
mice are summarised in Tables 1 and 2, respectively.

Total binding of the D1-like antagonist ["TH]SCH23390 was not different between p-opioid
receptor knockout and wild-type mice (F(1,47)=2.3, P = 0.14). Specific binding to D1-like
receptors was different between genotypes (F(1,47)=8.8, P < 0.01), although the change in
specific D1-like binding was small (+8% relative to wild-type). Non-specific binding of
[PH]SCH23390, in presence of an excess of the non-radioactive D1-agonist cis-flupentixol,
was also different between genotypes (-15% relative to wild-type, F(1,47)=16.7, P <0.001).

No differences between wild-type and p-opioid receptor knockout mice were observed for
total binding of [’H]nemonapride (F(1,35)=0.1, P = 0.82), specific D2 binding (F(1,35)=0.0, P
=0.91) or non-specific binding of [*’H]nemonapride (F(1,35)=0.02, P = 0.89).

Total binding of ['*

opioid receptor knockout mice as compared to wild-type mice (F(1,29)=7.6, P < 0.05).

[]trans-7-OH-PIPAT, a selective D3 ligand, was reduced in tissue of p-

Similarly, specific binding to dopamine D3 receptors was also significantly different between
the genotypes (F(1,29)=16.4, P <0.001) without regional differences as apparent from the lack
of genotypexregion interaction. The mean percentage change in specific binding to dopamine
D3 receptors in p-opioid receptor knockout mice relative to wild-type was —34% (Figure 1).
Further, p-opioid receptor knockout mice displayed increased non-specific binding of
['®1]trans-7-OH-PIPAT in presence of unlabelled dopamine (+13% compared to wild-type,
F(1,29)=5.6, P <0.05).

Chronic NTX treatment did not affect total binding of ["TH]SCH23390 (F(1,46)=0.002, P =
0.96) 24 hrs after removal of the pellet. Specific D1-like receptor binding was decreased in
NTX treated mice as compared to placebo controls (F(1,46)=17.2, P < 0.001), although the
overall effect of NTX treatment was small (-11.5%). There was variation between regions in
the effects of chronic NTX upon specific binding of [’H]SCH23390 to DI receptors as
apparent from a significant treatmentxregion interaction (F(3,46)=3.0, P < 0.05). Post-hoc
analysis indicated that D1-like receptors were decreased in core and shell of the nucleus
accumbens (P = 0.01 and P < 0.05, respectively) and in striatum (P < 0.05), but not in the
VTA (P=0.78). Non-specific binding was also different between treatment groups (+47%
compared to wild-type, F(1,46)=11.1, P <0.01).

24 Hours after removal of the pellet, chronic NTX treated mice were not different from
placebo controls in total [’H]nemonapride binding (F(1,35)=0.01, P = 0.94), specific binding
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+/+ -/-

9.76

Total
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1.13
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FIGURE 1

Computer-enhanced colour autoradiograms of dopamine D3 receptor binding in coronal sections from
wild-type (+/+) and p-opioid receptor knockout (-/-) mice. Images for +/+ and -/- groups were taken
from the same film. Dopamine D3 receptor binding was determined by labelling coronal sections with

the ['**I]7-OH-PIPAT (Total binding) and non-specific binding was determined by co-administration

of 1 mM dopamine with ['*°]7-OH-PIPAT. The colour bars show pseudo-colour interpretation of

relative density of black and white film image calibrated in fmol/mg tissue.

to D2-like receptor sites (F(1,35)=0.3, P = 0.60) and non-specific binding of [’H]nemonapride
(F(1,35)=0.27, P = 0.61).

NTX treatment did not affect total binding of the D3 receptor ligand ['*’I]trans-7-OH-PIPAT
(F(1,35)=0.37, P = 0.55). Overall analysis did not reveal differences between chronic NTX
and placebo treated mice in specific D3 receptor binding (F(1,32)=2.0, P = 0.17). Non-specific
binding of ['*I]trans-7-OH-PIPAT was slightly increased in mice exposed to NTX
(F(1,35)=6.0, P < 0.05).

In situ hybridisation for TH mRNA

TH mRNA expression levels for p-opioid receptor knockout mice and chronic NTX treated
mice and the appropriate controls are shown in Tables 1 and 2, respectively. There was no
difference in TH mRNA in the VTA between genotypes (P = 0.88) nor did chronic NTX
treatment affect TH mRNA expression (P = 0.63).
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Region mm to bregma
+/+ -/- % change
DI-like nucleus accumbens
core 1.10 212.1£49 221.0£9.7 3.8
shell 1.10 213.0+£3.6 221.1£6.6 3.8
striatum 1.10 217.7£59 242.1+£73 112
ventral tegmental area -3.52 63.3+49 71470 128
D2-like nucleus accumbens
core 1.10 552+3.1  50.1+3.7 -9.3
shell 1.10 59.2+33  563+35 -4.9
striatum 1.10 853+41 946+103 109
D3 nucleus accumbens
core 1.10 8.1+0.7 57+£0.7 -29.6
shell 1.10 9407  74%09 213 (*
striatum 1.10 3.8+05 1.9+£03 -50.0
TH mRNA ventral tegmental area -3.52 679164 69.2+4.2 1.9
TABLE 1

Specific binding to dopamine D1-like, D2-like and D3 receptors (fmol/mg) and TH mRNA (cpm) in
wild-type (+/+) and homozygous p-opioid receptor knockout mice (-/-). Data represent mean levels £
SEM per brain area (N = 5-7 per genotype). The mean percentage change (%) represents the change in
specific binding in p-opioid receptor knockout (-/-) tissue as compared to wild-type sections.

* P <0.001, significant different from wild-type mice.

Genotype differences in non-specific binding of [PH]SCH23390 caused false group differences in calculated
specific D1-like receptor binding, which are therefore not highlighted here (see Discussion).
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Region mm to bregma
placebo NTX % change
Di-like nucleus accumbens
core 1.10 1223+39 106.8+3.6 -12.7
shell 1.10 131.9+35 119640 -93
striatum 1.10 136.1£46 113.3£57 -16.8
ventral tegmental area -3.52 329+3.8 348 +£6.1 5.8
D2-like nucleus accumbens
core 1.10 99.6+4.0 101.6£3.9 2.0
shell 1.10 102.8+£3.1 105.2+3.7 23
striatum 1.10 126.0+£8.0 127.7£6.3 1.3
D3 nucleus accumbens
core 1.10 7.5+03 6.6+09 -12.0
shell 1.10 85£0.6 8.7+0.8 2.4
striatum 1.10 3.6+£0.6 23105 -444
TH mRNA ventral tegmental area -3.52 346+28 362123 4.6
TABLE 2

Specific binding to dopamine D1-like, D2-like and D3 receptors (fmol/mg) and TH mRNA (cpm) in
placebo and naltrexone (NTX) treated mice 24 hrs after pellet removal. Data represent mean levels £
SEM per brain area (N = 6-7 per group). The mean percentage change (%) represents the change in
specific binding in tissue of naltrexone (NTX) treated mice as compared to placebo treated sections.
Treatment differences in non-specific binding of [PH]SCH23390 caused false group differences in calculated
specific D1-like receptor binding, which are therefore not highlighted here (see Discussion).
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Behavioural experiments

(1) Locomotor activity in an open field

The locomotor activity of p-opioid receptor knockout mice (Figure 2A) and chronic NTX
treated mice 24 and 48 hrs after removal of the pellet (Figures 2B and 2C, respectively) was
determined in an open field.

There was an overall effect of time on locomotor activity of p-opioid receptor knockout and
wild-type mice in the open field (F(11,176)=13, P < 0.001), indicative of adaptation of the
mice to the open field. Further statistical analysis of the data revealed an overall effect of
genotype (F(1,16)=6.8, P < 0.05), i.e. the p-opioid receptor knockout mice were less active
relative to the wild-type mice. There was no significant timexgenotype interaction.

During the 60 minutes in the open field the chronic NTX and placebo mice 24 hrs after pellet
removal adapted to the open field (effect of time F(11,154)=12, P < 0.001). Further, the
analysis revealed a significant timextreatment interaction (F(11,154)=2.0, P < 0.05) indicative
of effects of chronic NTX exposure upon the activity of the mice in the open field. More
specifically, NTX treated mice were more active than placebo controls during intervals 35-40,
40-45 and 50-55 minutes (Student’s z-tests, P < 0.05). In contrast, 48 hours after removal of
the pellets chronic NTX treated mice were not different from their placebo controls in open
field behaviour. There was a significant effect of time (F(11,198)=19, P < 0.001), but there
was no overall effect of chronic NTX treatment nor a timextreatment interaction.

(2) Climbing

The percentage time the p-opioid receptor knockout mice and chronic NTX treated mice spent
climbing was determined during 30 minutes in metal wire climbing cages. The climbing
behaviour thus determined for p-opioid receptor knockout mice, chronic NTX treated mice
(24 and 48 hrs post-removal) and the respective controls is depicted in Figures 3A, 3B and 3C,
respectively.

p-Opioid receptor knockout mice and wild-type mice were not different in the time they spent
climbing during the 30 minutes in the climbing cage (F(1,15)=0.001, P = 0.98).

Climbing behaviour was not affected by chronic NTX treatment either. NTX and placebo
treated mice were comparable in the percentage time they spent climbing 24 hrs (F(1,15)=0.3,
P = 0.60) and 48 hrs after removal of the pellet (F(1,15)=0.5, P = 0.49).
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FIGURE 2

Locomotor activity of p-opioid
receptor knockout and chronic
NTX treated mice in an
unfamiliar open field. The
locomotor activity during a 60
minutes trial is shown for (A)
p-opioid receptor knockout mice
(-/-) and  wild-type (+/+)
littermates, (B) chronic NTX and
placebo treated mice 24 hours
after pellet removal and (C)
chronic NTX and placebo treated
mice 48 hours after surgical
removal of the pellets. Data are
expressed as mean + SEM
distance moved (cm) in the open
field in 5 minutes intervals (N =
8-10).

# P < 0.05, significant from +/+
mice, overall genotype effect; *
P < 0.05, significant from
placebo treated controls.
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FIGURE 3

Climbing behaviour of p-opioid
receptor knockout and chronic
NTX  treated mice. The
percentage of the time the mice
spent climbing during the 30
minutes trial is shown for (A)
p-opioid receptor knockout mice
(-/-) and wild-type (+/*)
littermates, (B) chronic NTX and
placebo treated mice 24 hours
after pellet removal and (C)
chronic NTX and placebo treated
mice 48 hours after surgical
removal of the pellets. Data are
expressed as mean * SEM
percentage (%) of the time spent
climbing (N = 8).
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DISCUSSION

Endogenous opioid systems, and particularly p-opioid receptors, have been implicated in drug
reinforcement (Herz, 1997; Van Ree et al., 1999). Interactions between opioid and dopamine
systems may contribute to opioid modulation of drug reinforcement. We hypothesised, based
on anatomical and functional evidence for opioid-dopamine interactions, that alterations in
opioid receptor expression might lead to concurrent changes in dopamine parameters which
may in turn contribute to altered drug reinforcement. This was explored using two models
with distinct opioid receptor levels and reinforcement phenotypes, ie. p-opioid receptor
knockout mice, which are characterised by impaired drug reinforcement and chronic NTX
treatment, which is known to enhance drug reinforcement. The latter model is further
characterised by transient over-expression of p- and to a lesser extent also - and k-opioid
receptors (80%, 39% and 11% increase, respectively, (Lesscher et al., 2003a)) and hence is a
valuable tool in this study. Decreased dopamine D3 receptor binding in tissue of p-opioid
receptor knockout mice in addition to reduced locomotor activity of these mice and increased
activity in the open field 24 hrs after cessation of chronic NTX treatment indeed suggest that
alterations, although subtle, in dopamine systems emerge in case of absence or over-
expression of (u-)opioid receptors.

Dopamine receptor binding

p-Opioid receptor knockout mice displayed decreased dopamine D3 receptor binding in
nucleus accumbens and striatum. This is an interesting finding because dopamine D3 receptors
are potential targets in treatment of drug addiction (Le Foll et al., 2000). Both the partial D3
receptor agonist BP897 and the selective D3 receptor antagonist SB-277011-A reduced cue-
controlled cocaine seeking (Pilla et al., 1999; Di Ciano et al., 2003). Also, BP§97 and SB-
277011-A reduced nicotine and amphetamine cue-conditioned hyperactivity (Vorel et al.,
2002; Aujla et al., 2002; Le Foll et al., 2002; Le Foll et al., 2003). BP897 and SB-277011-A
did not affect responding for cocaine on an FR1 schedule of reinforcement, suggesting that D3
receptors are in fact not involved in drug reinforcement (Pilla et al., 1999; Di Ciano et al.,
2003). Taken these facts into account, it is unlikely that the reduction in dopamine D3
receptors in nucleus accumbens and striatum of p-opioid receptor knockout mice as described
here contributes to their reduced sensitivity to drug reinforcement as compared to wild-type
mice (Matthes et al., 1996; Becker et al., 2000; Roberts et al., 2000; Hall et al., 2001;
Ghozland et al., 2002; Becker et al., 2002; Contarino et al., 2002; Berrendero et al., 2002).
Reduced dopamine D3 receptor binding in p-opioid receptor knockout mice might contribute
to a drug seeking phenotype of p-opioid receptor deficient mice, which is yet to be
investigated. No overall change in dopamine D3 receptor binding was apparent for the chronic
NTX treated mice.
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The present autoradiography data further revealed small differences in calculated specific
dopamine D1 receptor binding between genotypes and treatment groups. However, total
binding of ["H]SCH23390 did not reflect this difference in specific binding. Rather, non-
specific binding of [’H]SCH23390 in presence of an excess of cis-flupentixol was different
between groups and caused apparent changes in calculated specific binding to dopamine D1-
like receptors. Clearly, these data do not point to altered dopamine D1-like receptor expression
in chronic NTX treated mice nor in p-opioid receptor knockout mice as compared to their
respective controls, but rather point to changes in binding of [PH]SCH23390 to as yet
undetermined non-D1 sites. Increased dopamine D1 and D2 receptor mRNA expression has
been described for p-opioid receptor knockout mice (Park et al., 2001). The lack of effect of
p-opioid receptor deficiency upon dopamine D1- and D2-like receptor binding suggests that
the altered mRNA levels as reported by Park et al. may not reflect protein levels.

Open field and climbing behaviour

Interestingly, opposing effects of p-opioid receptor gene knockout and chronic NTX treatment
were observed upon locomotor activity in an unfamiliar open field, but no differences were
found for climbing behaviour. Compared to wild-type mice, p-opioid receptor knockout mice
were hypoactive upon exposure to the novel environment, which is in agreement with
previous studies (Matthes et al., 1996; Tian et al., 1997; Hall et al., 2003a). In contrast,
chronic NTX treated mice were more active as compared to placebo treated controls during
the hour in the unfamiliar open field 24 hrs after removal of the NTX pellet. Important to note,
chronic NTX treated mice were no longer different from placebo treated controls at 48 hrs of
withdrawal from NTX. The transient character of chronic NTX effects upon locomotor
activity may be related to the relatively short-lived changes in opioid receptor levels after
withdrawal from NTX, returning to placebo-like levels after 6 days withdrawal from NTX
exposure (Tempel et al., 1982). The respective reduction and increase in locomotor activity of
p-opioid receptor knockout mice and chronic NTX treated mice may reflect reduced and
increased (novelty-induced) dopamine levels.

Opioid-dopamine interactions

The adaptations in the dopamine system described here for mice, which either lack p-opioid
receptors from gestation or are characterised by transient over-expression of (u-)opioid
receptors, confirm opioid control over dopamine systems.

With regard to the p-opioid receptor knockout mice, both a decrease in novelty-induced
locomotor activity and a reduction in dopamine D3 receptor binding were noted. The exact
mechanisms underlying these adaptations are not known, but reduced dopamine levels are
likely involved. Indeed, dopamine depletions in accumbens and striatum after 6-OHDA
lesions of the medial forebrain bundle have been associated with reduced locomotor activity
(Sundstrom et al., 1990) and with reductions in D3 receptor binding and mRNA (Wolterink et
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al., 1990; Vos et al., 1995; Levesque et al., 1995; Guillin et al., 2001). Moreover, activation of
p-opioid receptors causes hyperpolarization of GABA containing neurons in the VTA, thereby
relieving inhibitory input to dopaminergic projection neurons (Johnson & North, 1992a). In
absence of p-opioid receptors, such disinhibition can not occur and therefore increased
inhibitory input to dopamine neurons and concurrent reductions in dopamine levels in the
nucleus accumbens and striatum might be expected for p-opioid receptor knockout mice.
However, microdialysis revealed no change in basal extracellular dopamine levels in the
nucleus accumbens of p-opioid receptor knockout as compared to wild-type mice (Tang et al.,
2002) nor did we find changes in TH mRNA expression in these mice. Differences between
genotypes in novelty-induced dopamine levels can however not be ruled out.

Hyperactivity of chronic NTX treated mice, 24 hrs after withdrawal from NTX, might involve
enhanced (novelty-induced) dopamine levels in nucleus accumbens and/or striatum. However,
previous studies have shown that basal dopamine levels, dopamine synthesis or dopamine
metabolite levels were not different between chronic NTX and placebo treated rats 24 hrs after
withdrawal from NTX or placebo treatment (Bardo et al., 1988; Ahtee et al., 1990).

In conclusion, the present findings confirm opioid control over dopamine systems. It is
important to take into account the interaction between opioid and dopamine systems
considering the role of both systems in mediating the effects of drugs of abuse. Further, the
reduction in dopamine D3 receptors may suggest a drug seeking phenotype of p-opioid
receptor knockout mice, which is yet to be investigated.
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Chapter 7

ABSTRACT

Chronic treatment with the opioid antagonist naltrexone (NTX) induces functional
supersensitivity to opioid agonists, which may be explained by receptor upregulation induced
by opioid receptor blockade. In the present study the levels of opioid receptor subtypes
through the brain of mice were determined after chronic NTX treatment using quantitative in
vitro autoradiography. This is the first complete mapping study in mice for p-, 5- and K-opioid
receptors after chronic NTX exposure. Treatment with naltrexone clearly induced upregulation
of u- (mean 80%) and, to a lesser extent, of 3-opioid receptors (mean 39%). The upregulation
of u- and &-opioid receptors was evident throughout the brain, although there was variation in
the percentage change across brain regions. In contrast, consistent upregulation of k-opioid
receptors was observed in cortical structures only and was not so marked as for p- and o-
opioid receptors. In non-cortical regions k-opioid receptor expression was unchanged. Taken
together, the present findings suggest opioid receptor subtype selective regulation by chronic
NTX treatment in mice.
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INTRODUCTION

Chronic exposure to opioid antagonists is known to result in supersensitivity to opioid
agonists. For example, chronic treatment with naltrexone (NTX) has been shown to enhance
the analgesic, lethal and respiratory depressant potency of opioids (Tempel et al., 1985;
Yoburn et al., 1986b; Yoburn et al., 1995; Diaz et al., 2002). Further, chronic treatment with
NTX alters reward sensitivity in rats. Morphine-induced place preference and the acquisition
of cocaine self-administration were enhanced in rats pre-treated with NTX (Bardo &
Neisewander, 1987; Ramsey & Van Ree, 1990). In addition, increased heroin-induced
facilitation of intracranial self-stimulation has been observed after chronic NTX treatment
(Schenk & Nawiesniak, 1985).

Several studies have shown upregulation of opioid receptors, particularly of the p- but also the
d-subtype, after chronic NTX treatment using whole brain homogenates (Tempel et al., 1985;
Yoburn et al., 1986b; Yoburn et al., 1988; Yoburn et al., 1989; Cote et al., 1993; Unterwald et
al., 1995; Yoburn et al., 1995; Castelli et al., 1997; Duttaroy et al., 1999). Zukin et al. (1982)
described increased ['Hletorphine binding in homogenates of limbic structures.
Autoradiography revealed highest increases in opioid receptor binding in the hypothalamus,
hippocampus, substantia nigra, amygdala and basal ganglia (Tempel et al., 1984; Morris et al.,
1988; Unterwald et al., 1998; Diaz et al., 2002).

The upregulation of opioid receptors in the brain may underlie the effects induced by chronic
opioid antagonist treatment. NTX treatment is one of the pharmacotherapies to treat heroin or
alcohol addicts (Kreek et al., 2002). It is therefore of major interest to learn about the effects
of chronic NTX treatment upon opioid receptors, which may have implications for drug
dependent patients after cessation of NTX treatment (Yoburn et al., 1986b). Moreover,
chronic NTX treatment may be used as a model to gain insight into the role of opioid receptors
in various processes. For this purpose, however, a detailed description of opioid receptor
upregulation throughout the brain is required. Previous autoradiographic studies either
described opioid receptor binding for a limited number of regions or dealt with p- and not 6-
and k-opioid receptor binding. In addition, all autoradiographic studies dealing with opioid
receptor regulation by chronic NTX treatment have used rats. Taken together a detailed
account of the effects of chronic exposure to NTX upon p-, 8- and k-opioid receptor binding
across the brain is lacking, especially for mice. Data regarding the effects of NTX in mice is
essential, particularly in light of extensive new data on opioid systems from gene knockout
mice (Kieffer & Gaveriaux-Ruff, 2002). The aim of the present study was therefore to
determine in mice p-, 6- and k-opioid receptor levels in different regions in the brain after
chronic naltrexone treatment. Quantitative autoradiography was applied using radioligands
selective for the pu-, 5- or x-opioid receptors.
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MATERIALS AND METHODS

Animals and treatment

Male C57/Bl6 mice, 2 months of age, were obtained from Charles River (L’ Arbresle, France)
and were housed in groups of 4 mice in extended Macrolon® type I cages with water and food
pellets available ad libitum. Environmental conditions were controlled (22°C and 50%
humidity; lights on at 7:00 h and lights off at 19:00 h). After transport the mice were allowed
to acclimatise for at least one week before the experiment. The experimental procedures were
approved by the Ethical Committee for Animal Experiments of the University Medical Center
Utrecht.

Pellets containing 15 mg naltrexone or corresponding placebo pellets were implanted
subcutaneously in the nape of the neck under halothane anaesthesia (5% / 95% O,) (day 1).
Naltrexone and placebo treated mice were housed together (2 of both per cage). On day 8 the
pellet was removed (5% halothane / 95% O,). 24 Hours after pellet removal the mice were
killed by cervical dislocation. Brains were rapidly dissected, frozen in crushed dry ice and
stored at —80°C until use.

Autoradiographic procedures

The autoradiographic procedures used have been described previously (Kitchen et al., 1997).
Briefly, 20 um coronal sections were cut 300 um apart using a cryostat (Leica, Rijswijk, The
Netherlands) and thaw-mounted on gelatin-subbed slides. The tissue was left to dry at —20°C
in air-tight boxes containing CaSO, until further processing.

Tissue was pre-incubated for 30 minutes in 50 mM Tris-HCI pH 7.4 containing 0.9 % NaCl.
Thereafter the sections were incubated in 50 mM Tris-HCI pH 7.4 containing either 5 nM
PHIDAMGO (p-opioid receptors), 8 nM [*H]deltorphin-1 (8-opioid receptors) or 2.5 nM
[’H]CI-977 (x-opioid receptors). Ligand concentrations approximated 3-4 x Kp. Non-specific
binding was determined on adjacent sections in presence of 1 uM naloxone (p- and k-opioid
receptors) or 10 pM naloxone (5-opioid receptors). After incubation the slides were rinsed
three times in ice-cold 50 mM Tris-HCI pH 7.4 and subsequently dried to cold air.

Slides were apposed to [’H]Hyperfilm (Amersham, UK) for three, four or six weeks for p-, &-
and k-opioid receptors, respectively. Slides of both naltrexone and placebo treatment groups
were apposed to the same film (2 mice/group/film). Films were developed using Kodak D19
developer and fixed using Kodak Rapid Fixer (Sigma, UK).

Image Analysis

Quantitative analysis of receptor binding was carried out by video-based computerised
densitometry using an MCID image analyser (Imaging Research, Canada). Specific binding
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was determined by subtraction of the non-specific binding from the total binding, using the
overlay function. Specific binding is expressed in fmol/mg tissue, as derived from calibrated
[’H] microscale standards (Amersham, UK) laid down with each film. For each region,
quantified measures were taken from both hemispheres. Measures of binding therefore
represent a duplicate determination for each brain region. Cortical areas, olfactory tubercle
and hippocampus were analysed by sampling 5-8 times with a box tool. All other regions were
analysed by freehand drawing of anatomical areas. Structures were identified according to the
mouse brain atlas of Paxinos and Franklin (2001). The N value refers to the number of mice
per treatment group.

Statistical Analysis

For statistical analysis of the data SPSS 10.1 was used. The data for the three opioid receptor
subtypes were analysed separately. Since binding was determined for both hemispheres,
paired-sampled Student’s ¢ tests were performed to determine hemisphere effects. Because
there were no significant differences between hemispheres, the data for left and right
measurements were pooled. The mean values per area per animal were used in further
analyses. An overall analysis (two-way ANOVA) was performed with treatment and area as
factors. In addition, separate analyses were carried out for cortical regions, limbic structures
and regions involved in movement or in pain/sensory functions. Data are represented as mean

* SEM; significance was accepted at P < 0.05.

RESULTS

The mean values of the quantitative p-, 5- and k-opioid receptor binding for placebo and
chronic naltrexone treated mice are summarised in Tables 1, 2 and 3 respectively. To enable
comparison of opioid receptor regulation between neuroanatomical and functional distinct
systems, the data are categorised by cortical regions, limbic structures, regions involved in
movement or in pain/sensory functions and regions such as hypothalamus and thalamus (for
details see Tables 1, 2 and 3). Representative images for p-, 8- and k-opioid receptor
autoradiography are shown in Figure 1. Non-specific binding was low and did not differ
between placebo and naltrexone treated mice.

p-Opioid receptor autoradiography: specific [°H]DAMGO binding

Quantitative analysis of p-opioid receptors revealed upregulation of p-opioid receptors after
chronic NTX treatment (Table 1). The mean percentage change of "H][DAMGO binding
across all regions was 80%; changes in p-opioid receptor levels per region ranged from 22 to
308%. There was a significant overall effect of chronic NTX treatment upon p-opioid receptor
densities (P < 0.001). Further, two-way ANOVA revealed a significant treatment by area
interaction (P < 0.001), indicative of interregional differences in upregulation.
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FIGURE 1

Computer-enhanced colour autoradiograms of coronal sections from placebo and NTX treated mice.

fmol/mg

Images for placebo and NTX treatment groups were taken from the same film. Panel (A) represents p-
opioid receptor binding of [PHIDAMGO. In panel (B) images are shown of -opioid receptors, labelled
with [*H]deltorphin-1. Panel (C) represents images for k-opioid receptor binding with [*H]CI-977. The
colour bars show pseudo-colour interpretation of relative density of black and white film image
calibrated in fmol/mg tissue. The autoradiograms for non-specific binding (NSB) are taken from
placebo treated mice; non-specific binding was very low and was not different between placebo and
NTX treated groups.
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Separate analyses for distinct neuroanatomical and functional systems revealed significant
increases in p-opioid receptor expression in cortical regions (102.1%, P < 0.001), limbic
structures (64.5%, P < 0.001), regions involved in motor activity (58.6%, P < 0.01) and in
pain/sensory related structures (62.5%, P <0.001). The data suggest an overall upregulation of
p-opioid receptors after chronic NTX treatment, which was highest in cortical regions and was
less pronounced in a small number of regions, e.g. septum and substantia nigra compacta.

5-Opioid receptor autoradiography: specific [*H]deltorphin-1 binding

5-Opioid receptor binding was increased with a mean percentage change of 39% across all
regions; the percentage change per area varied from 1 to 109% (Table 2). There was a main
effect of chronic NTX exposure upon [*H]deltorphin-1 binding (P < 0.001) and a significant
treatment by area interaction (P < 0.001), indicative of regional differences in §-opioid
receptor upregulation. Further analyses for separate functional systems revealed significant
increases of 6-opioid receptors in cortical regions (34.4%, P < 0.001), limbic regions (43.2%,
P < 0.001) and regions involved in motor activity (38.8%, P < 0.001) or in pain/sensory
functions (39.6%, P < 0.001). The data for 5-opioid receptor binding suggest an overall
upregulation of 5-opioid receptors after chronic NTX pre-treatment. It should be noted that the
upregulation of d-opioid receptors was less pronounced in some regions, e.g. amygdala,
medial geniculate nucleus, ventral tegmental area and hypothalamus.

k-Opioid receptor autoradiography: specific [*H]CI-977 binding

Across all regions the mean percentage change in k-opioid receptor binding was 11% (Table
3). Statistical analysis of the [*’H]CI-977 binding revealed a significant effect of chronic
naltrexone treatment (P < 0.01) but no significant treatment by area interaction. Further
analysis of the data revealed significant increases in k-opioid receptor expression in cortical
regions (24.7%, P < 0.001). There was no significant change in k-opioid receptor binding in
limbic regions (2.5%) and regions involved in motor activity (6.5%) or in pain/sensory
functions (-4.1%). Thus chronic NTX-induced upregulation of k-opioid receptors was
restricted to cortical regions.
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TABLE 1 Quantitative analysis of p-receptor binding in placebo and chronic NTX treated mice (N = 6)

Region Bregma [*H]DAMGO binding (fmol/mg) Change (%)
Placebo Chronic NTX
Cortical regions
Motor Superficial 2.10 101+ 28 193 =+ 3.6 92
Deep 162 + 2.8 322 + 6.5 98
Prelimbic Superficial 2.10 475 =+ 72 90.1 = 125 90
Deep 433 + 4.6 748 + 7.1 73
Infralimbic Superficial 2.10 534 =+ 6.0 898 = 8.1 68
Deep 528 =+ 5.6 803 + 6.2 52
Orbital Superficial 2.46 351 = 40 772 + 7.0 120
Deep 336 =+ 49 688 = 45 105
Rostral somatosensory Superficial 1.10 62 =+ 1.0 187 =+ 53 200
Deep 148 = 35 338 = 3.7 128
Cingulate Superficial 1.10 260 + 5.1 499 + 7.6 92
Deep 329 =+ 45 552 =+ 82 68
Caudal somatosensory Superficial -1.70 59 =+ 1.9 16.6 =+ 3.0 182
Deep 104 + 32 235 =+ 3.8 127
Auditory Superficial -2.54 164 =+ 79 233 = 1.6 42
Deep 241 £ 59 353 + 3.7 46
Visual Superficial -2.54 33 = 0.9 133 = 13 308
Deep 113 =+ 31 213 =+ 22 89
Retrosplinial Superficial -2.54 16.1 + 2.0 264 =+ 1.0 64
Deep 89 =+ 1.6 167 = 13 89
Entorhinal Superficial -3.64 187 + 29 313 + 45 67
Deep 307+ 3.6 452 = 3.7 47
Limbic regions
Olfactory tubercle 1.10 93 + 3.7 23 =+ 3.7 140
Nucleus accumbens Core 1.10 160 + 127 250 + 187 57
Shell 131 + 114 207 + 123 57
Medial Septum 0.74 43 + 34 582 =+ 49 31
Lateral Septum 0.74 216 =+ 42 264 + 34 22
Ventral Pallidum 0.02 639 + 9.0 121 + 126 89
Stria Terminalis -0.22 570 + 9.0 928 =+ 8.9 63
Bed Nucleus of the Stria -0.22 925 =+ 75 144 + 110 55
Amygdala Basolateral -1.46 131 + 101 200 + 13.0 53
Basomedial 104 =+ 73 180 =+ 7.9 73
Medial 100 + 16.6 154 =+ 9.7 53
Hippocampus -2.54 102 =+ 1.8 158 =+ 33 55
Dentate Gyrus 92 =+ 0.9 165 = 2.0 80
Ventral tegmental area -3.28 527 + 4.4 917 =+ 28 74
Motor regions
Caudate putamen 1.10 123+ 167 183 + 255 49
Globus Pallidus -0.22 147 =+ 1.6 288 =+ 42 95
Substantia Nigra Compacta -3.28 454 = 6.2 579 + 35 27
Reticularis 107 =+ 1.9 174 =+ 1.6 63
Sensory / pain regions
Red Nuclei -3.40 182 + 3.0 336 =+ 3.6 84
Superficial gray of superior collicus -3.64 110+ 838 164 =+ 8.1 49
Intermediate gray of superior collicus -3.64 749 =+ 6.1 118 =+ 9.8 57
Medial geniculate nucleus -3.40 519 =+ 5.1 857 + 59 65
Periaqueductal gray -3.64 685 + 8.0 107 =+ 6.8 56
Habenula -1.70 250 + 171 334+ 34 34
Thalamus -1.70 133+ 102 223 = 124 67
Zona Incerta -1.46 101 =+ 7.7 155 =+ 7.0 54
Hypothalamus -1.70 774 + 6.7 137+ 6.0 78
Ventromedial 904 + 117 129 =+ 52 43
Interpeduncular nucleus -3.28 327+ 421 465 + 153 42
Pontine nucleus -3.88 N.D. N.D.

N.D. = not detectable
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TABLE 2 Quantitative analysis of 3-receptor binding in placebo and chronic NTX treated mice (N = 6)

Region Bregma [‘H]deltorphin-1 binding (fmol/mg) Change (%)
Placebo Chronic NTX
Cortical regions
Motor Superficial 2.10 69.1 + 4.6 954 =+ 5.0 38
Deep 748 + 6.2 107+ 4.0 42
Prelimbic Superficial 2.10 101 =+ 7.3 127 =+ 15 25
Deep 989 =+ 5.9 133 =+ 3.0 34
Infralimbic Superficial 2.10 849 = 8.9 112+ 69 31
Deep 803 + 49 110 + 6.8 37
Orbital Superficial 2.46 759 £ 5.8 936 + 28 23
Deep 720 + 7.0 902 =+ 2.7 25
Rostral somatosensory Superficial 1.10 758 + 33 996 + 0.6 31
Deep 759 + 35 950 =+ 33 25
Cingulate Superficial 1.10 854 + 6.9 116 =+ 73 36
Deep 848 + 5.4 117 + 7.8 38
Caudal somatosensory Superficial -1.70 673 + 3.6 941 =+ 5.8 40
Deep 61.1 + 42 809 + 3.9 32
Auditory Superficial -2.54 69.8 + 2.6 912 + 6.2 31
Deep 680 + 2.0 859 + 5.4 26
Visual Superficial -2.54 713 £ 3.7 977 + 3.0 37
Deep 622 + 2.4 896 + 52 44
Retrosplinial Superficial -2.54 534 + 23 724 + 33 36
Deep 570 £ 22 795 =+ 48 39
Entorhinal Superficial -3.64 305 £ 3.0 397 + 37 30
Deep 40.1 = 57 619 = 4.1 54
Limbic regions
Olfactory tubercle 1.10 933 + 8.8 148 + 53 59
Nucleus accumbens Core 1.10 835 + 1.5 121 =+ 51 45
Shell 844 =+ 7.6 125 + 57 48
Medial Septum 0.74 286 + 3.7 397 =+ 22 39
Lateral Septum 0.74 103 =+ 2.4 191 =+ 22 86
Ventral Pallidum 0.02 68.7 + 6.4 976 =+ 7.6 42
Stria Terminalis -0.22 186 =+ 23 26 =+ 22 22
Bed Nucleus of the Stria -0.22 201 =+ 1.6 292 =+ 2.0 45
Amygdala Basolateral -1.46 109 =+ 7.7 130 + 110 19
Basomedial 412 + 2.6 616 =+ 7.5 49
Medial 336 + 23 389 =+ 2.1 16
Hippocampus -2.54 347 + 3.7 521 + 3.1 50
Dentate Gyrus 461 = 42 777 £ 55 69
Ventral tegmental area -3.28 141 =+ 2.8 163 + 3.6 16
Motor regions
Caudate putamen 1.10 135 =+ 5.1 177 <+ 7.7 31
Globus Pallidus -0.22 109 + 57 152 + 43 39
Substantia Nigra Compacta -3.28 115 =+ 13 153 = 1.8 33
Reticularis 84 + 1.7 129 =+ 1.2 53
Sensory / pain regions
Red Nuclei -3.40 131 =+ 1.6 178 + 0.7 36
Superficial gray of superior colliculus -3.64 52+ 1.1 95 + 1.8 82
Intermediate gray of superior colliculus -3.64 96 =+ 1.8 129 + 14 34
Medial geniculate nucleus -3.40 164 =+ 1.7 191 + 2.1 16
Periaqueductal gray -3.64 156 + 2.0 203 + 1.2 30
Habenula -1.70 68 + 0.7 116 =+ 1.1 71
Thalamus -1.70 346 + 2.0 445 + 38 29
Zona Incerta -1.46 250 + 22 352 & 2.4 41
Hypothalamus -1.70 215 + 1.5 251 + 2.5 17
Ventromedial 234 £ 38 237 + 42 1
Interpeduncular nucleus -3.28 293 + 112 364 + 107 24
Pontine nucleus -3.88 352 + 104 737 + 6.9 109
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TABLE 3 Quantitative analysis of k-receptor binding in placebo and chronic NTX treated mice (N = 6)

Region Bregma [*H]CI-977 binding (fmol/mg) Change (%)
Placebo Chronic NTX
Cortical regions
Motor Superficial 2.10 108 =+ 13 193 + 2.6 79
Deep 145 =+ 25 23 =+ 3.0 53
Prelimbic Superficial 2.10 199 =+ 41 268 =+ 2.1 35
Deep 310 + 5.1 409 =+ 43 32
Infralimbic Superficial 2.10 188 = 47 264 + 3.0 40
Deep 228 + 8.5 262 =+ 35 15
Orbital Superficial 2.46 169 + 43 243 + 28 43
Deep 189 = 2.7 212 =+ 1.1 12
Rostral somatosensory Superficial 1.10 152 =+ 2.9 194 + 3.5 28
Deep 16.1 =+ 2.0 232 =+ 4.0 44
Cingulate Superficial 1.10 126 =+ 1.8 178 + 3.0 41
Deep 266 + 32 345 + 34 30
Caudal somatosensory Superficial -1.70 165 =+ 15 203 + 43 23
Deep 148 =+ 23 201 =+ 25 36
Auditory Superficial -2.54 166 =+ 0.8 158 + 39 -5
Deep 162 =+ 1.9 187 + 32 16
Visual Superficial -2.54 166 = 1.9 170 + 33 3
Deep 132 = 25 151 =+ 2.6 15
Retrosplinial Superficial -2.54 122 =+ 2.0 106 + 22 -13
Deep 122 = 22 102 + 2.7 -16
Entorhinal Superficial -3.64 141 + 3.8 131 + 3.7 -7
Deep 131 =+ 1.7 183 + 3.1 39
Limbic regions
Olfactory tubercle 1.10 233 + 42 363 + 5.7 56
Nucleus accumbens Core 1.10 438 + 4.8 405 + 52 -7
Shell 423 =+ 3.0 427 =+ 43 1
Medial Septum 0.74 113 =+ 1.5 90 + 2.1 -20
Lateral Septum 0.74 103 =+ 1.4 98 + 1.9 -5
Ventral Pallidum 0.02 356 + 32 394 + 44 11
Stria Terminalis -0.22 245 + 3.7 29 =+ 2.7 -7
Bed Nucleus of the Stria -0.22 301 =+ 39 347 =+ 2.6 15
Amygdala Basolateral -1.46 856 + 6.6 842 + 8.6 -2
Basomedial 203 + 3.7 159 + 4.0 222
Medial 683 + 6.8 60.5 =+ 44 -12
Hippocampus -2.54 65 =+ 1.0 80 =+ 1.0 23
Dentate Gyrus 58 =+ 1.6 55 =+ 1.4 -5
Ventral tegmental area -3.28 344 + 4.6 374 <+ 5.1 9
Motor regions
Caudate putamen 1.10 242 + 12 241 =+ 22 -1
Globus Pallidus -0.22 125 + 12 139 + 1.1 11
Substantia Nigra Compacta -3.28 21 =+ 2.7 232 + 24 5
Reticularis 196 =+ 2.6 216 + 15 11
Sensory / pain regions
Red Nuclei -3.40 85 =+ 2.6 108 =+ 23 28
Superficial gray of superior colliculus -3.64 154 =+ 2.7 100 + 3.0 -35
Intermediate gray of superior colliculus -3.64 101 =+ 2.6 92 + 3.0 -9
Medial geniculate nucleus -3.40 70 + 2.8 6.7 =+ 2.7 -5
Periaqueductal gray -3.64 350 + 23 350 =+ 1.4 0
Habenula -1.70 51 =+ 1.2 48 + 2.0 -6
Thalamus -1.70 146 + 1.6 162 + 2.0 11
Zona Incerta -1.46 363 + 42 335 + 4.8 -8
Hypothalamus -1.70 359 + 1.5 364 + 33 1
Ventromedial 353 22 354 + 3.0 0
Interpeduncular nucleus -3.28 195 =+ 42 127 =+ 3.9 35
Pontine nucleus -3.88 N.D. N.D.

N.D. = not detectable
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DISCUSSION

Chronic NTX is known to induce supersensitivity to opioid agonists. This study provides a
quantitative mapping for regional changes in the main opioid receptor subtypes throughout the
brain in mice treated chronically with NTX. This is the first full quantitative mapping of p-, 8-
and k-opioid receptors in chronic NTX treated mice. There was a clear upregulation of p-
opioid receptors and a lower but significant increase in d-opioid receptors throughout the
brain. In contrast, upregulation of k-opioid receptors was restricted to cortical structures.

Ligand binding assays on whole brain homogenates of mice and rats showed chronic NTX-
induced upregulation of p- and d-opioid receptors, with a mean percentage change of 43 to
90% and 20 to 70%, respectively (Tempel et al., 1985; Yoburn et al., 1986b; Danks et al.,
1988; Yoburn et al., 1988; Yoburn et al., 1989; Cote et al., 1993; Unterwald et al., 1995;
Yoburn et al., 1995; Castelli et al., 1997; Kest et al., 1998; Duttaroy et al., 1999). For k-opioid
receptor binding either no change or an increase in k-opioid receptor binding by 30% were
described (Tempel et al., 1985; Yoburn et al., 1995). Although these studies provided
evidence for chronic NTX-induced upregulation of opioid receptors, they do not provide
insight into regional changes in opioid receptor densities.

In the present study opioid receptor regulation induced by chronic NTX in mice was studied
using quantitative autoradiography.

e p-opioid receptor autoradiography

Without exception upregulation of p-opioid receptors was observed for all regions. The data
from this study show inter-regional variation in upregulation, but provide no evidence for
upregulation of p-opioid receptors in specific functional neuroanatomical systems. For
example, p-opioid receptor densities were enhanced in limbic structures but also in basal
ganglia and structures involved in pain and sensory-motor functions, such as the
periaqueductal gray, red nuclei and colliculi. Although different authors suggested there were
regional differences, they disagree on exactly which areas are sensitive to chronic NTX-
induced p-opioid receptor upregulation. In fact, comparison of the different previous studies
on this matter, which all used rats, reveals that the data to support regional differences are
rather weak. Zukin et al. (1982) suggested high increases in opioid receptors in the limbic
system whereas others found relatively low increases in p-opioid receptors in limbic structures
compared to other areas (Tempel et al., 1984; Morris et al., 1988). Further, Diaz et al.
described highest increases in ["HJDAMGO binding in caudate putamen and nucleus
accumbens, while Unterwald et al. found highest increments in p-opioid receptors in central
grey and hypothalamus (Unterwald et al., 1998; Diaz et al., 2002). The data from the present
mapping study suggest that chronic NTX exposure induces a general upregulation of p-opioid
receptors in mice, although the percentage increase may be highest in some cortical regions.
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e §-opioid receptor autoradiography

There was an upregulation of d-opioid receptors after treatment with NTX, although the mean
percentage change was lower as compared to the p-opioid receptor data. This finding
corresponds well to data of homogenate binding assays for chronic NTX treatment in mice
(Yoburn et al., 1986b; Yoburn et al., 1988; Yoburn et al., 1989; Yoburn et al., 1995; Duttaroy
et al., 1999) and an autoradiographic study by Morris et al. (1988). Although there was
variation between regions, upregulation of d-opioid receptor binding was not restricted to a
specific functional neuroanatomical system, which contrasts with earlier work by Morris et al.
(1988). In summary, chronic NTX treatment results in a general increase in 5-opioid receptor
binding across the brain.

e k-opioid receptor autoradiography

The nature of the differences between placebo and NTX treated mice for k-opioid receptor
binding did not mirror those for p- and &-opioid receptors. Cortical regions showed
upregulation, whereas in non-cortical regions there was no change in binding compared to
placebo treated controls. It can be concluded, that 15 mg NTX pellets implanted
subcutaneously for 1 week causes an upregulation of k-opioid receptors in merely cortical
structures in mice. Morris et al. (1988) described effects of chronic naloxone treatment in rats
upon K-opioid receptor binding, but this was found for the high dose (3.0 mg/kg/hr) and not
the low dose (0.5 mg/kg/hr). Apparently dependent on the dose, naloxone, and probably also
NTX, can induce upregulation of k-opioid receptors.

In this study, a single time-point after chronic NTX treatment is addressed: 24 hours after
NTX was removed, based upon studies that showed functional opioid supersensitivity in mice
after chronic NTX treatment. At this time-point most of the NTX is eliminated (T,, = 4.6 hr,
Yoburn et al., 1986a; 23 hr post-removal approximately 97% is eliminated). Tempel et al
(1982) studied the time course of [’H]etorphine binding after chronic NTX treatment in rats.
[*H]etorphine binding was enhanced by chronic NTX after 8 days of NTX treatment, which is
the time-point of pellet removal in the present study. During NTX withdrawal Tempel et al
(1982) showed that receptor levels declined and reached baseline levels by day 6 after removal
of the pellets.

Quantitative autoradiography cannot discriminate between changes in B, and Kp values.
However, whole brain homogenate binding assays consistently showed increases in B,
without any changes in Kp, for p-, 6- and k-opioid receptors (Yoburn et al., 1989; Giordano et
al., 1990; Cote et al., 1993; Unterwald et al., 1995; Yoburn et al., 1995; Castelli et al., 1997,
Duttaroy et al., 1999). It is therefore likely that the results described here in fact represent
increases in B« as opposed to changes in affinity.
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The mechanism of opioid receptor upregulation induced by chronic NTX is not known,
although different theories have been addressed. Opioid receptor upregulation is probably not
due to increased transcription of the opioid receptor gene or related to altered opioid receptor
mRNA stability (Unterwald et al., 1995; Jenab et al., 1995; Castelli et al., 1997; Duttaroy et
al., 1999). Danks and Rothman (Danks et al., 1988; Rothman et al., 1989) observed p- and 6-
opioid receptor upregulation induced both by chronic morphine and naltrexone, which they
suggested might be explained by agonist- and antagonist-induced release of ‘anti-opiates’, i.e.
endogenous peptides such as cholecystokinin-8, a-MSH, dynorphin, B-endorphin and Met-
enkephalin, which participate in opioid receptor upregulation. Data concerning G-protein
changes are contradictory; one study reported increased sensitivity of the newly synthesised or
unmasked opioid receptors to guanyl nucleotides (Tempel et al., 1985), although in another
study no changes in G-protein mRNA levels after chronic exposure to NTX were observed
(Rubino et al., 1994). Further, mechanisms such as changes in receptor protein stability,
changes in receptor turnover or degradation and unmasking of ‘silent’ receptors have been
proposed (Castelli et al., 1997). Unterwald et al. (1995) suggested that naltrexone might
inhibit normal downregulation of opioid receptors, presumably by preventing endogenous
opioids to bind. Finally, discrepancies between quantitative p-opioid receptor
immunoreactivity and quantitative p-opioid receptor autoradiography led to suggest that the
percentage of active receptors may be increased without a change in the total number of
receptors (Unterwald et al., 1998).

The data of the present study clearly show chronic NTX-induced upregulation of p- and &-
opioid receptors while k-opioid receptor expression was enhanced in cortical but not in non-
cortical regions. The pattern of upregulation induced by chronic naltrexone treatment (L > & >
k) as described here does not parallel the ratio in affinity of naltrexone for p-, 8- and k-opioid
receptors (n > x > 9, Kieffer, 1995; Gutstein & Akil, 2001). This suggests that the affinity of
naltrexone to a receptor is not predictive of the extent of naltrexone-induced supersensitivity
of that receptor. It is further interesting to note that p- and x-opioid receptors are thought to
have different, even opposing functions (for review see Pan, 1998; Narita et al., 2001). For
example, p-opioid agonists induce antinociception and tolerance, p-opioid agonists are
rewarding (Van Ree et al., 1999), p-agonists impair memory, cause euphoria, increase
dopamine release from the nucleus accumbens (Di Chiara & Imperato, 1988b) and are
proconvulsant. In contrast, k-opioid receptor agonists have anti-u-opioid actions, i.e. they
block morphine analgesia, reduce morphine tolerance and they improve p-opioid agonist-
induced memory impairment. Moreover k-opioid agonists induce p-opioid opposing effects
(but see Van Ree et al, 1999): they induce dysphoria, are aversive, improve memory
processes, act as anticonvulsants and decrease dopamine release from the nucleus accumbens.
The present data suggest that p- and k-opioid receptors are also differentially regulated by
chronic NTX.
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In conclusion, the present full quantitative mapping study of p-, 5- and k-opioid receptors
revealed clear effects of chronic NTX exposure upon opioid receptors in mice. Chronic NTX
induced overall increases in p- and, although to a lesser extent, in 5-opioid receptor binding.
Changes in k-opioid receptors were restricted to cortical regions. The findings described here
suggest opioid receptor subtype selective regulation mechanisms.
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ABSTRACT

The endogenous cannabinoid system is a relatively recently discovered system consisting of
cannabinoid CB1 receptors, which are expressed both in the periphery and in the central
nervous system, peripheral cannabinoid CB2 receptors and endogenous cannabinoids, that is
anandamine and 2-arachidonyl glycerol. The cannabinoid CBI1 receptors have recently been
implicated in rewarding aspects of not only the cannabinoid drug A’-tetrahydrocannabinol (A’-
THC), but also of other drugs of abuse, including cocaine. The present study was designed to
further investigate the role of CB1 receptors in reward-related effects of cocaine. Using the
CBI1 receptor selective antagonist SR141716A, the involvement of CB1 receptors in cocaine
reinforcement was determined by intravenous cocaine self-administration. In addition, the
effects of the CBI1 receptor selective antagonist SR141716A upon the development of
cocaine-induced behavioural sensitization were investigated.

SR141716A did not affect cocaine reinforcement nor did it affect the development of
behavioural sensitization to the locomotor stimulant effects of cocaine. These findings suggest
that CB1 receptors are not involved in acute cocaine reinforcement nor in cocaine-induced
behavioural sensitization.
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INTRODUCTION

The endogenous cannabinoid system consists of cannabinoid type 1 receptors (CB1), CB2
receptors, which are restricted to the periphery, and the endogenous cannabinoids anandamide
and 2-arachidonyl glycerol (2-AG) (Childers & Breivogel, 1998). Cannabinoid CB1 receptors
have been implicated in the rewarding aspects not only of the Cannabis Sativa derived
compound A’-tetrahydrocannabinol (A°-THC, Maldonado & Rodriguez, 2002), but also of
opiates such as heroin and morphine (Chaperon et al., 1998; Navarro et al., 2001; Solinas et
al., 2003; De Vries et al., 2003). Moreover, endogenous cannabinoids may be involved in
reward-related effects of other drugs of abuse such as alcohol (Arnone et al., 1997; Freedland
et al., 2001; Gallate & McGregor, 1999; Serra et al., 2001; Lallemand et al., 2001 but Vacca et
al.,, 2002; Colombo et al., 2002; Wang et al., 2003), nicotine (Cohen et al., 2002), 3,4-
methylenedioxymethamphetamine (MDMA) (Braida & Sala, 2002) and cocaine (Chaperon et
al., 1998; De Vries et al., 2001 but Fattore et al., 1999).

Here we further investigated the role of CB1 receptors in acute and chronic reward-related
effects of cocaine. For this purpose we used the selective CB1 receptor antagonist SR141716A
(Rinaldi-Carmona et al., 1995). First, the involvement of CB1 receptors in the initiation of
intravenous cocaine self-administration in drug-naive mice was studied. Initiation of cocaine
self-administration is predominantly determined by the positive reinforcing properties of
cocaine and is not or less influenced by effects of repeated drug administration (Van Ree et
al.,, 1999). In a yoked-controlled self-administration paradigm the effects of acute CBI
receptor blockade with SR141716A upon cocaine reinforcement were determined. In the
second part of this study, the involvement of CB1 receptors in chronic effects of cocaine was
determined. Prolonged exposure to cocaine, or other drugs of abuse, leads to sensitization of
brain systems, which mediate incentive salience or ‘drug wanting’ (Robinson & Berridge,
2000). Here behavioural sensitization to the locomotor stimulant effects of cocaine, which is
assumed to involve the same neural substrates, was studied for involvement of CB1 receptors.
SR141716A or placebo was co-administered with repeated intermittent cocaine or saline
sensitization injections for 11 subsequent days.

MATERIALS AND METHODS

Animals

Male C57Bl/6Jico mice (Charles River, I’Arbresle, France) aged 2-3 months were group
housed (2-4) in extended Macrolon® type I cages with water and food pellets available ad
libitum. Environmental conditions were controlled (22°C and 50% humidity; lights on at 7:00
a.m. and lights off at 7:00 p.m., GDL Utrecht University). The experimental procedures were
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approved by the Ethical Committee for Animal Experiments of the University Medical Center
Utrecht.

Effects of SR141716A upon intravenous cocaine self-administration

This experiment was designed to determine the effects of the CBI1 antagonist SR141716A
upon intravenous (i.v.) cocaine self-administration in drug-naive mice. As described
previously (Kuzmin et al., 1997a; Kuzmin et al., 1997b), mice were tested in pairs, one active
and one yoked control, in identical 8x8x8 cm test cages made from non-transparent material
(RITEC, St. Petersburg, Russia). Each cage has a frontal nose-poking hole supported with
infrared sensors interfaced to a computer. Mice were partially immobilized by fixing their
tails, which protruded through the vertical slot in the back wall, to the horizontal surface using
tape. A 10 minutes pre-test was performed at least 2 hours prior to the self-administration
session. The mice were subsequently paired according to basal nose-poke responding.

SR141716A was dissolved in a mixture of 0.5% Tween/Ethanol in saline, which was also used
as the control solution (placebo). 30 Minutes prior to the self-administration session, the mice
received either a placebo or a 1 mg/kg SR141716A injection intraperitoneally (i.p.) (Chaperon
et al., 1998; Serra et al., 2001; De Vries et al., 2001). During the self-administration session
(30 minutes) each nose-poke response by the active mouse resulted in a contingent i.v.
injection of 1.6 pl of a cocaine solution (0.2, 0.4 or 0.8 ng cocaine per infusion) in the lateral
tail vein of both the active and the yoked control mouse. Nose-pokes by the yoked control
mice were counted but had no programmed consequences. The data are expressed as total nose
poke responses or total cocaine intake (mg/kg bodyweight) during the 30 minutes experiment.
N = 6-8 per dose per type (active or yoked) per treatment.

Effects of SR141716A upon cocaine-induced behavioural sensitization

This experiment was designed to determine the effects of the CB1 antagonist SR141716A
upon the development of behavioural sensitization induced by cocaine. 16 Mice received daily
saline injections and another 16 mice received 20 mg/kg cocaine once daily for 11 subsequent
days. These saline and cocaine groups were subdivided into two groups of 8 mice each, which
received either placebo (0.5% Tween/Ethanol in saline, i.p.) or SR141716A (1 mg/kg, i.p.) 30
minutes prior to the daily saline or cocaine injection (co-administration). All injections during
the 11 days of sensitization were administered from the home cage. 72 Hrs after the last
cocaine or saline injection, the mice were transported and allowed to acclimatise to the
experimental room for at least 1 hour. Then the mice were placed in the open field, which was
a clear Plexiglas cylinder of 20 cm in diameter and 30 cm in height. During the first hour in
the open field the locomotor activity was measured to monitor the adaptation of the mice to
the novel environment. Subsequently all mice received a saline injection (i.p.) after which they
were returned to the open field and monitored for another hour. Thereafter all mice received a
cocaine challenge (10 mg/kg i.p.) and their locomotor activity in the open field was
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determined during 30 minutes. The distance moved in the open field was measured in 5
minutes intervals using a camera-linked computerised tracking system with Ethovision
software (Noldus, Wageningen, NL). N = 8 mice per group, except for the placebo/cocaine
treatment group. One mouse was discarded from this group because it escaped from the open
field during the hour after saline injection.

Since the results of this initial experiment suggested a slight reduction in behavioural
sensitization (see results section), an additional experiment was performed for verification. For
this experiment, 72 mice were used. No SR141716A/saline control was included because the
initial experiment (see above) revealed no effect of SR141716A upon acute cocaine- induced
locomotor activity. In this case, 24 mice received daily saline injections and 48 mice received
20 mg/kg cocaine once daily for 11 subsequent days. All saline treated mice received placebo
injections (0.5% Tween/Ethanol in saline) 30 minutes prior to saline administration. The
cocaine group was subdivided in two groups of 24 mice each: a placebo group and a
SR141716A group (1 mg/kg in 0.5% Tween/Ethanol in saline). Placebo or SR141716A were
administered 30 minutes prior to saline or cocaine injections. 72 Hrs after the last sensitization
injection, the mice were tested in the open field as described. In this experiment the mice were
allowed to adapt to the open field for 1.5 hr after which saline was injected and either 1, 3 or
10 mg/kg cocaine challenge doses were given at 2 hr after placement in the open field. N = 8

per group.

Statistical analysis

For cocaine self-administration, the number of nose pokes for the 10 minutes pre-test and the
nose poke responding during the 30 minutes cocaine self-administration session were analysed
by three-way ANOV As using SPSS 10.1 software. The independent factors were type (active
or yoked), dose (ng/infusion) and treatment (placebo or SR141716A). The intake data of the
active mice were analysed by two-way ANOV A with dose and pre-treatment as factors.

Open field activity is expressed as distance moved in 5 minutes intervals. Separate analyses of
variance (ANOVAs) with repeated measurements were used to analyse the data for the
adaptation to the open field, the period after saline injection as well as the 30 minutes after
cocaine challenge. Distance moved was the variable and co-administration (placebo or
SR141716A) and treatment (saline or cocaine) were the independent factors. When
appropriate, one-way ANOVA’s with repeated measurements were performed. In the second
sensitization experiment with 1, 3 or 10 mg/kg cocaine challenge doses no SR141716A/saline
group was included because there was no effect of SR141716A co-administration upon the
acute locomotor response to the cocaine challenge in the initial experiment. Because the
SR141716A/saline group was absent, separate analyses were performed (1) for the saline and
cocaine treated mice within the placebo co-administration group with treatment (saline or
cocaine) and dose (1, 3 or 10 mg/kg) as factors and (2) for the cocaine treated mice, which
received either placebo or SR141716A co-administration, with co-administration (placebo or
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SR141716A) and dose (1, 3 or 10 mg/kg) as the independent factors. All data are expressed as
mean + SEM and statistical significance was accepted at P <0.05.

RESULTS

Effects of SR141716A upon intravenous cocaine self-administration

Overall analysis of the nose-pokes during the 10 minutes pre-test revealed no effect of
SR141716A treatment nor were there differences between active and yoked control mice or
between cocaine doses (Table 1), showing that during the initial pre-test all mice were equally
active in their nose-poke responding.

During the cocaine self-administration session, the active mice responded with significantly
more nose-pokes than the yoked control mice did (Figure 1A, overall analysis, effect of type
F(1,73)=10, P < 0.01). Although the number of nose poke responses was not dependent upon
the unit cocaine dose, total cocaine intake by the active responding mice increased with rising
amounts of cocaine administered per infusion (Figure 1B, effect of dose F(2,40)=13, P <
0.001). These findings demonstrate reliable i.v. cocaine self-administration in this experiment.
With respect to involvement of endogenous cannabinoids, acting through CB1 receptors, there
was no effect of SR141716A treatment upon the number of nose-pokes nor was there an
interaction between SR141716A treatment and type, thus indicating that SR141716A treated
mice responded for cocaine in i.v. self-administration as placebo treated controls did.
Moreover, analysis of the total cocaine intake, which is considered indicative of the
reinforcing efficacy of cocaine (Van Ree et al., 1978; Van Ree et al., 1999), revealed no effect
of SR141716A upon total cocaine intake during the 30 minutes self-administration session.

Cocaine (pg/infusion)

0.2 0.4 0.8

Active 51.0+ 11 69.1 £6.1 593+44
placebo

Yoked 427+ 13 63.5+4.0 55.0+8.7

Active 74.0+ 13 57.7+12 59.0+9.2
SR141716A

Yoked 62.3+18 498 +2.9 73.9+72

TABLE 1

Nose poke responding during the 10 minutes pre-test for placebo and SR141716A -treated mice. Data
is expressed as mean + SEM nose pokes during 10 minutes per treatment per type (active or yoked) per
dose.
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FIGURE 1

Effects of SR141716A upon cocaine self-administration in C57Bl/6JIco mice. (A) Total number of
nose-poke responses during the 30 minutes session as a function of cocaine dose (ng per infusion) is
shown for the active responding mice (right panel) and the yoked controls (left panel). The data
represent the mean nose poke responses + SEM. In (B) the total cocaine intake (mg/kg) by the active
responding mice, which received either placebo or 1 mg/kg SR141716A 30 minutes prior to the self-
administration session, is shown as a function of the unit cocaine dose (pg/infusion). The data
represent the mean intake (mg/kg) + SEM. N = 6-8 per group.

Effects of SR141716A upon cocaine-induced behavioural sensitization

The time-course of open field activity of the mice tested for behavioural sensitization to the
locomotor stimulant effects of cocaine and the effects of SR141716A co-administration upon
cocaine-induced behavioural sensitization is shown in Figure 2. During the first hour in the
open field, the mice adapted to the open field as was reflected by a reduction in their activity
over time (F(11,297)=26, P <0.001). Cocaine treatment or SR141716A co-administration did
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not affect basal activity of the mice during the first hour in the open field. Subsequent to the
saline injection, the mice further reduced their activity (F(11,297)=6.5, P < 0.001) and no
cocaine or SR141716A effects were observed.

Repeated intermittent administration of cocaine (20 mg/kg) resulted in behavioural
sensitization (Figure 2) as was evident from a significant effect of cocaine treatment upon the
locomotor response to a 10 mg/kg cocaine challenge (F(1,27)=10, P < 0.01) and a significant
time x treatment (saline or cocaine) interaction (F(5,135)=20, P < 0.001). Overall analysis of
the data of the last 30 minutes period further revealed a significant co-administration (placebo
or SR141716A) x treatment (saline or cocaine) interaction (F(1,27)=5.7, P < 0.05), although
there was no time x co-administration x treatment interaction (F(5,135)=1.5, P = 0.2). These
findings suggest an effect of the cannabinoid CB1 receptor antagonist SR141716A upon
cocaine-induced behavioural sensitization. Post-hoc analyses revealed significant effects of
cocaine treatment for the mice, which received placebo co-administration during the intervals
0-5, 5-10 and 10-15 minutes after cocaine challenge (P < 0.001, P < 0.001 and P < 0.01,
respectively). For the mice, which received SR141716A co-administration with the repeated
intermittent cocaine injections, cocaine sensitization was only apparent during the first 5
minutes interval after cocaine challenge (P < 0.05).

—A— placebo/saline —1—SR141716A/saline
1800 4 —A— placebol/cocaine —— SR141716A/cocaine

saline cocaine

FIGURE 2

Effects of SR141716A upon the development of cocaine-induced behavioural sensitization.
SR141716A or placebo were injected 30 minutes prior to repeated intermittent saline or cocaine (20
mg/kg) injections for 11 days (co-administration). The time-course of the activity in the open field, 72
hrs after the last sensitization injection, is shown with 1 hour adaptation to the open field, followed by
1 hour in the field after an i.p. saline injection and 30 minutes after an i.p. injection of a 10 mg/kg
cocaine challenge. The data represent the mean total distance moved in cm during 5 minutes intervals
+ SEM. N = 7-8 per group. * P <0.01, ** P < 0.001, significant difference between placebo/saline and
placebo/cocaine treatment groups; § P < 0.05, significant difference between SR141716A/saline and
SR141716A/cocaine treated subjects.
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To verify and extend these findings, the effects of SR141716A upon cocaine-induced
sensitization were further explored in an additional experiment with three different cocaine
challenge doses (1, 3 or 10 mg/kg, Figure 3). No SR141716A/saline group was included
because in the initial experiment no effects of SR141716A upon the acute locomotor response
induced by cocaine were observed (see above).

Separate analysis of the mice within the placebo co-administration group revealed an overall
effect of time during the first 1.5 hrs in the open field (F(17,714)=36, P <0.001) and no effect
of saline versus cocaine treatment. The activity of the mice reduced further during the minutes
subsequent to saline injection (F(5,200)=3.3, P < 0.01) and was not different between the
planned cocaine challenge dose groups. Analysis of the activity after cocaine challenge
injection of mice, which received placebo co-administration, revealed a significant time x
cocaine challenge dose (1, 3 or 10 mg/kg) interaction (F(10,210)=4.0, P <0.001), a significant
time x treatment interaction (saline or cocaine, F(5,210)=8.7, P <0.001) and a significant time
x treatment x dose interaction (F(10,210)=3.9, P < 0.001) thus showing challenge dose-
dependent cocaine-induced behavioural sensitization in this experiment.

Subsequent analysis for the cocaine-treated groups, which was performed in order to assess
the effect of SR141716A co-administration upon cocaine-induced behavioural sensitization,
revealed again a significant effect of time upon locomotor activity during the first 1.5 hrs in
the open field (F(17,714)=52, P < 0.001) with comparable locomotor activity of mice which
received either SR141716A or placebo co-administration and no difference between cocaine
dose groups. A significant time effect was observed after saline injection at 90 minutes after
placement in the open field (F(5,190)=7.3, P < 0.001). Analysis of the locomotor activity in
the open field after cocaine challenge injection revealed a significant time x dose interaction
(F(10,210)=5.4, P < 0.001). However, SR141716A did not affect the development of cocaine-
induced behavioural sensitization, as there was no significant effect of SR141716A co-
administration upon the cocaine challenge-induced locomotor response (F(1,42)=1.6, N.S.)
nor were there a significant dose x co-administration (F(2,42)=0.4, N.S.), time x co-
administration (F(5,210)=1.2, N.S.) or time x dose x co-administration (F(10,210)=1.6, N.S.)
interaction effects upon the cocaine challenge-induced locomotor response.

DISCUSSION

Endogenous cannabinoid systems have been implicated in the rewarding aspects not only of
the Cannabis Sativa derived compound A’-THC, but also of opiates, alcohol and
psychostimulants. Here we investigated the involvement of cannabinoid CBI1 receptors in
cocaine reinforcement and cocaine-induced behavioural sensitization. Neither cocaine self-
administration in drug-naive mice nor cocaine-induced behavioural sensitization was affected
by co-administration of the CB1 receptor selective antagonist SR141716A. The present data
suggest that CB1 receptors are not required for cocaine reinforcement or for sensitization to
the locomotor stimulant effects of cocaine.
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FIGURE 3

Effects of SR141716A and
placebo co-administration upon
the development of behavioural
sensitization induced by repeated
intermittent treatment with saline
or cocaine (20 mg/kg) for 11
days.

The activity in the open field, 72
hrs after the last sensitization
injection, is shown for 1.5 hour
adaptation to the open field, 30
minutes after an i.p. saline
injection and 30 minutes after an
i.p. injection of (A) 1 mg/kg
cocaine, (B) a 3 mg/kg cocaine
challenge and (C) 10 mg/kg
cocaine.

The data represent the mean total
distance moved in cm during 5
minutes intervals + SEM. N = 8
per group. * P < 0.05, ** P <
0.01, significant difference
between placebo/ saline and
placebo/cocaine treated mice; § P
< 0.05, §§ P < 0.01, significant
difference  between  placebo/
saline treated mice and cocaine
treated  mice  (placebo  +
SR141716A).
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The selective CB1 receptor antagonist SR141716A did not affect cocaine self-administration
by drug naive mice, thus showing that CBI receptors are not involved in cocaine
reinforcement. Previous studies have shown that comparable doses of SR141716A did not
affect cocaine self-administration in rats during maintenance (Fattore et al., 1999; De Vries et
al., 2001) and cocaine self-administration by cannabinoid CB1 receptor knockout mice was
normal (Cossu et al., 2001). In contrast, SR141716A impaired cocaine-induced conditioned
place preference (CPP) (Chaperon et al., 1998), although such a role of CBI1 receptors in
cocaine-induced CPP was not confirmed by another group using CB1 knockout mice (Martin
et al., 2000a). Further, SR141716A was shown to reduce both cocaine and cue-induced relapse
to cocaine seeking (De Vries et al., 2001). The present findings demonstrate that SR141716A
co-administration with repeated intermittent saline or cocaine treatment was without effect on
the development of cocaine-induced behavioural sensitization in mice. This finding is in
agreement with a previous study, which described normal cocaine-induced sensitization in
CBI1 receptor knockout mice (Martin et al., 2000a).

When reviewing the literature dealing with cannabinoid modulation of drug reward it is
striking that depressants such as opiates or alcohol involve CBI receptor activity while
psychostimulants do not, at least with regard to their reinforcing efficacy. For example, mice
treated with cannabinoid antagonists or CB1 receptor knockout mice consistently displayed
reduced opiate self-administration (Ledent et al., 1999; Cossu et al., 2001; Navarro et al.,
2001; Solinas et al., 2003; De Vries et al., 2003), impaired opiate-induced CPP (Martin et al.,
2000a; Braida et al., 2001) and impaired morphine-induced behavioural sensitization (Martin
et al., 2000a), although normal morphine-induced CPP for CB1 knockout mice (Rice et al.,
2002) and normal behavioural sensitization to morphine after SR141716A co-administration
(Norwood et al., 2003) were also reported. Similarly, most studies dealing with alcohol reward
reported reducing effects of SR141716A or CB1 receptor gene knockout upon either alcohol
preference or intake (Arnone et al., 1997; Gallate & McGregor, 1999; Serra et al., 2001;
Lallemand et al., 2001; Freedland et al., 2001; Hungund et al., 2003; Poncelet et al., 2003)
whilst others reported no effect of either SR141716A (Colombo et al., 2002; Wang et al.,
2003) or CBI receptor knockout (Racz et al., 2003). In contrast, studies on cocaine self-
administration, which include the present study, consistently demonstrate that the endogenous
cannabinoid system is not involved in cocaine reinforcement (Fattore et al., 1999; Cossu et al.,
2001; De Vries et al, 2001) or amphetamine reinforcement (Cossu et al., 2001). Yet,
cannabinoid CB1 receptor blockade impaired cocaine-induced CPP (Chaperon et al., 1998)
and reinstatement of cocaine self-administration (De Vries et al., 2001), possibly suggesting
that the endogenous cannabinoid system might modulate conditioned responses to cocaine
rather than cocaine reinforcement. Thus, depressant drugs such as opiates and alcohol appear
sensitive to cannabinoid modulation, while reinforcing effects of psychostimulants do not
involve CB1 receptor activity.
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In conclusion, the cannabinoid CB1 receptor antagonist SR141716A did not affect cocaine
self-administration or cocaine-induced behavioural sensitization, thus demonstrating that
cocaine reinforcement and sensitization to the locomotor stimulant effects of cocaine do not
involve cannabinoid CB1 receptors.
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The sensitivity to the reinforcing effects of drugs of abuse constitutes a likely vulnerability
factor for drug dependence. The overall objective of the studies described in this thesis was to
investigate the role of p-opioid receptors in cocaine reinforcement and the underlying
neurobiological mechanisms. In this chapter the findings of this thesis will be discussed
accordingly.

p-OPIOID RECEPTORS AND COCAINE REINFORCEMENT

The studies described in Chapters 3 and 5 of this thesis demonstrate that p-opioid receptor
knockout mice were impaired in cocaine self-administration while, on the other hand, no
differences between p-opioid receptor knockout mice and wild-type controls were observed in
cocaine-induced locomotor activity or cocaine-induced behavioural sensitization. These
findings show (1) that p-opioid receptors are specifically involved in cocaine reinforcement,
and (2) that the mechanisms involved in cocaine reinforcement are divergent from those
involved in acute cocaine-induced locomotor activity and sensitization to the locomotor
stimulant effects of cocaine, at least with regard to p-opioid receptor involvement.

Previous studies demonstrated, by local administration of the opioid antagonist naltrexone,
that particularly opioid receptors in the ventral tegmental area (VTA) account for opioid
modulation of cocaine reinforcement (Ramsey et al., 1999). In the VTA of wild-type mice, p-
opioid receptors are present on GABAergic neurons (Figure 1A; Garzon & Pickel, 2001;
Garzon & Pickel, 2002). Opioids can activate p-opioid receptors in the VTA, which involves
intracellular signalling through the ERK1/2 pathway (Chapter 4), causing hyperpolarization
of the GABAergic neurons (Johnson & North, 1992a; Johnson & North, 1992b). These
GABAergic neurons are thought to be local interneurons, although GABAergic projection
neurons from the VTA to amongst others the nucleus accumbens and prefrontal cortex have
also been described (Van Bockstaele & Pickel, 1995; Steffensen et al., 1998; Carr & Sesack,
2000). The local GABAergic interneurons in the VTA synapse onto dopaminergic neurons
that form a major output pathway from the VTA (Johnson & North, 1992a). In p-opioid
receptor knockout mice, the inhibitory GABAergic input onto dopamine neurons in the VTA
was increased in a cocaine free state, as is evident from increased spontaneous inhibitory
postsynaptic currents (IPSC’s) measured from dopamine neurons (Chapter 3, Figure 1C).

Interestingly, actively self-administered, but not passively administered, cocaine was
positively correlated with pro-opiomelanocortin (POMC) mRNA levels in the arcuate nucleus
(Chapter 3), that is POMC mRNA levels increased as total active cocaine intake increased.
POMC is the precursor of the p-opioid receptor selective endogenous opioid peptide
B-endorphin. Indeed, B-endorphin levels increase in response to cocaine and also after
administration of amphetamine and alcohol, at least in the nucleus accumbens (Olive et al.,
2001; Roth-Deri et al., 2003; Marinelli et al., 2003). Also, in vivo autoradiography revealed
that opioid levels are increased after cocaine self-administration (Gerrits et al., 1999). Active
self-administration is a measure for cocaine reinforcement, which requires p-opioid receptor
activation (Chapter 3). The positive correlation of active cocaine self-administration with
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FIGURE 1

Proposed mechanism for p-opioid receptor mediated cocaine reinforcement in the VTA. The cocaine-
free state of the VTA of wild-type (+/+) and knockout (-/-) mice, obviously with differences in p-
opioid receptors and consequent changes in GABAergic transmission are shown in (A) and (C),
respectively. Addition of cocaine causes endogenous opioid peptides to be released, which through
activation of p-opioid receptors cause hyperpolarization of GABA neurons and consequently
disinhibition of dopamine neurons, facilitation of burst firing of dopamine neurons and enhancement of
dopamine output. As a result, cocaine is reinforcing to wild-type (+/+) mice (B). In contrast,
endogenous opioid peptides, released in response to cocaine, can not activate p-opioid receptors in the
p-opioid receptor knockout (-/-) animals. As a consequence, disinhibition of dopamine neurons does
not occur, dopamine output is not enhanced and cocaine is not reinforcing in p-opioid receptor
knockout mice (D).

POMC mRNA, the precursor of B-endorphin, therefore suggests that 3-endorphin, through
interactions with p-opioid receptors, may account for opioid modulation of cocaine
reinforcement (Figure 1B). However, other endogenous opioids such as the novel p-opioid
receptor selective endomorphins 1 and 2 (Zadina et al., 1997) or enkephalins, which also have
affinity for p-opioid receptors, may also be involved. It is through inhibition of the
GABAergic neurons that p-opioid receptors cause disinhibition of dopamine neurons in the
VTA, thereby presumably contributing to augmented dopamine release from the nucleus
accumbens in response to different drugs of abuse (Di Chiara & Imperato, 1988a) and to burst
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firing of dopamine neurons (Schultz et al., 1997; Cooper, 2002), which may ultimately lead to
cocaine reinforcement (Figure 1B).

POMC mRNA levels were not different between p-opioid receptor knockout mice and wild-
type controls (Zhou et al., 2002), suggesting that similar levels of B-endorphin, the major
endogenous p-opioid receptor ligand, are released in response to cocaine in both genotypes.
However, in case of p-opioid receptor knockout mice, this or other endogenous opioids
obviously cannot activate a p-opioid receptor. Consequently, the GABA neurons cannot be
hyperpolarized and disinhibition of dopamine neurons cannot occur as in wild-type mice. We
propose that impaired disinhibition of dopamine neurons together with the increased
GABAergic inhibitory input onto the dopamine neurons contributes to impaired cocaine self-
administration by p-opioid receptor knockout mice (Chapter 3). There is no evidence for
altered basal firing frequency of dopamine neurons in vitro in the VTA of p-opioid receptor
knockout mice (Chapter 3) nor are there indications for altered dopamine release from the
nucleus accumbens, both under basal conditions and in response to alcohol (Tang et al., 2002).
Rather, the threshold for burst firing of dopamine neurons might be augmented in these mice,
which is yet to be investigated (Figure 1D).

DRUG REINFORCEMENT

H-Opioid receptors and drug reinforcement

This thesis provides evidence for an important role of p-opioid receptors in cocaine
reinforcement. Previous studies substantiate the involvement of the p-opioid receptor in drug
reinforcement across pharmacological classes. For instance, p-opioid receptor knockout mice
do not self-administer morphine (Becker et al., 2000) and consume less alcohol (Roberts et al.,
2000; Hall et al., 2001; Becker et al., 2002).

Thus, drugs of abuse from different pharmacological classes have p-opioid receptor mediated
modulation of their reinforcing efficacy in common. This is interesting considering the
different primary targets that are used by different drugs of abuse. Opiates interact with opioid
receptors (Snyder & Pasternak, 2003), cocaine acts as a dopamine transporter blocker (Ritz et
al., 1987), amphetamine interacts with the vesicular monoamine transporter (Pifl et al., 1995),
alcohol is considered to act through interactions with ligand-gated ion channels (Soderpalm et
al., 2000), nicotine acts through nicotinic acetylcholine receptors (Corrigall et al., 1992;
Picciotto et al., 1998) and cannabinoids act through cannabinoid receptor interactions
(Gardner & Vorel, 1998; Childers & Breivogel, 1998). It is likely that the actions of different
classes of drugs converge to a common system. pu-Opioid receptors in the VTA may form part
of such a common system, which is relevant for drug reinforcement.

How does p-opioid receptor modulation of drug reinforcement relate to the mesolimbic
dopamine system? It appears likely, that p-opioid receptors modulate drug reinforcement by
affecting dopamine output of the mesolimbic system. For, as outlined previously in this
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chapter, p-opioid receptors in the VTA cause, by disinhibition of dopamine neurons, enhanced
dopamine output of the mesolimbic system.

Yet, the importance of the mesolimbic dopamine system in drug reinforcement is a matter of
debate. For example, opiate reinforcement does not require intact dopamine input to the
nucleus accumbens (Gerrits & Van Ree, 1996) and haloperidol or the D1 receptor antagonist
SCH23390 could not abolish the initiation of heroin self-administration (Pettit et al., 1984;
Van Ree & Ramsey, 1987; Gerrits et al., 1994, see Chapter 1). Apparently, opiates can
support self-administration independent of dopamine. There is an interesting parallel in the
effects of opiates and dopamine upon GABAergic medium spiny neurons in the nucleus
accumbens, which form the main output neurons of the nucleus accumbens (Tzschentke &
Schmidt, 2000). Opiates, dopamine and also psychostimulants depress excitatory postsynaptic
currents (EPSC’s) in the nucleus accumbens as measured from medium spiny neurons in the
nucleus accumbens (Pennartz et al., 1992; Harvey & Lacey, 1996; Nicola et al., 1996; Martin
et al., 1997; Hoffman & Lupica, 2001). Inhibition of these GABAergic medium spiny
neurons, and not so much dopamine, may therefore be an important common effect of drugs of
abuse that may be required for drug reinforcement. The relevance of medium spiny neuron
inhibition in the nucleus accumbens for reinforcement could be subject of future research.
Obviously, the model outlined here is simplified; other brain regions, such as the ventral
pallidum, are also likely involved in drug reinforcement.

Cannabinoid CB1 receptors and drug reinforcement

In Chapter 8 of this thesis the involvement of cannabinoid CB1 receptors in behavioural
effects of cocaine was investigated. No effects were observed of the CB1 receptor antagonist
SR141716A upon cocaine reinforcement nor was cocaine-induced behavioural sensitization
affected by SR141716A treatment. When reviewing the available literature dealing with CB1
receptor involvement in reward-related effects of drugs of abuse, in combination with the
present findings, a discrepancy between CB1 involvement in opiate and alcohol but not
psychostimulant reinforcement is apparent.

Other studies also suggest that the endogenous cannabinoid system is not involved in cocaine
reinforcement (Fattore et al., 1999; Cossu et al., 2001; De Vries et al., 2001) or amphetamine
reinforcement (Cossu et al., 2001), although cannabinoid CBI1 receptor blockade impaired
cocaine-induced CPP (Chaperon et al., 1998) and reinstatement of cocaine self-administration
(De Vries et al., 2001). In contrast to these findings, other studies reported CB1 receptor
mediated modulation of opiate reinforcement (Ledent et al., 1999; Cossu et al., 2001; Navarro
et al., 2001; Solinas et al., 2003; De Vries et al., 2003) and CB1 modulation of alcohol
reinforcement (Arnone et al., 1997; Serra et al., 2001; Lallemand et al., 2001), although others
found no effect of SR141716A upon alcohol preference or intake (Colombo et al., 2002). With
respect to drug-induced behavioural sensitization, CB1 receptor knockout mice were impaired
in morphine-induced behavioural sensitization (Martin et al., 2000a), although behavioural
sensitization to morphine was not affected by SR141716A co-administration (Norwood et al.,
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2003). Thus, the reinforcing effects of and sensitized responses to depressant drugs such as
opiates and alcohol are sensitive to cannabinoid modulation while CB1 receptors appear not to
modulate psychostimulant reinforcement or behavioural sensitization.

Little is known about the mechanisms, which may explain the discrepancy in CB1 receptor
involvement in the effects of different drugs of abuse. A likely site of CB1 receptor mediated
involvement in drug reinforcement is the VTA. Interestingly, strikingly similar mechanisms of
action of CB1 receptors in the VTA were observed as for p-opioid receptors: CB1 receptors
inhibit GABA neurons in the VTA resulting in disinhibition of dopamine neurons and causing
enhanced dopamine output to the nucleus accumbens (Szabo et al., 2002). Tanda and co-
workers however described non-reciprocal cannabinoid-opioid interactions in dopamine
release from the nucleus accumbens. They reported that the p-opioid receptor antagonist
naloxonazine, administered in the VTA, reduced both the cannabinoid and heroin-induced
increase in dopamine release from the nucleus accumbens. In contrast, intra-VTA
administered SR141716A only inhibited the effects of cannabinoids upon dopamine release
but failed to affect the response to heroin. It thus appears that CB1 receptors are not required
for p-opioid receptor mediated effects in the VTA, thus suggesting that VTA CBI1 receptors
might not be involved in CB1 receptor effects upon opiate reinforcement. Future studies could
use local injections of antagonists to pinpoint the site and mechanism of interaction between
p-opioid and CBI1 receptors in modulation of drug self-administration and explore the
differential involvement of CB1 receptors in opiate/alcohol but not psychostimulant
reinforcement.

pu-OPIOID RECEPTORS AND VULNERABILITY FOR DRUG DEPENDENCE

What are the implications for human drug addiction of the important role of p-opioid receptors
in drug reinforcement? Drug reinforcement is a key factor in vulnerability for drug
dependence. Therefore, involvement of p-opioid receptors in the sensitivity to drug
reinforcement across pharmacological classes suggests that variations in p-opioid receptors,
either genetic or environmental in nature, may contribute to an individual’s vulnerability for
drug dependence.

Genetic variation in the human p-opioid receptor gene

Single nucleotide polymorphisms (SNP’s) make up for genetic variations between individuals.
They occur everywhere in the genome and can affect the expression or function of genes. A
number of SNP’s in the human p-opioid receptor gene have been identified and studied for
association with drug addiction in humans. An example is the relatively extensively studied
nucleotide substitution at position 118 (A118G), predicting an Asp40Asn amino acid change
(Bergen et al., 1997; Bond et al., 1998). Different studies suggested a significant association of
the A118G variant with opiate dependence (Szeto et al., 2001; Tan et al., 2003) or with
alcohol dependence (Town et al., 1999; Schinka et al., 2002). The frequency of the A118G
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variant is lower in drug dependent subject groups. However, other studies failed to show a
significant association of the A118G variant of the p-opioid receptor gene with either opiate
(Bond et al., 1998; Franke et al., 2001; Shi et al., 2002) or alcohol dependence (Bergen et al.,
1997; Sander et al., 1998; Gelernter et al., 1999; Franke et al., 2001; Rommelspacher et al.,
2001). Such genetic studies may define genetic predisposition and associated risk for drug
addiction in individuals. Moreover, they can contribute to delineate the importance of specific
genes in the neurobiological mechanisms of addiction.

Environmental factors, endogenous opioids and reinforcement

In contrast to genetic, intrinsic factors, environmental influences may also affect the
functionality of the endogenous opioid system and could thereby contribute to the reinforcing
efficacy of drugs of abuse and hence, the vulnerability for drug dependence. In this section,
prenatal morphine, emotional stress and play deprivation will be outlined briefly as examples
of such environmental factors, which facilitate drug reinforcement, presumably through
changes in endogenous opioid systems.

(1) Prenatal morphine treatment leads to increased p-opioid receptor binding in rats (Vathy et
al., 2003). Interestingly, prenatal morphine treatment also causes rats, as adults, to be more
sensitive to the reinforcing effects of both heroin and cocaine (Ramsey et al., 1993). (2)
Another example is emotional stress, which is a witness stress: the emotional stressed animal
can see, hear, smell but not touch the physically stressed subject, that receives uncontrollable
footshocks (Takahashi et al., 1987). Cocaine and morphine self-administration was facilitated
by emotional stress in rats and mice (Ramsey & Van Ree, 1993; Kuzmin et al., 1996) and also
intracranial self-stimulation was facilitated by emotional stress (Bespalov, unpublished data).
By means of autoradiography and naloxone administration, changes in the endogenous opioid
system were demonstrated after emotional stress (Van den Berg et al., 1998; Pijlman,
unpublished data). (3) Further, isolation of rats during postnatal weeks 4-5 in which rats
normally display high levels of play behaviour, which involves increased endogenous opioid
peptide release (Panksepp & Bishop, 1981), has been associated with adaptations in opioid
peptide and opioid receptor levels (Vanderschuren et al., 1995; Van den Berg et al., 1999).
Recent findings revealed, that play deprivation caused facilitation, although modest, of the
acquisition of cocaine self-administration in adults rats (Gerrits, unpublished data).

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

This study revealed that p-opioid receptors have an important role in cocaine reinforcement,
suggesting that variations in p-opioid receptors might contribute to vulnerability to develop
drug dependence. Factors that affect the function of the p-opioid receptor should be
considered to influence drug dependence. The genetic make-up of the p-opioid receptor gene
and developmental and environmental factors affecting its expression could be part of a
neurobiological process underlying vulnerability for drug dependence. An important next step
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will be to confirm that variations in p-opioid receptors indeed contribute to liability to develop
drug dependence.

Repeated and extended self-administration sessions in models that mimic human addiction
more are required in preclinical studies. Such models of extended access, described by
different groups, are for example characterized by escalating and irregular patterns of drug
intake and would be valuable tools in this respect (Ahmed & Koob, 1998; Tornatzky &
Miczek, 2000; Mantsch et al., 2001). Important to consider in this context is the notion that,
based on previous studies which for instance described a rightward shift in cocaine self-
administration after naloxone treatment (Kuzmin et al., 1997a), p-opioid receptors probably
modulate drug reinforcement but may not be required as such for drugs to act as reinforcers.
Therefore, p-opioid receptor knockout mice may eventually acquire cocaine self-
administration. If true, it will also be interesting to investigate the reinstatement behaviour of
p-opioid receptor knockout mice, considering the reduction in dopamine D3 receptor levels
observed for these mice (Chapter 6).

Clearly the present findings suggest further human research to determine the role of p-opioid
receptor variations in susceptibility to drug dependence. Since variations in p-opioid receptors
may be genetic in nature or may be induced by environmental factors, such as traumatic life
events, attempts should be made to differentiate between variations in p-opioid receptors
caused by genetic and environmental factors. Moreover it is interesting to consider gene x
environment interactions in connection to vulnerability for drug dependence.

Although the main output of the VTA is formed by dopamine projections to amongst others
the nucleus accumbens, GABA projections to nucleus accumbens and prefrontal cortex have
also been described to originate in the VTA (Steffensen et al., 1998). These projections have
been poorly studied in relation to addiction processes and it will be interesting to focus more
on these projections and to investigate their role in drug reinforcement. Also, it is interesting
to consider in future studies the role of nucleus accumbens medium spiny neurons in drug
reinforcement.

Finally, future studies could also focus on cannabinoid CB1 receptors, which appear to
differentially modulate opiate and alcohol as opposed to psychostimulant reinforcement.
Knowledge of the mechanisms through which cannabinoid CB1 receptors interfere with opiate
and alcohol reinforcement may provide more insight into the distinct mechanisms of action of
depressant and psychostimulant drugs.

The findings described in this thesis suggest a role of p-opioid receptors, and neurobiological
mechanisms associated to p-opioid receptors, in vulnerability for drug dependence. This
knowledge may lead to improvement of strategies in prevention and treatment of addiction.

160









CHAPTER

REFERENCES



Chapter 10

A

Acquas, E., Carboni, E., Leone, P., and Di Chiara, G. (1989) SCH 23390 blocks drug-conditioned place-
preference and place-aversion: anhedonia (lack of reward) or apathy (lack of motivation) after dopamine-
receptor blockade? Psychopharmacology (Berl), 99, 151-155.

Ahmed, S.H. and Koob, G.F. (1998) Transition from moderate to excessive drug intake: change in hedonic set
point. Science, 282, 298-300.

Ahtee, L., Attila, L.M., and Carlson, K.R. (1990) Augmentation of morphine-induced changes in brain
monoamine metabolism after chronic naltrexone treatment. J Pharmacol Exp Ther, 255, 803-808.

Ai, W., Gong, J, and Yu, L. (1999) MAP kinase activation by mu opioid receptor involves
phosphatidylinositol 3-kinase but not the cAMP/PKA pathway. FEBS Lett, 456, 196-200.

Akil, H., Owens, C., Gutstein, H., Taylor, L., Curran, E., and Watson, S. (1998) Endogenous opioids: overview
and current issues. Drug Alcohol Depend, 51, 127-140.

Ali, 1. and Kelly, M.E. (1997) Buspirone fails to affect cocaine-induced conditioned place preference in the
mouse. Pharmacol Biochem Behav, 58, 311-315.

Amalric, M., Cline, E.J., Martinez, J.L., Jr., Bloom, F.E., and Koob, G.F. (1987) Rewarding properties of beta-
endorphin as measured by conditioned place preference. Psychopharmacology (Berl), 91, 14-19.

Anderson, S.M., Bari, A.A., and Pierce, R.C. (2002) Administration of the D(1)-like dopamine receptor
antagonist SCH-23390 into the medial nucleus accumbens shell attenuates cocaine priming-induced
reinstatement of drug-seeking behavior in rats. Psychopharmacology (Berl),

Arnold, J.C., Hunt, G.E., and McGregor, 1.S. (2001) Effects of the cannabinoid receptor agonist CP 55,940 and
the cannabinoid receptor antagonist SR 141716 on intracranial self-stimulation in Lewis rats. Life Sci, 70,
97-108.

Arnone, M., Maruani, J., Chaperon, F., Thiebot, M.H., Poncelet, M., Soubrie, P., and Le Fur, G. (1997)
Selective inhibition of sucrose and ethanol intake by SR 141716, an antagonist of central cannabinoid
(CB1) receptors. Psychopharmacology (Berl), 132, 104-106.

Aujla, H., Sokoloff, P., and Beninger, R.J. (2002) A dopamine D3 receptor partial agonist blocks the
expression of conditioned activity. Neuroreport, 13, 173-176.

B

Bain, G.T. and Kornetsky, C. (1987) Naloxone attenuation of the effect of cocaine on rewarding brain
stimulation. Life Sci, 40, 1119-1125.

Baker, D.A., Fuchs, R.A., Specio, S.E., Khroyan, T.V., and Neisewander, J.L. (1998) Effects of
intraaccumbens administration of SCH-23390 on cocaine-induced locomotion and conditioned place
preference. Synapse, 30, 181-193.

Baker, D.A., Khroyan, T.V., O'Dell, L.E., Fuchs, R.A., and Neisewander, J.L. (1996) Differential effects of
intra-accumbens sulpiride on cocaine-induced locomotion and conditioned place preference. J Pharmacol
Exp Ther, 279, 392-401.

Baldo, B.A., Jain, K., Veraldi, L., Koob, G.F., and Markou, A. (1999) A dopamine D1 agonist elevates self-
stimulation thresholds: comparison to other dopamine-selective drugs. Pharmacol Biochem Behav, 62, 659-
672.

Bardo, M.T. and Bevins, R.A. (2000) Conditioned place preference: what does it add to our preclinical
understanding of drug reward? Psychopharmacology (Berl), 153, 31-43.

Bardo, M.T. and Neisewander, J.L. (1987) Chronic naltrexone supersensitizes the reinforcing and locomotor-
activating effects of morphine. Pharmacol Biochem Behav, 28, 267-273.

Bardo, M.T., Neisewander, J.L., and Ennis, R.B. (1988) Chronic treatment with naltrexone enhances
morphine-stimulated  dopamine  neurotransmission:  neurochemical and behavioral evidence.
Neuropharmacology, 27, 1103-1109.

Bardo, M.T., Valone, J.M., and Bevins, R.A. (1999) Locomotion and conditioned place preference produced
by acute intravenous amphetamine: role of dopamine receptors and individual differences in amphetamine
self-administration. Psychopharmacology (Berl), 143 , 39-46.

Beardsley, P.M., Dance, M.E., Balster, R.L., and Munzar, P. (2002) Evaluation of the reinforcing effects of the
cannabinoid CB1 receptor antagonist, SR141716, in rhesus monkeys. Eur J Pharmacol, 435, 209-216.

164



References

Becker, A., Grecksch, G., Brodemann, R., Kraus, J., Peters, B., Schroeder, H., Thiemann, W., Loh, H.H., and
Hollt, V. (2000) Morphine self-administration in mu-opioid receptor-deficient mice [In Process Citation].
Naunyn Schmiedebergs Arch Pharmacol, 361, 584-589.

Becker, A., Grecksch, G., Kraus, J., Loh, H.H., Schroeder, H., and Hollt, V. (2002) Rewarding effects of
ethanol and cocaine in mu opioid receptor-deficient mice. Naunyn Schmiedebergs Arch Pharmacol, 365,
296-302.

Befort, K., Filliol, D., Decaillot, F.M., Gaveriaux-Ruff, C., Hoehe, M.R., and Kieffer, B.L. (2001) A single
nucleotide polymorphic mutation in the human mu-opioid receptor severely impairs receptor signaling. J
Biol Chem, 276, 3130-3137.

Belcheva, M.M., Vogel, Z., Ignatova, E., Avidor-Reiss, T., Zippel, R., Levy, R., Young, E.C., Barg, J., and
Coscia, CJ. (1998) Opioid modulation of extracellular signal-regulated protein kinase activity is ras-
dependent and involves Gbetagamma subunits. J Neurochem, 70, 635-645.

Belzung, C., Scearce-Levie, K., Barreau, S., and Hen, R. (2000) Absence of cocaine-induced place
conditioning in serotonin 1B receptor knock-out mice. Pharmacol Biochem Behav, 66 , 221-225.

Bergen, A.W., Kokoszka, J., Peterson, R., Long, J.C., Virkkunen, M., Linnoila, M., and Goldman, D. (1997)
Mu opioid receptor gene variants: lack of association with alcohol dependence. Mol Psychiatry, 2, 490-494.

Bergevin, A., Girardot, D., Bourque, M.J., and Trudeau, L.E. (2002) Presynaptic mu-opioid receptors regulate
a late step of the secretory process in rat ventral tegmental area GABAergic neurons. Neuropharmacology,
42, 1065-1078.

Berhow, M.T., Hiroi, N., and Nestler, E.J. (1996) Regulation of ERK (extracellular signal regulated kinase),
part of the neurotrophin signal transduction cascade, in the rat mesolimbic dopamine system by chronic
exposure to morphine or cocaine. J Neurosci, 16, 4707-4715.

Berrendero, F., Kieffer, B.L., and Maldonado, R. (2002) Attenuation of nicotine-induced antinociception,
rewarding effects, and dependence in mu-opioid receptor knock-out mice. J Neurosci, 22, 10935-10940.
Bienkowski, P., Kostowski, W., and Koros, E. (1999) Ethanol-reinforced behaviour in the rat: effects of

naltrexone. Eur J Pharmacol, 374, 321-327.

Bilsky, E.J., Montegut, M.J., Delong, C.L., and Reid, L.D. (1992) Opioidergic modulation of cocaine
conditioned place preferences. Life Sci, 50, L85-1.90.

Blednov, Y.A., Walker, D., Alva, H., Creech, K., Findlay, G., and Harris, R.A. (2003) GABAA receptor alpha
1 and beta 2 subunit null mutant mice: behavioral responses to ethanol. J Pharmacol Exp Ther, 305, 854-
863.

Bonci, A. and Malenka, R.C. (1999) Properties and plasticity of excitatory synapses on dopaminergic and
GABAergic cells in the ventral tegmental area. J Neurosci, 19, 3723-3730.

Bond, C., LaForge, K.S., Tian, M., Melia, D., Zhang, S., Borg, L., Gong, J., Schluger, J., Strong, J.A., Leal,
S.M., Tischfield, J.A., Kreek, M.J., and Yu, L. (1998) Single-nucleotide polymorphism in the human mu
opioid receptor gene alters beta-endorphin binding and activity: possible implications for opiate addiction.
Proc Natl Acad Sci U S A, 95, 9608-9613.

Bormann, N.M. and Cunningham, C.L. (1997) The effects of naloxone on expression and acquisition of
ethanol place conditioning in rats. Pharmacol Biochem Behav, 58, 975-982.

Bradbury, A.F., Smyth, D.G., Snell, C.R., Birdsall, N.J.M., and Hulme, E.C. (1976) C fragment of lipotropin
has a high affinity for brain opiate receptors. Nature, 260, 793-795.

Braida, D., Pozzi, M., Cavallini, R., and Sala, M. (2001) Conditioned place preference induced by the
cannabinoid agonist CP 55,940: interaction with the opioid system. Neuroscience, 104, 923-926.

Braida, D. and Sala, M. (2002) Role of the endocannabinoid system in MDMA intracerebral self-
administration in rats. Br J Pharmacol, 136, 1089-1092.

Brebner, K., Phelan, R., and Roberts, D.C. (2000) Intra-VTA baclofen attenuates cocaine self-administration
on a progressive ratio schedule of reinforcement [In Process Citation]|. Pharmacol Biochem Behav, 66, 857-
862.

Britton, D.R., Curzon, P., Mackenzie, R.G., Kebabian, J.W., Williams, J.E., and Kerkman, D. (1991) Evidence
for involvement of both D1 and D2 receptors in maintaining cocaine self-administration. Pharmacol
Biochem Behav, 39, 911-915.

165



Chapter 10

Bunzow, J.R., Van Tol, H.H., Grandy, D.K., Albert, P., Salon, J., Christie, M., Machida, C.A., Neve, K.A., and
Civelli, O. (1988) Cloning and expression of a rat D2 dopamine receptor cDNA. Nature, 336, 783-787.

C

Caine, S.B., Heinrichs, S.C., Coffin, V.L., and Koob, G.F. (1995) Effects of the dopamine D-1 antagonist SCH
23390 microinjected into the accumbens, amygdala or striatum on cocaine self-administration in the rat.
Brain Res, 692, 47-56.

Caine, S.B. and Koob, G.F. (1993) Modulation of cocaine self-administration in the rat through D-3 dopamine
receptors. Science, 260, 1814-1816.

Caine, S.B., Negus, S.S., Mello, N.K., Patel, S., Bristow, L., Kulagowski, J., Vallone, D., Saiardi, A., and
Borrelli, E. (2002) Role of dopamine D2-like receptors in cocaine self-administration: studies with D2
receptor mutant mice and novel D2 receptor antagonists. J Neurosci, 22, 2977-2988.

Campbell, U.C., Morgan, A.D., and Carroll, M.E. (2002) Sex differences in the effects of baclofen on the
acquisition of intravenous cocaine self-administration in rats. Drug Alcohol Depend, 66, 61-69.

Carr, D.B. and Sesack, S.R. (2000) Projections from the rat prefrontal cortex to the ventral tegmental area:

target specificity in the synaptic associations with mesoaccumbens and mesocortical neurons. J Neurosci,
20, 3864-3873.

Carroll, M.E., Lac, S.T., Walker, M.J., Kragh, R., and Newman, T. (1986) Effects of naltrexone on intravenous
cocaine self-administration in rats during food satiation and deprivation. J Pharmacol Exp Ther, 238, 1-7.

Castane, A., Valjent, E., Ledent, C., Parmentier, M., Maldonado, R., and Valverde, O. (2002) Lack of CBI
cannabinoid receptors modifies nicotine behavioural responses, but not nicotine abstinence.
Neuropharmacology, 43, 8577-

Castanon, N., Scearce-Levie, K., Lucas, J.J., Rocha, B., and Hen, R. (2000) Modulation of the effects of
cocaine by 5-HT1B receptors: a comparison of knockouts and antagonists. Pharmacol Biochem Behav, 67,
559-566.

Castelli, M.P., Melis, M., Mameli, M., Fadda, P., Diaz, G., and Gessa, G.L. (1997) Chronic morphine and
naltrexone fail to modify mu-opioid receptor mRNA levels in the rat brain. Brain Res Mol Brain Res, 45,
149-153.

Cervo, L. and Samanin, R. (1996) Effects of dopaminergic and glutamatergic receptor antagonists on the
establishment and expression of conditioned locomotion to cocaine in rats. Brain Res, 731, 31-38.

Chaperon, F., Soubrie, P., Puech, A.J., and Thiebot, M.H. (1998) Involvement of central cannabinoid (CB1)
receptors in the establishment of place conditioning in rats. Psychopharmacology (Berl), 135, 324-332.

Chen, Y., Mestek, A., Liu, J., Hurley, J.A., and Yu, L. (1993) Molecular cloning and functional expression of a
mu-opioid receptor from rat brain. Mol Pharmacol, 44, 8-12.

Childers, S.R. and Breivogel, C.S. (1998) Cannabis and endogenous cannabinoid systems. Drug Alcohol
Depend, 51, 173-187.

Ciccocioppo, R., Martin-Fardon, R., and Weiss, F. (2002) Effect of selective blockade of mu(1) or delta opioid
receptors on reinstatement of alcohol-seeking behavior by drug-associated stimuli in rats.
Neuropsychopharmacology, 27, 391-399.

Cohen, C., Perrault, G., Voltz, C., Steinberg, R., and Soubrie, P. (2002) SR141716, a central cannabinoid
(CB(1)) receptor antagonist, blocks the motivational and dopamine-releasing effects of nicotine in rats.
Behav Pharmacol, 13, 451-463.

Collins, F.S., Green, E.D., Guttmacher, A.E., and Guyer, M.S. (2003) A vision for the future of genomics
research. Nature, 422, 835-847.

Colombo, G., Serra, S., Brunetti, G., Gomez, R., Melis, S., Vacca, G., Carai, M.M., and Gessa, L. (2002)
Stimulation of voluntary ethanol intake by cannabinoid receptor agonists in ethanol-preferring sP rats.
Psychopharmacology (Berl), 159, 181-187.

Comer, S.D., Lac, S.T., Curtis, L.K., and Carroll, M.E. (1993) Effects of buprenorphine and naltrexone on
reinstatement of cocaine-reinforced responding in rats. J Pharmacol Exp Ther, 267, 1470-1477.

Contarino, A., Picetti, R., Matthes, H.W., Koob, G.F., Kieffer, B.L., and Gold, L.H. (2002) Lack of reward and
locomotor stimulation induced by heroin in micro-opioid receptor-deficient mice. Fur J Pharmacol, 446,
103-109.

166



References

Cooper, D.C. (2002) The significance of action potential bursting in the brain reward circuit. Neurochem Int,
41, 333-340.

Cornish, J.L., Dufty, P., and Kalivas, P.W. (1999) A role for nucleus accumbens glutamate transmission in the
relapse to cocaine-seeking behavior. Neuroscience, 93, 1359-1367.

Corrigall, W.A. (1987) Heroin self-administration: effects of antagonist treatment in lateral hypothalamus.
Pharmacol Biochem Behav, 27, 693-700.

Corrigall, W.A. and Coen, K.M. (1991) Cocaine self-administration is increased by both D1 and D2 dopamine
antagonists. Pharmacol Biochem Behav, 39, 799-802.

Corrigall, W.A., Coen, K.M., Adamson, K.L., and Chow, B.L. (1999a) Manipulations of mu-opioid and
nicotinic cholinergic receptors in the pontine tegmental region alter cocaine self-administration in rats.
Psychopharmacology (Berl), 145, 412-417.

Corrigall, W.A., Coen, K.M., Adamson, K.L., and Chow, B.L. (1999b) The mu opioid agonist DAMGO alters
the intravenous self-administration of cocaine in rats: mechanisms in the ventral tegmental area.
Psychopharmacology (Berl), 141, 428-435.

Corrigall, W.A., Coen, K.M., Adamson, K.L., Chow, B.L., and Zhang, J. (2000) Response of nicotine self-
administration in the rat to manipulations of mu-opioid and gamma-aminobutyric acid receptors in the
ventral tegmental area [In Process Citation]. Psychopharmacology (Berl), 149, 107-114.

Corrigall, W.A., Franklin, K.B., Coen, K.M., and Clarke, P.B. (1992) The mesolimbic dopaminergic system is
implicated in the reinforcing effects of nicotine. Psychopharmacology (Berl), 107, 285-289.

Cossu, G., Ledent, C., Fattore, L., Imperato, A., Bohme, G.A., Parmentier, M., and Fratta, W. (2001)

Cannabinoid CB(1) receptor knockout mice fail to self-administer morphine but not other drugs of abuse.
Behav Brain Res, 118, 61-65.

Costall, B., Eniojukan, J.F., and Naylor, R.J. (1982) Spontaneous climbing behaviour of mice, its measurement
and dopaminergic involvement. Eur J Pharmacol, 85, 125-132.

Cote, T.E., Izenwasser, S., and Weems, H.B. (1993) Naltrexone-induced upregulation of mu opioid receptors
on 7315¢ cell and brain membranes: enhancement of opioid efficacy in inhibiting adenylyl cyclase. J
Pharmacol Exp Ther, 267, 238-244.

Crabbe, J.C., Phillips, T.J., Buck, K.J., Cunningham, C.L., and Belknap, J.K. (1999) Identifying genes for
alcohol and drug sensitivity: recent progress and future directions. Trends Neurosci, 22, 173-179.

Crabbe, J.C., Phillips, T.J., Feller, D.J., Hen, R., Wenger, C.D., Lessov, C.N., and Schafer, G.L. (1996)
Elevated alcohol consumption in null mutant mice lacking 5-HT1B serotonin receptors. Nat Genet, 14, 98-
101.

Criswell, H.E. (1982) A simple methodology for opiate self-administration and electrical brain stimulation in
the mouse. Life Sci, 31, 2391-2394.

Cruz, S.L., Villarreal, J.E., and Volkow, N.D. (1996) Further evidence that naloxone acts as an inverse opiate
agonist: implications for drug dependence and withdrawal. Life Sci, 58, L381-1.389.

Cunningham, C.L., Howard, M.A., Gill, S.J., Rubinstein, M., Low, M.J., and Grandy, D.K. (2000) Ethanol-
conditioned place preference is reduced in dopamine D2 receptor-deficient mice. Pharmacol Biochem
Behav, 67, 693-699.

Czachowski, C.L., Chappell, A.M., and Samson, H.H. (2001) Effects of raclopride in the nucleus accumbens
on ethanol seeking and consumption. Alcohol Clin Exp Res, 25, 1431-1440.

D

Danks, J.A., Tortella, F.C., Long, J.B., Bykov, V., Jacobson, A.E., Rice, K.C., Holaday, J.W., and Rothman,
R.B. (1988) Chronic administration of morphine and naltrexone up-regulate[3H][D-Ala2,D-
leu5]enkephalin binding sites by different mechanisms. Neuropharmacology, 27, 965-974.

David, V., Durkin, T.P., and Cazala, P. (1997) Self-administration of the GABAA antagonist bicuculline into
the ventral tegmental area in mice: dependence on D2 dopaminergic mechanisms. Psychopharmacology
(Berl), 130, 85-90.

Davidson, D. and Amit, Z. (1997) Naltrexone blocks acquisition of voluntary ethanol intake in rats. Alcohol
Clin Exp Res, 21, 677-683.

167



Chapter 10

De Vries, T.J., Babovic-Vuksanovic, D., Elmer, G., and Shippenberg, T.S. (1995) Lack of involvement of
delta-opioid receptors in mediating the rewarding effects of cocaine. Psychopharmacology (Berl), 120, 442-
448.

De Vries, T.J., Homberg, J.R., Binnekade, R., Raaso, H., and Schoffelmeer, A.N. (2003) Cannabinoid
modulation of the reinforcing and motivational properties of heroin and heroin-associated cues in rats.
Psychopharmacology (Berl), 168, 164-169.

De Vries, T.J., Shaham, Y., Homberg, J.R., Crombag, H., Schuurman, K., Dieben, J., Vanderschuren, L.J., and
Schoffelmeer, A.N. (2001) A cannabinoid mechanism in relapse to cocaine seeking. Nat Med, 7, 1151-
1154.

De Vry, J., Donselaar, 1., and Van Ree, J.M. (1989) Food deprivation and acquisition of intravenous cocaine
self-administration in rats: effect of naltrexone and haloperidol. J Pharmacol Exp Ther, 251, 735-740.

Dearry, A., Gingrich, J.A., Falardeau, P., Fremeau, R.T., Jr., Bates, M.D., and Caron, M.G. (1990) Molecular
cloning and expression of the gene for a human D1 dopamine receptor. Nature, 347, 72-76.

Deminiere, J.M., Simon, H., Herman, J.P., and Le Moal, M. (1984) 6-Hydroxydopamine lesion of the
dopamine  mesocorticolimbic ~ cell ~ bodies increases  (+)-amphetamine  self-administration.
Psychopharmacology (Berl), 83, 281-284.

Deroche-Gamonet, V., Le Moal, M., Piazza, P.V., and Soubrie, P. (2001) SR141716, a CBI receptor
antagonist, decreases the sensitivity to the reinforcing effects of electrical brain stimulation in rats.
Psychopharmacology (Berl), 157, 254-259.

Deroche, V., Caine, S.B., Heyser, C.J., Polis, 1., Koob, G.F., and Gold, L.H. (1997) Differences in the liability
to self-administer intravenous cocaine between C57BL/6 x SJL and BALB/cBylJ mice. Pharmacol Biochem
Behav, 57, 429-440.

Di Chiara, G. and Imperato, A. (1988a) Drugs abused by humans preferentially increase synaptic dopamine
concentrations in the mesolimbic system of freely moving rats. Proc Natl Acad Sci U S A, 85, 5274-5278.

Di Chiara, G. and Imperato, A. (1988b) Opposite effects of mu and kappa opiate agonists on dopamine release
in the nucleus accumbens and in the dorsal caudate of freely moving rats. J Pharmacol Exp Ther, 244,
1067-1080.

Di Ciano, P., Underwood, R.J., Hagan, J.J., and Everitt, B.J. (2003) Attenuation of Cue-Controlled Cocaine-
Seeking by a Selective D(3) Dopamine Receptor Antagonist SB-277011-A. Neuropsychopharmacology, 28,
329-338.

Diaz, A., Pazos, A., Florez, J., Ayesta, F.J., Santana, V., and Hurle, M.A. (2002) Regulation of &mgr;-opioid
receptors, G-protein-coupled receptor kinases and beta-arrestin 2 in the rat brain after chronic opioid
receptor antagonism. Neuroscience, 112, 345-353.

Diaz, J., Pilon, C., Le Foll, B., Gros, C., Triller, A., Schwartz, J.C., and Sokoloff, P. (2000) Dopamine D3
receptors expressed by all mesencephalic dopamine neurons. J Neurosci, 20, 8677-8684.

Ding, Y.Q., Kaneko, T., Nomura, S., and Mizuno, N. (1996) Immunohistochemical localization of mu-opioid
receptors in the central nervous system of the rat. J/ Comp Neurol, 367, 375-402.

Dockstader, C.L., Rubinstein, M., Grandy, D.K., Low, M.J., and van der, K.D. (2001) The D2 receptor is
critical in mediating opiate motivation only in opiate-dependent and withdrawn mice. Eur J Neurosci, 13,
995-1001.

Duarte, C., Lefebvre, C., Chaperon, F., Hamon, M., and Thiebot, M.H. (2003) Effects of a Dopamine D(3)
Receptor Ligand, BP 897, on Acquisition and Expression of Food-, Morphine-, and Cocaine-induced
Conditioned Place Preference, and Food-seeking Behavior in Rats. Neuropsychopharmacology,

Duttaroy, A., Shen, J., Shah, S., Chen, B., Sehba, F., Carroll, J., and Yoburn, B.C. (1999) Opioid receptor
upregulation in mu-opioid receptor deficient CXBK and outbred Swiss Webster mice. Life Sci, 65, 113-123.

Duvauchelle, C.L. and Ettenberg, A. (1991) Haloperidol attenuates conditioned place preferences produced by
electrical stimulation of the medial prefrontal cortex. Pharmacol Biochem Behav, 38, 645-650.

Duvauchelle, C.L., Fleming, S.M., and Kornetsky, C. (1996) Involvement of delta- and mu-opioid receptors in
the potentiation of brain-stimulation reward. Eur J Pharmacol, 316, 137-143.

Duvauchelle, C.L., Fleming, S.M., and Kornetsky, C. (1997) DAMGO and DPDPE facilitation of brain
stimulation reward thresholds is blocked by the dopamine antagonist cis-flupenthixol. Neuropharmacology,
36, 1109-1114.

168



References

Dworkin, S.I., Guerin, G.F., Co, C., Goeders, N.E., and Smith, J.E. (1988) Lack of an effect of 6-
hydroxydopamine lesions of the nucleus accumbens on intravenous morphine self-administration.
Pharmacol Biochem Behav, 30, 1051-1057.

E

El Ghundi, M., George, S.R., Drago, J., Fletcher, P.J., Fan, T., Nguyen, T., Liu, C., Sibley, D.R., Westphal, H.,
and O'Dowd, B.F. (1998) Disruption of dopamine D1 receptor gene expression attenuates alcohol-seeking
behavior. Eur J Pharmacol, 353, 149-158.

Elmer, G.I., Pieper, J.O., Rubinstein, M., Low, M.J., Grandy, D.K., and Wise, R.A. (2002) Failure of
intravenous morphine to serve as an effective instrumental reinforcer in dopamine D2 receptor knock-out
mice. J Neurosci, 22, RC224-

Epstein, D.H. and Preston, K.L. (2003) The reinstatement model and relapse prevention: a clinical perspective.
Psychopharmacology (Berl),

Ettenberg, A., MacConell, L.A., and Geist, T.D. (1996) Effects of haloperidol in a response-reinstatement
model of heroin relapse. Psychopharmacology (Berl), 124, 205-210.

Ettenberg, A., Pettit, H.O., Bloom, F.E., and Koob, G.F. (1982) Heroin and cocaine intravenous self-
administration in rats: mediation by separate neural systems. Psychopharmacology (Berl), 78, 204-209.

Evans, C.J., Keith, D.E., Jr., Morrison, H., Magendzo, K., and Edwards, R.H. (1992) Cloning of a delta opioid
receptor by functional expression. Science, 258, 1952-1955.

F

Fattore, L., Martellotta, M.C., Cossu, G., Mascia, M.S., and Fratta, W. (1999) CB1 cannabinoid receptor
agonist WIN 55,212-2 decreases intravenous cocaine self-administration in rats. Behav Brain Res, 104,
141-146.

Fibiger, H.C., Carter, D.A., and Phillips, A.G. (1976) Decreased intracranial self-stimulation after neuroleptics
or 6-hydroxydopamine: evidence for mediation by motor deficits rather than by reduced reward.
Psychopharmacology (Berl), 47, 21-27.

Fletcher, P.J. (1998) A comparison of the effects of risperidone, raclopride, and ritanserin on intravenous self-
administration of d-amphetamine. Pharmacol Biochem Behav, 60, 55-60.

Fletcher, P.J., Azampanah, A., and Korth, K.M. (2002) Activation of 5-HT(1B) receptors in the nucleus
accumbens reduces self-administration of amphetamine on a progressive ratio schedule. Pharmacol
Biochem Behav, 71, 717-725.

Franke, P., Wang, T., Nothen, M.M., Knapp, M., Neidt, H., Albrecht, S., Jahnes, E., Propping, P., and Maier,
W. (2001) Nonreplication of association between mu-opioid-receptor gene (OPRMI) Al118G
polymorphism and substance dependence. Am J Med Genet, 105, 114-119.

Freedland, C.S., Sharpe, A.L., Samson, H.H., and Porrino, L.J. (2001) Effects of SR141716A on ethanol and
sucrose self-administration. Alcohol Clin Exp Res, 25, 277-282.

Froehlich, J.C., Harts, J., Lumeng, L., and Li, T.K. (1990) Naloxone attenuates voluntary ethanol intake in rats
selectively bred for high ethanol preference. Pharmacol Biochem Behav, 35, 385-390.

Fudala, P.J., Teoh, K.W., and Iwamoto, E.T. (1985) Pharmacologic characterization of nicotine-induced
conditioned place preference. Pharmacol Biochem Behav, 22, 237-241.

Fukuda, K., Kato, S., Morikawa, H., Shoda, T., and Mori, K. (1996) Functional coupling of the delta-, mu-, and
kappa-opioid receptors to mitogen-activated protein kinase and arachidonate release in Chinese hamster
ovary cells. J Neurochem, 67, 1309-1316.

Fukuda, K., Kato, S., Shoda, T., Morikawa, H., Mima, H., and Mori, K. (1998) Partial agonistic activity of
naloxone on the opioid receptors expressed from complementary deoxyribonucleic acids in Chinese
hamster ovary cells. Anesth Analg, 87, 450-455.

G

Gallate, J.E. and McGregor, 1.S. (1999) The motivation for beer in rats: effects of ritanserin, naloxone and SR
141716. Psychopharmacology (Berl), 142, 302-308.

Gallate, J.E., Saharov, T., Mallet, P.E., and McGregor, 1.S. (1999) Increased motivation for beer in rats
following administration of a cannabinoid CB1 receptor agonist. Eur J Pharmacol, 370, 233-240.

169



Chapter 10

Gardner, E.L., Paredes, W., Smith, D., Donner, A., Milling, C., Cohen, D., and Morrison, D. (1988)
Facilitation of brain stimulation reward by delta 9-tetrahydrocannabinol. Psychopharmacology (Berl), 96,
142-144.

Gardner, E.L. and Vorel, S.R. (1998) Cannabinoid transmission and reward-related events. Neurobiol Dis, 5,
502-533.

Garzon, M. and Pickel, V. (2002) Ultrastructural localization of enkephalin and &mgr;-opioid receptors in the
rat ventral tegmental area. Neuroscience, 114, 461-

Garzon, M. and Pickel, V.M. (2001) Plasmalemmal mu-opioid receptor distribution mainly in
nondopaminergic neurons in the rat ventral tegmental area. Synapse, 41, 311-328.

Gelernter, J., Kranzler, H., and Cubells, J. (1999) Genetics of two mu opioid receptor gene (OPRMI) exon |
polymorphisms: population studies, and allele frequencies in alcohol- and drug-dependent subjects. Mo/
Psychiatry, 4, 476-483.

Gerrits, M.A.F.M., Patkina, N., Zvartau, E.E., and Van Ree, J.M. (1995) Opioid blockade attenuates
acquisition and expression of cocaine-induced place preference conditioning in rats. Psychopharmacology
(Berl), 119, 92-98.

Gerrits, M.A.F.M., Petromilli, P., Westenberg, H.G., Di Chiara, G., and Van Ree, J.M. (2002) Decrease in
basal dopamine levels in the nucleus accumbens shell during daily drug-seeking behaviour in rats. Brain
Res, 924, 141-150.

Gerrits, M.A.F.M., Ramsey, N.F., Wolterink, G., and Van Ree, J.M. (1994) Lack of evidence for an
involvement of nucleus accumbens dopamine D1 receptors in the initiation of heroin self-administration in
the rat. Psychopharmacology (Berl), 114, 486-494.

Gerrits, M.A.F.M. and Van Ree, J.M. (1996) Effect of nucleus accumbens dopamine depletion on motivational
aspects involved in initiation of cocaine and heroin self-administration in rats. Brain Res, 713, 114-124.

Gerrits, M.A.F.M., Wiegant, V.M., and Van Ree, J.M. (1999) Endogenous opioids implicated in the dynamics
of experimental drug addition: an in vivo autoradiographic analysis. Neuroscience, 89, 1219-1227.

Ghozland, S., Matthes, H.W., Simonin, F., Filliol, D., Kieffer, B.L., and Maldonado, R. (2002) Motivational
Effects of Cannabinoids Are Mediated by u-Opioid and k -Opioid Receptors. J Neurosci, 22, 1146-1154.

Giordano, A.L., Nock, B., and Cicero, T.J. (1990) Antagonist-induced up-regulation of the putative epsilon
opioid receptor in rat brain: comparison with kappa, mu and delta opioid receptors. J Pharmacol Exp Ther,
255, 536-540.

Goldstein, A., Tachibana, S., Lowney, L.I., Hunkapiller, M., and Hood, L. (1979) Dynorphin-(1-13), an
extraordinarily potent opioid peptide. Proc Natl Acad Sci U S A, 76, 6666-6670.

Goodwin, F.L., Campisi, M., Babinska, 1., and Amit, Z. (2001) Effects of naltrexone on the intake of ethanol
and flavored solutions in rats. Alcohol, 25, 9-19.

Gorwood, P., Aissi, F., Batel, P., Ades, J., Cohen-Salmon, C., Hamon, M., Boni, C., and Lanfumey, L. (2002)
Reappraisal of the serotonin 5-HT(1B) receptor gene in alcoholism: of mice and men. Brain Res Bull, 57,
103-107.

Grahame, N.J. and Cunningham, C.L. (1995) Genetic differences in intravenous cocaine self-administration
between C57BL/6J and DBA/2J mice. Psychopharmacology (Berl), 122, 281-291.

Grahame, N.J., Low, M.J., and Cunningham, C.L. (1998) Intravenous self-administration of ethanol in beta-
endorphin-deficient mice. Alcohol Clin Exp Res, 22, 1093-1098.

Greengard, P., Allen, P.B., and Nairn, A.C. (1999) Beyond the dopamine receptor: the DARPP-32/protein
phosphatase-1 cascade. Neuron, 23, 435-447.

Grisel, J.E., Mogil, J.S., Grahame, N.J., Rubinstein, M., Belknap, J.K., Crabbe, J.C., and Low, M.J. (1999)
Ethanol oral self-administration is increased in mutant mice with decreased beta-endorphin expression.
Brain Res, 835, 62-67.

Grottick, A.J., Fletcher, P.J., and Higgins, G.A. (2000) Studies to investigate the role of 5-HT(2C) receptors on
cocaine- and food-maintained behavior. J Pharmacol Exp Ther, 295 , 1183-1191.

Guillin, O., Diaz, J., Carroll, P., Griffon, N., Schwartz, J.C., and Sokoloff, P. (2001) BDNF controls dopamine
D3 receptor expression and triggers behavioural sensitization. Nature, 411, 86-89.

170



References

Guitart, X., Thompson, M.A., Mirante, C.K., Greenberg, M.E., and Nestler, E.J. (1992) Regulation of cyclic
AMP response element-binding protein (CREB) phosphorylation by acute and chronic morphine in the rat
locus coeruleus. J Neurochem, 58, 1168-1171.

Gutstein, H. & Akil, H. (2001) Opioid Analgesics. In Hardman, J.G., Limbird, L.E., & Goodman Gilman, A.
(eds), Goodman & Gilman's The Pharmacological Basis of Therapeutics. McGraw-Hill, New York, pp.
569-621.

Gutstein, H.B., Rubie, E.A., Mansour, A., Akil, H., and Woodgett, J.R. (1997) Opioid effects on mitogen-
activated protein kinase signaling cascades [see comments]. Anesthesiology, 87, 1118-1126.

Gyertyan, 1. and Gal, K. (2003) Dopamine D3 receptor ligands show place conditioning effect but do not
influence cocaine-induced place preference. Neuroreport, 14, 93-98.

Gysling, K. and Wang, R.Y. (1983) Morphine-induced activation of A10 dopamine neurons in the rat. Brain
Res, 277, 119-127.

H

Haertzen, C.A., Kocher, T.R., and Miyasato, K. (1983) Reinforcements from the first drug experience can
predict later drug habits and/or addiction: results with coffee, cigarettes, alcohol, barbiturates, minor and
major tranquilizers, stimulants, marijuana, hallucinogens, heroin, opiates and cocaine. Drug Alcohol
Depend, 11, 147-165.

Haile, C.N. and Kosten, T.A. (2001) Differential effects of DI1- and D2-like compounds on cocaine self-
administration in Lewis and Fischer 344 inbred rats. J Pharmacol Exp Ther, 299, 509-518.

Hall, F.S., Li, X.F., Goeb, M., Roff, S., Hoggatt, H., Sora, 1., and Uhl, G.R. (2003a) Congenic C57BL/6 mu
opiate receptor (MOR) knockout mice: baseline and opiate effects. Genes Brain Behav, 2, 114-121.

Hall, F.S., Sora, 1., and Uhl, G.R. (2001) Ethanol consumption and reward are decreased in mu-opiate receptor
knockout mice. Psychopharmacology (Berl), 154, 43-49.

Hall, F.S., Sora, 1., and Uhl, G.R. (2003b) Sex-dependent modulation of ethanol consumption in vesicular
monoamine transporter 2 (VMAT2) and dopamine transporter (DAT) knockout mice.
Neuropsychopharmacology, 28, 620-628.

Hand, T.H., Stinus, L., and Le Moal, M. (1989) Differential mechanisms in the acquisition and expression of
heroin-induced place preference. Psychopharmacology (Berl), 98, 61-67.

Harvey, J. and Lacey, M.G. (1996) Endogenous and exogenous dopamine depress EPSCs in rat nucleus
accumbens in vitro via D1 receptors activation. J Physiol, 492 ( Pt 1), 143-154.

Hawkins, K.N., Knapp, R.J., Lui, G.K., Gulya, K., Kazmierski, W., Wan, Y.P., Pelton, J.T., Hruby, V.J., and
Yamamura, H.I. (1989) [3H]-[H-D-Phe-Cys-Tyr-D-Trp-Orn-Thr-Pen-Thr-NH2] ([3H]CTOP), a potent and
highly selective peptide for mu opioid receptors in rat brain. J Pharmacol Exp Ther, 248, 73-80.

Hedin, K.E., Bell, M.P., Huntoon, C.J., Karnitz, L.M., and McKean, D.J. (1999) Gi proteins use a novel beta
gamma- and Ras-independent pathway to activate extracellular signal-regulated kinase and mobilize AP-1
transcription factors in Jurkat T lymphocytes. J Biol Chem, 274, 19992-20001.

Heidbreder, C., Goldberg, S.R., and Shippenberg, T.S. (1993a) Inhibition of cocaine-induced sensitization by
the delta-opioid receptor antagonist naltrindole. Eur J Pharmacol, 243, 123-127.

Heidbreder, C., Shoaib, M., and Shippenberg, T.S. (1996) Differential role of delta-opioid receptors in the
development and expression of behavioral sensitization to cocaine. Eur J Pharmacol, 298, 207-216.

Heidbreder, C.A., Babovic-Vuksanovic, D., Shoaib, M., and Shippenberg, T.S. (1995) Development of
behavioral sensitization to cocaine: influence of kappa opioid receptor agonists. J Pharmacol Exp Ther,
275, 150-163.

Heidbreder, C.A., Goldberg, S.R., and Shippenberg, T.S. (1993b) The kappa-opioid receptor agonist U-69593
attenuates cocaine-induced behavioral sensitization in the rat. Brain Res, 616, 335-338.

Herz, A. (1997) Endogenous opioid systems and alcohol addiction. Psychopharmacology (Berl), 129, 99-111.
Herz, A. (1998) Opioid reward mechanisms: a key role in drug abuse? Can J Physiol Pharmacol, 76, 252-258.

Heyser, C.J., Roberts, A.J., Schulteis, G., and Koob, G.F. (1999) Central administration of an opiate antagonist
decreases oral ethanol self-administration in rats. Alcohol Clin Exp Res, 23, 1468-1476.

Hodge, C.W., Samson, H.H., and Chappelle, A.M. (1997) Alcohol self-administration: further examination of
the role of dopamine receptors in the nucleus accumbens. Alcohol Clin Exp Res, 21, 1083-1091.

171



Chapter 10

Hoffman, A.F. and Lupica, C.R. (2001) Direct actions of cannabinoids on synaptic transmission in the nucleus
accumbens: a comparison with opioids. J Neurophysiol, 85, 72-83.

Hoffman, D.C. (1994) The noncompetitive NMDA antagonist MK-801 fails to block amphetamine-induced
place conditioning in rats. Pharmacol Biochem Behav, 47, 907-912.

Holter, S.M., Henniger, M.S., Lipkowski, A.W., and Spanagel, R. (2000) Kappa-opioid receptors and relapse-
like drinking in long-term ethanol-experienced rats. Psychopharmacology (Berl), 153, 93-102.

Hooks, M.S. and Kalivas, P.W. (1995) The role of mesoaccumbens--pallidal circuitry in novelty-induced
behavioral activation. Neuroscience, 64, 587-597.

Horger, B.A., Shelton, K., and Schenk, S. (1990) Preexposure sensitizes rats to the rewarding effects of
cocaine. Pharmacol Biochem Behav, 37, 707-711.

Houdi, A.A., Bardo, M.T., and Van Loon, G.R. (1989) Opioid mediation of cocaine-induced hyperactivity and
reinforcement. Brain Res, 497, 195-198.

Hubner, C.B. and Moreton, J.E. (1991) Effects of selective D1 and D2 dopamine antagonists on cocaine self-
administration in the rat. Psychopharmacology (Berl), 105, 151-156.

Hughes, J., Smith, T., Morgan, B., and Fothergill, L. (1975) Purification and properties of enkephalin - the
possible endogenous ligand for the morphine receptor. Life Sci, 16, 1753-1758.

Hungund, B.L., Szakall, 1., Adam, A., Basavarajappa, B.S., and Vadasz, C. (2003) Cannabinoid CB1 receptor
knockout mice exhibit markedly reduced voluntary alcohol consumption and lack alcohol-induced
dopamine release in the nucleus accumbens. J Neurochem, 84 , 698-704.

Hutcheson, D.M., Matthes, H.W., Valjent, E., Sanchez-Blazquez, P., Rodriguez-Diaz, M., Garzon, J., Kieffer,
B.L., and Maldonado, R. (2001) Lack of dependence and rewarding effects of deltorphin II in mu-opioid
receptor-deficient mice. Eur J Neurosci, 13, 153-161.

Hyytia, P. (1993) Involvement of mu-opioid receptors in alcohol drinking by alcohol-preferring AA rats.
Pharmacol Biochem Behav, 45, 697-701.

Hyytia, P. and Kiianmaa, K. (2001) Suppression of ethanol responding by centrally administered CTOP and
naltrindole in AA and Wistar rats. Alcohol Clin Exp Res, 25, 25-33.

J

Jenab, S., Kest, B., and Inturrisi, C.E. (1995) Assessment of delta opioid antinociception and receptor mRNA
levels in mouse after chronic naltrexone treatment. Brain Res, 691, 69-75.

Johnson, P.S., Wang, J.B., Wang, W.F., and Uhl, G.R. (1994) Expressed mu opiate receptor couples to
adenylate cyclase and phosphatidyl inositol turnover. Neuroreport, 5, 507-509.

Johnson, S.W. and North, R.A. (1992a) Opioids excite dopamine neurons by hyperpolarization of local
interneurons. J Neurosci , 12, 483-488.

Johnson, S.W. and North, R.A. (1992b) Two types of neurone in the rat ventral tegmental area and their
synaptic inputs. J Physiol (Lond), 450, 455-468.

June, H.L., McCane, S.R., Zink, R.W., Portoghese, P.S., Li, T.K., and Froehlich, J.C. (1999) The delta 2-
opioid receptor antagonist naltriben reduces motivated responding for ethanol. Psychopharmacology (Berl),
147, 81-89.

K

Kebabian, J.W. and Calne, D.B. (1979) Multiple receptors for dopamine. Nature, 277, 93-96.

Kelley, S.P. and Hodge, C.W. (2003) The 5-HT3 antagonist Y-25130 blocks cocaine-induced lowering of
ICSS reward thresholds in the rat. Pharmacol Biochem Behav, 74, 297-302.

Kendler, K.S., Karkowski, L.M., Neale, M.C., and Prescott, C.A. (2000) Illicit psychoactive substance use,
heavy use, abuse, and dependence in a US population-based sample of male twins. Arch Gen Psychiatry,
57, 261-269.

Kest, B., Lee, C.E., Jenab, S., Kao, B., and Inturrisi, C.E. (1998) Chronic naltrexone differentially affects
supraspinal delta-opioid receptor-mediated antinociception. Eur J Pharmacol, 345, 47-53.

Kieffer, B.L. (1995) Recent advances in molecular recognition and signal transduction of active peptides:
receptors for opioid peptides. Cell Mol Neurobiol, 15, 615-635.

172



References

Kieffer, B.L., Befort, K., Gaveriaux-Ruff, C., and Hirth, C.G. (1992) The delta-opioid receptor: isolation of a
cDNA by expression cloning and pharmacological characterization. Proc Natl Acad Sci U S A, 89, 12048-
12052.

Kieffer, B.L. and Gaveriaux-Ruff, C. (2002) Exploring the opioid system by gene knockout. Prog Neurobiol,
66, 285-306.

Kim, H.S., Jang, C.G., and Park, W.K. (1996) Inhibition by MK-801 of morphine-induced conditioned place
preference and postsynaptic dopamine receptor supersensitivity in mice. Pharmacol Biochem Behav, 55,
11-17.

Kim, S.G., Stromberg, M.F., Kim, M.J., Volpicelli, J.R., and Park, J.M. (2000) The effect of antagonists
selective for mu- and delta-opioid receptor subtypes on alcohol consumption in C57BL/6 mice. Alcohol, 22,
85-90.

Kitchen, 1., Slowe, S.J., Matthes, H.W., and Kieffer, B. (1997) Quantitative autoradiographic mapping of mu-,
delta- and kappa-opioid receptors in knockout mice lacking the mu-opioid receptor gene. Brain Res, 778,
73-88.

Kiyatkin, E.A. and Brown, P.L. (2003) Naloxone depresses cocaine self-administration and delays its initiation
on the following day. Neuroreport, 14, 251-255.

Knapp, D.J. and Pohorecky, L.A. (1992) Zacopride, a 5-HT3 receptor antagonist, reduces voluntary ethanol
consumption in rats. Pharmacol Biochem Behav, 41, 847-850.

Koenig, H.N. and Olive, M.F. (2002) Ethanol consumption patterns and conditioned place preference in mice
lacking preproenkephalin. Neurosci Lett, 325, 75-78.

Koistinen, M., Tuomainen, P., Hyytia, P., and Kiianmaa, K. (2001) Naltrexone suppresses ethanol intake in 6-
hydroxydopamine-treated rats. Alcohol Clin Exp Res, 25, 1605-1612.

Koob, G.F., Le, H.T., and Creese, 1. (1987) The D1 dopamine receptor antagonist SCH 23390 increases
cocaine self-administration in the rat. Neurosci Lett, 79, 315-320.

Koob, G.F. and Nestler, E.J. (1997) The neurobiology of drug addiction. J Neuropsychiatry Clin Neurosci, 9,
482-497.

Koob, G.F., Pettit, H.O., Ettenberg, A., and Bloom, F.E. (1984) Effects of opiate antagonists and their
quaternary derivatives on heroin self-administration in the rat. J Pharmacol Exp Ther, 229, 481-486.

Koob, G.F., Sanna, P.P., and Bloom, F.E. (1998) Neuroscience of addiction. Neuron, 21, 467-476.

Kornet, M., Goosen, C., and Van Ree, J.M. (1991) Effect of naltrexone on alcohol consumption during chronic

alcohol drinking and after a period of imposed abstinence in free-choice drinking rhesus monkeys.
Psychopharmacology (Berl), 104, 367-376.

Korotkova, T.M., Haas, H.L., and Brown, R.E. (2002) Histamine excites GABAergic cells in the rat substantia
nigra and ventral tegmental area in vitro. Neurosci Lett, 320, 133-136.

Kosten, T.A., Marby, D.W., and Nestler, E.J. (1991) Cocaine conditioned place preference is attenuated by
chronic buprenorphine treatment. Life Sci, 49, L201-L206.

Kosten, T.A. and Nestler, E.J. (1994) Clozapine attenuates cocaine conditioned place preference. Life Sci, 55,
1L9-14.

Kramer, H.K. and Simon, E.J. (2000) mu and delta-opioid receptor agonists induce mitogen-activated protein
kinase (MAPK) activation in the absence of receptor internalization. Neuropharmacology, 39, 1707-1719.
Kreek, M.J., LaForge, K.S., and Butelman, E. (2002) Pharmacotherapy of addictions. Nat Rev Drug Discov, 1,

710-726.

Kuzmin, A., Sandin, J., Terenius, L., and Ogren, S.O. (2003) Acquisition, expression, and reinstatement of
ethanol-induced conditioned place preference in mice: effects of opioid receptor-like 1 receptor agonists
and naloxone. J Pharmacol Exp Ther, 304, 310-318.

Kuzmin, A., Semenova, S., Zvartau, E.E., and Van Ree, J.M. (1996) Enhancement of morphine self-
administration in drug naive, inbred strains of mice by acute emotional stress. Eur Neuropsychopharmacol,
6, 63-68.

Kuzmin, A.V., Gerrits, M.A.F.M., and Van Ree, J.M. (1998) Kappa-opioid receptor blockade with nor-
binaltorphimine modulates cocaine self-administration in drug-naive rats. Eur J Pharmacol, 358, 197-202.

173



Chapter 10

Kuzmin, A.V., Gerrits, M.A.F.M., Van Ree, J.M., and Zvartau, E.E. (1997a) Naloxone inhibits the reinforcing
and motivational aspects of cocaine addiction in mice. Life Sci, 60, PL.257-P1.264.

Kuzmin, A.V., Semenova, S., Gerrits, M.A.F.M., Zvartau, E.E., and Van Ree, J.M. (1997b) Kappa-opioid
receptor agonist U50,488H modulates cocaine and morphine self-administration in drug-naive rats and
mice. Eur J Pharmacol, 321, 265-271.

L

Lallemand, F., Soubrie, P.H., and De Witte, P.H. (2001) Effects of CB1 cannabinoid receptor blockade on
ethanol preference after chronic ethanol administration. Alcohol Clin Exp Res, 25, 1317-1323.

Lane-Ladd, S.B., Pineda, J., Boundy, V.A., Pfeuffer, T., Krupinski, J., Aghajanian, G.K., and Nestler, E.J.
(1997) CREB (cAMP response element-binding protein) in the locus coeruleus: biochemical, physiological,
and behavioral evidence for a role in opiate dependence. J Neurosci, 17, 7890-7901.

Le Foll, B., Frances, H., Diaz, J., Schwartz, J.C., and Sokoloff, P. (2002) Role of the dopamine D3 receptor in
reactivity to cocaine-associated cues in mice. Eur J Neurosci, 15, 2016-2026.

Le Foll, B., Schwartz, J.C., and Sokoloff, P. (2000) Dopamine D3 receptor agents as potential new medications
for drug addiction. Eur Psychiatry, 15, 140-146.

Le Foll, B., Schwartz, J.C., and Sokoloff, P. (2003) Disruption of nicotine conditioning by dopamine D(3)
receptor ligands. Mol Psychiatry, 8, 225-230.

Le Moal, M., Stinus, L., and Simon, H. (1979) Increased sensitivity to (+)amphetamine self-administered by
rats following meso-cortico-limbic dopamine neurone destruction. Nature, 280, 156-158.

Ledent, C., Valverde, O., Cossu, G., Petitet, F., Aubert, J.F., Beslot, F., Bohme, G.A., Imperato, A., Pedrazzini,
T., Roques, B.P., Vassart, G., Fratta, W., and Parmentier, M. (1999) Unresponsiveness to cannabinoids and
reduced addictive effects of opiates in CB1 receptor knockout mice. Science, 283, 401-404.

Lepore, M., Liu, X., Savage, V., Matalon, D., and Gardner, E.L. (1996) Genetic differences in delta 9-
tetrahydrocannabinol-induced facilitation of brain stimulation reward as measured by a rate-frequency
curve-shift electrical brain stimulation paradigm in three different rat strains. Life Sci, 58, L.365-1.372.

Lepore, M., Vorel, S.R., Lowinson, J., and Gardner, E.L. (1995) Conditioned place preference induced by delta
9-tetrahydrocannabinol: comparison with cocaine, morphine, and food reward. Life Sci, 56, 2073-2080.

Leshner, A.L. (2000) Vulnerability to addiction: new research opportunities. Am J Med Genet, 96, 590-591.

Lesscher, H.M.B., Bailey, A., Burbach, J.P., Van Ree, J.M., Kitchen, I., and Gerrits, M.A.F.M. (2003a).
Receptor-selective changes in p-, 8- and k-opioid receptors after chronic naltrexone treatment in mice. Eur
J Neurosci, 17, 1006-1012.

Lesscher, HM.B., Mathon, D.S., Gerrits, M.A.F.M., Kamal, A., Pintar, J.E., Schuller, A.G.P., Smidt, M.P.,
Burbach, J.P.H., Van Ree, J.M., and Ramakers, G.M.J. (2003b). Reduced cocaine reinforcement and
increased GABAergic inhibition in the VTA of p-opioid receptor knockout mice. In Preparation..

Lesscher, H.M.B., M. Hordijk, N.P. Bondar, O.V. Alekseyenko, J. P.H. Burbach, J.M. van Ree, M.A.F.M.
Gerrits. (2003c). p-Opioid receptors are not involved in acute cocaine-induced locomotor activity nor in
development of cocaine-induced behavioural sensitization. Submitted.

Lessov, C.N., Palmer, A.A., Quick, E.A., and Phillips, T.J. (2001) Voluntary ethanol drinking in C57BL/6J and
DBA/2] mice before and after sensitization to the locomotor stimulant effects of ethanol.
Psychopharmacology (Berl), 155, 91-99.

Lett, B.T. (1989) Repeated exposures intensify rather than diminish the rewarding effects of amphetamine,
morphine, and cocaine. Psychopharmacology (Berl), 98, 357-362.

Levesque, D., Martres, M.P., Diaz, J., Griffon, N., Lammers, C.H., Sokoloff, P., and Schwartz, J.C. (1995) A
paradoxical regulation of the dopamine D3 receptor expression suggests the involvement of an anterograde
factor from dopamine neurons. Proc Natl Acad Sci U S A, 92, 1719-1723.

Li, LY. and Chang, K.J. (1996) The stimulatory effect of opioids on mitogen-activated protein kinase in
Chinese hamster ovary cells transfected to express mu-opioid receptors. Mol Pharmacol, 50, 599-602.

Liu, X. and Weiss, F. (2002) Reversal of ethanol-seeking behavior by D1 and D2 antagonists in an animal
model of relapse: differences in antagonist potency in previously ethanol-dependent versus nondependent
rats. J Pharmacol Exp Ther, 300, 882-889.

174



References

Loh, H.H., Liu, H.C., Cavalli, A., Yang, W., Chen, Y.F., and Wei, L.N. (1998) mu Opioid receptor knockout in
mice: effects on ligand-induced analgesia and morphine lethality. Brain Res Mol Brain Res, 54, 321-326.
Lord, J.A., Waterfield, A.A., Hughes, J., and Kosterlitz, H.W. (1977) Endogenous opioid peptides: multiple

agonists and receptors. Nature, 267, 495-499.

Lyness, W.H., Friedle, N.M., and Moore, K.E. (1979) Destruction of dopaminergic nerve terminals in nucleus
accumbens: effect on d-amphetamine self-administration. Pharmacol Biochem Behav, 11, 553-556.

M

Ma, W., Zheng, W.H., Powell, K., Jhamandas, K., and Quirion, R. (2001) Chronic morphine exposure
increases the phosphorylation of MAP kinases and the transcription factor CREB in dorsal root ganglion
neurons: an in vitro and in vivo study. Eur J Neurosci, 14 , 1091-1104.

Magendzo, K. and Bustos, G. (2003) Expression of Amphetamine-Induced Behavioral Sensitization after
Short- and Long-Term Withdrawal Periods: Participation of &mgr;- and delta-Opioid Receptors.
Neuropsychopharmacology, 28, 468-477.

Maldonado, R. (2002) Study of cannabinoid dependence in animals. Pharmacol Ther, 95, 153-164.

Maldonado, R., Robledo, P., Chover, A.J., Caine, S.B., and Koob, G.F. (1993) D1 dopamine receptors in the
nucleus accumbens modulate cocaine self-administration in the rat. Pharmacol Biochem Behav, 45, 239-
242,

Maldonado, R. and Rodriguez, D.F. (2002) Cannabinoid addiction: behavioral models and neural correlates. J
Neurosci, 22, 3326-3331.

Mansour, A., Fox, C.A., Akil, H., and Watson, S.J. (1995) Opioid-receptor mRNA expression in the rat CNS:
anatomical and functional implications. Trends Neurosci, 18, 22-29.

Mansour, A., Khachaturian, H., Lewis, M.E., Akil, H., and Watson, S.J. (1988) Anatomy of CNS opioid
receptors. Trends Neurosci, 11, 308-314.

Mantsch, J.R., Ho, A., Schlussman, S.D., and Kreek, M.J. (2001) Predictable individual differences in the
initiation of cocaine self-administration by rats under extended-access conditions are dose-dependent.
Psychopharmacology (Berl), 157, 31-39.

Marinelli, P.W., Quirion, R., and Gianoulakis, C. (2003) A microdialysis profile of beta-endorphin and
catecholamines in the rat nucleus accumbens following alcohol administration. Psychopharmacology
(Berl),

Martin, G., Nie, Z., and Siggins, G.R. (1997) mu-Opioid receptors modulate NMDA receptor-mediated
responses in nucleus accumbens neurons. J Neurosci, 17, 11-22.

Martin, M., Ledent, C., Parmentier, M., Maldonado, R., and Valverde, O. (2000a) Cocaine, but not morphine,
induces conditioned place preference and sensitization to locomotor responses in CB1 knockout mice. Eur J
Neurosci, 12, 4038-4046.

Martin, T.J., DeMontis, M.G., Kim, S.A., Sizemore, G.M., Dworkin, S.I., and Smith, J.E. (1998) Effects of
beta-funaltrexamine on dose-effect curves for heroin self-administration in rats: comparison with alteration
of [3H]DAMGO binding to rat brain sections. Drug Alcohol Depend, 52, 135-147.

Martin, T.J., Dworkin, S.I., and Smith, J.E. (1995) Alkylation of mu opioid receptors by beta-funaltrexamine in
vivo: comparison of the effects on in situ binding and heroin self-administration in rats. J Pharmacol Exp
Ther, 272, 1135-1140.

Martin, T.J., Kim, S.A., Cannon, D.G., Sizemore, G.M., Bian, D., Porreca, F., and Smith, J.E. (2000b)
Antagonism of delta(2)-opioid receptors by naltrindole-5'-isothiocyanate attenuates heroin self-
administration but not antinociception in rats. J Pharmacol Exp Ther, 294, 975-982.

Martin, T.J., Kim, S.A., Lyupina, Y., and Smith, J.E. (2002) Differential involvement of mu-opioid receptors
in the rostral versus caudal nucleus accumbens in the reinforcing effects of heroin in rats: evidence from
focal injections of beta-funaltrexamine. Psychopharmacology (Berl), 161, 152-159.

Martin, T.J., Walker, L.E., Sizemore, G.M., Smith, J.E., and Dworkin, S.I. (1996) Within-session
determination of dose-response curves for heroin self-administration in rats: Comparison with between-
session determination and effects of naltrexone. Drug Alcohol Depend, 41, 93-100.

175



Chapter 10

Martin, W.R., Eades, C.G., Thompson, J.A., Huppler, R.E., and Gilbert, P.E. (1976) The effects of morphine-
and nalorphine- like drugs in the nondependent and morphine-dependent chronic spinal dog. J Pharmacol
Exp Ther, 197, 517-532.

Mathon, D.S., Kamal, A., Smidt, M.P., and Ramakers, G.M.J. (2003) Modulation of cellular activity and
synaptic transmission in the ventral tegmental area. Eur J Pharmacol, 480, 97-115.

Matthes, H.W., Maldonado, R., Simonin, F., Valverde, O., Slowe, S., Kitchen, I., Befort, K., Dierich, A., Le
Meur, M., Dollé, P., Tzavara, E., Hanoune, J., Roques, B.P., and Kieffer, B.L. (1996) Loss of morphine-
induced analgesia, reward effect and withdrawal symptoms in mice lacking the mu-opioid-receptor gene
[see comments]. Nature, 383, 819-823.

McGregor, A. and Roberts, D.C. (1993) Dopaminergic antagonism within the nucleus accumbens or the
amygdala produces differential effects on intravenous cocaine self-administration under fixed and
progressive ratio schedules of reinforcement. Brain Res, 624, 245-252.

McMillen, B.A., Jones, E.A., Hill, L.J., Williams, H.L., Bjork, A., and Myers, R.D. (1993) Amperozide, a 5-
HT2 antagonist, attenuates craving for cocaine by rats. Pharmacol Biochem Behav, 46, 125-129.

Meng, F., Xie, G.X., Thompson, R.C., Mansour, A., Goldstein, A., Watson, S.J., and Akil, H. (1993) Cloning
and pharmacological characterization of a rat kappa opioid receptor. Proc Natl Acad Sci U S A, 90, 9954-
9958.

Middaugh, L.D., Kelley, B.M., Cuison, E.R., Jr., and Groseclose, C.H. (1999) Naltrexone effects on ethanol
reward and discrimination in C57BL/6 mice. Alcohol Clin Exp Res, 23, 456-464.

Middaugh, L.D., Kelley, B.M., Groseclose, C.H., and Cuison, E.R., Jr. (2000) Delta-opioid and 5-HT3 receptor
antagonist effects on ethanol reward and discrimination in C57BL/6 mice. Pharmacol Biochem Behav, 65,
145-154.

Mihalek, R.M., Bowers, B.J., Wehner, J.M., Kralic, J.E., VanDoren, M.J., Morrow, A.L., and Homanics, G.E.
(2001) GABA(A)-receptor delta subunit knockout mice have multiple defects in behavioral responses to
ethanol. Alcohol Clin Exp Res, 25, 1708-1718.

Miller, J.D., Sanghera, M.K., and German, D.C. (1981) Mesencephalic dopaminergic unit activity in the
behaviorally conditioned rat. Life Sci, 29, 1255-1263.

Miner, L.L., Drago, J., Chamberlain, P.M., Donovan, D., and Uhl, G.R. (1995) Retained cocaine conditioned
place preference in D1 receptor deficient mice. Neuroreport, 6, 2314-2316.

Missale, C., Nash, S.R., Robinson, S.W., Jaber, M., and Caron, M.G. (1998) Dopamine receptors: from
structure to function. Physiol Rev, 78, 189-225.

Monsma, F.J., Jr., Mahan, L.C., McVittie, L.D., Gerfen, C.R., and Sibley, D.R. (1990) Molecular cloning and
expression of a D1 dopamine receptor linked to adenylyl cyclase activation. Proc Natl Acad Sci U S A, 87,
6723-6727.

Morris, B.J., Millan, M.J., and Herz, A. (1988) Antagonist-induced opioid receptor up-regulation. II.
Regionally specific modulation of mu, delta and kappa binding sites in rat brain revealed by quantitative
autoradiography. J Pharmacol Exp Ther, 247, 729-736.

Mucha, R.F., van der, K.D., O'Shaughnessy, M., and Bucenieks, P. (1982) Drug reinforcement studied by the
use of place conditioning in rat. Brain Res, 243, 91-105.

Murphy, J.M., Stewart, R.B., Bell, R.L., Badia-Elder, N.E., Carr, L.G., McBride, W.J., Lumeng, L., and Li,
T.K. (2002) Phenotypic and genotypic characterization of the Indiana University rat lines selectively bred
for high and low alcohol preference. Behav Genet, 32, 363-388.

N
Narita, M., Funada, M., and Suzuki, T. (2001) Regulations of opioid dependence by opioid receptor types.
Pharmacol Ther, 89, 1-15.

Narita, M., Mizuo, K., Mizoguchi, H., Sakata, M., Narita, M., Tseng, L.F., and Suzuki, T. (2003) Molecular
evidence for the functional role of dopamine D3 receptor in the morphine-induced rewarding effect and
hyperlocomotion. J Neurosci, 23, 1006-1012.

Navarro, M., Carrera, M.R., Fratta, W., Valverde, O., Cossu, G., Fattore, L., Chowen, J.A., Gomez, R., del, A.,
1, Villanua, M.A., Maldonado, R., Koob, G.F., and de Fonseca, F.R. (2001) Functional interaction between
opioid and cannabinoid receptors in drug self-administration. J Neurosci, 21, 5344-5350.

176



References

Negus, S.S., Mello, N.K., Lamas, X., and Mendelson, J.H. (1996) Acute and chronic effects of flupenthixol on
the discriminative stimulus and reinforcing effects of cocaine in rhesus monkeys. J Pharmacol Exp Ther,
278, 879-890.

Nicola, S.M., Kombian, S.B., and Malenka, R.C. (1996) Psychostimulants depress excitatory synaptic
transmission in the nucleus accumbens via presynaptic D1-like dopamine receptors. J Neurosci, 16, 1591-
1604.

Norwood, C.S., Cornish, J.L., Mallet, P.E., and McGregor, 1.S. (2003) Pre-exposure to the cannabinoid
receptor agonist CP 55,940 enhances morphine behavioral sensitization and alters morphine self-
administration in Lewis rats. Eur J Pharmacol, 465, 105-114.

O

Oades, R.D. and Halliday, G.M. (1987) Ventral tegmental (A10) system: neurobiology. 1. Anatomy and
connectivity. Brain Res, 434, 117-165.

Oei, T.P. (1980) Reversal of schedule-induced self-injection of heroin by naloxone. Pharmacol Biochem
Behav, 13, 457-459.

Olds, J. and Milner, P. (1954) Positive reinforcement produced by electrical stimulation of septal area and
other regions of rat brain. Journal of comparative and physiological psychology, 47, 419-426.

Olive, M.F., Koenig, H.N., Nannini, M.A., and Hodge, C.W. (2001) Stimulation of Endorphin
Neurotransmission in the Nucleus Accumbens by Ethanol, Cocaine, and Amphetamine. J Neurosci, 21,
RC184-

Ortiz, J., Harris, H.W., Guitart, X., Terwilliger, R.Z., Haycock, J.W., and Nestler, E.J. (1995) Extracellular
signal-regulated protein kinases (ERKs) and ERK kinase (MEK) in brain: regional distribution and
regulation by chronic morphine. J Neurosci, 15, 1285-1297.

Oslin, D.W., Berrettini, W., Kranzler, H.R., Pettinati, H., Gelernter, J., Volpicelli, J.R., and O'Brien, C.P.
(2003) A Functional Polymorphism of the mu-Opioid Receptor Gene is Associated with Naltrexone
Response in Alcohol-Dependent Patients. Neuropsychopharmacology, 28, 1546-1552.

Overton, P.G. and Clark, D. (1997) Burst firing in midbrain dopaminergic neurons. Brain Res Brain Res Rev,
25, 312-334.

P

Pan, Z.Z. (1998) mu-Opposing actions of the kappa-opioid receptor. Trends Pharmacol Sci, 19, 94-98.

Panksepp, J. and Bishop, P. (1981) An autoradiographic map of (3H)diprenorphine binding in rat brain: effects
of social interaction. Brain Res Bull, 7, 405-410.

Panocka, 1., Ciccocioppo, R., Pompei, P., and Massi, M. (1993) 5-HT2 receptor antagonists do not reduce
ethanol preference in Sardinian alcohol-preferring (sP) rats. Pharmacol Biochem Behav, 46, 853-856.

Park, Y., Ho, LK., Fan, L.W., Loh, H.H., and Ko, K.H. (2001) Region specific increase of dopamine receptor
D1/D2 mRNA expression in the brain of mu-opioid receptor knockout mice. Brain Res, 894, 311-315.

Parkes, H. and Sinclair, J.D. (2000) Reduction of alcohol drinking and upregulation of opioid receptors by oral
naltrexone in AA rats. Alcohol, 21, 215-221.

Parsons, L.H., Weiss, F., and Koob, G.F. (1998) SerotoninlB receptor stimulation enhances cocaine
reinforcement. J Neurosci, 18, 10078-10089.

Paterson, N.E., Semenova, S., Gasparini, F., and Markou, A. (2003) The mGluR5 antagonist MPEP decreased
nicotine self-administration in rats and mice. Psychopharmacology (Berl), 167, 257-264.

Paxinos, G. & Franklin, K.B.J. (2001) The Mouse Brain in Stereotaxic Coordinates. Academic Press, San
Diego.

Paxinos, G. & Watson, C. (1998) The rat brain in stereotaxic coordinates. Academic Press, San Diego.

Peltier, R. and Schenk, S. (1991) GR38032F, a serotonin 5-HT3 antagonist, fails to alter cocaine self-
administration in rats. Pharmacol Biochem Behav, 39, 133-136.

Pennartz, C.M., Dolleman-Van der Weel MJ, and Lopes da Silva, F.H. (1992) Differential membrane
properties and dopamine effects in the shell and core of the rat nucleus accumbens studied in vitro.
Neurosci Lett, 136, 109-112.

Pert, C.B. and Snyder, S.H. (1973) Opiate receptor: demonstration in nervous tissue. Science, 179, 1011-1014.

177



Chapter 10

Pettit, H.O., Ettenberg, A., Bloom, F.E., and Koob, G.F. (1984) Destruction of dopamine in the nucleus
accumbens selectively attenuates cocaine but not heroin self-administration in rats. Psychopharmacology
(Berl), 84, 167-173.

Phillips, T.J., Brown, K.J., Burkhart-Kasch, S., Wenger, C.D., Kelly, M.A., Rubinstein, M., Grandy, D.K., and
Low, M.J. (1998) Alcohol preference and sensitivity are markedly reduced in mice lacking dopamine D2
receptors. Nat Neurosci, 1, 610-615.

Phillips, T.J., Wenger, C.D., and Dorow, J.D. (1997) Naltrexone effects on ethanol drinking acquisition and on
established ethanol consumption in C57BL/6]J mice. Alcohol Clin Exp Res, 21, 691-702.

Piazza, P.V., Deminiere, J.M., Le Moal, M., and Simon, H. (1990) Stress- and pharmacologically-induced
behavioral sensitization increases vulnerability to acquisition of amphetamine self-administration. Brain
Res, 514, 22-26.

Picciotto, M.R., Zoli, M., Rimondini, R., Lena, C., Marubio, L.M., Pich, E.M., Fuxe, K., and Changeux, J.P.
(1998) Acetylcholine receptors containing the beta2 subunit are involved in the reinforcing properties of
nicotine. Nature, 391, 173-177.

Pierce, R.C., Pierce-Bancroft, A.F., and Prasad, B.M. (1999) Neurotrophin-3 contributes to the initiation of
behavioral sensitization to cocaine by activating the Ras/Mitogen-activated protein kinase signal
transduction cascade. J Neurosci, 19, 8685-8695.

Pifl, C., Drobny, H., Reither, H., Hornykiewicz, O., and Singer, E.A. (1995) Mechanism of the dopamine-
releasing actions of amphetamine and cocaine: plasmalemmal dopamine transporter versus vesicular
monoamine transporter. Mol Pharmacol, 47, 368-373.

Pilla, M., Perachon, S., Sautel, F., Garrido, F., Mann, A., Wermuth, C.G., Schwartz, J.C., Everitt, B.J., and
Sokoloff, P. (1999) Selective inhibition of cocaine-seeking behaviour by a partial dopamine D3 receptor
agonist. Nature, 400, 371-375.

Polakiewicz, R.D., Schieferl, S.M., Dorner, L.F., Kansra, V., and Comb, M.J. (1998) A mitogen-activated
protein kinase pathway is required for mu-opioid receptor desensitization. J Biol Chem, 273, 12402-12406.

Pomerleau, O.F. (1998) Endogenous opioids and smoking: a review of progress and problems.
Psychoneuroendocrinology, 23, 115-130.

Poncelet, M., Maruani, J., Calassi, R., and Soubrie, P. (2003) Overeating, alcohol and sucrose consumption
decrease in CB1 receptor deleted mice. Neurosci Lett, 343, 216-218.

Pontieri, F.E., Tanda, G., and Di Chiara, G. (1995) Intravenous cocaine, morphine, and amphetamine
preferentially increase extracellular dopamine in the "shell" as compared with the "core" of the rat nucleus
accumbens. Proc Natl Acad Sci U S A4, 92, 12304-12308.

Pontieri, F.E., Tanda, G., Orzi, F., and Di Chiara, G. (1996) Effects of nicotine on the nucleus accumbens and
similarity to those of addictive drugs. Nature, 382, 255-257.

Prescott, C.A., Aggen, S.H., and Kendler, K.S. (1999) Sex differences in the sources of genetic liability to
alcohol abuse and dependence in a population-based sample of U.S. twins. Alcohol Clin Exp Res, 23, 1136~
1144.

Prescott, C.A. and Kendler, K.S. (1999) Genetic and environmental contributions to alcohol abuse and
dependence in a population-based sample of male twins. Am J Psychiatry, 156, 34-40.

R

Racz, 1., Bilkei-Gorzo, A., Toth, Z.E., Michel, K., Palkovits, M., and Zimmer, A. (2003) A critical role for the
cannabinoid CB1 receptors in alcohol dependence and stress-stimulated ethanol drinking. J Neurosci, 23,
2453-2458.

Rademacher, D.J. and Steinpreis, R.E. (2002) Effects of the selective mu(1)-opioid receptor antagonist,
naloxonazine, on cocaine-induced conditioned place preference and locomotor behavior in rats. Neurosci
Lett, 332, 159-162.

Ramsey, N.F., Gerrits, M.A.F.M., and Van Ree, J.M. (1999) Naltrexone affects cocaine self-administration in
naive rats through the ventral tegmental area rather than dopaminergic target regions. FEur
Neuropsychopharmacol, 9, 93-99.

Ramsey, N.F., Niesink, R.J., and Van Ree, J.M. (1993) Prenatal exposure to morphine enhances cocaine and
heroin self-administration in drug-naive rats. Drug Alcohol Depend, 33, 41-51.

178



References

Ramsey, N.F. and Van Ree, J.M. (1990) Chronic pretreatment with naltrexone facilitates acquisition of
intravenous cocaine self-administration in rats. Eur Neuropsychopharmacol, 1 , 55-61.

Ramsey, N.F. and Van Ree, J.M. (1991) Intracerebroventricular naltrexone treatment attenuates acquisition of
intravenous cocaine self-administration in rats. Pharmacol Biochem Behav, 40, 807-810.

Ramsey, N.F. and Van Ree, J.M. (1993) Emotional but not physical stress enhances intravenous cocaine self-
administration in drug-naive rats. Brain Res, 608, 216-222.

Ranaldi, R. and Wise, R.A. (2001) Blockade of D1 dopamine receptors in the ventral tegmental area decreases
cocaine reward: possible role for dendritically released dopamine. J Neurosci, 21, 5841-5846.

Rassnick, S., Pulvirenti, L., and Koob, G.F. (1992) Oral ethanol self-administration in rats is reduced by the
administration of dopamine and glutamate receptor antagonists into the nucleus accumbens.
Psychopharmacology (Berl), 109, 92-98.

Rassnick, S., Stinus, L., and Koob, G.F. (1993) The effects of 6-hydroxydopamine lesions of the nucleus
accumbens and the mesolimbic dopamine system on oral self-administration of ethanol in the rat. Brain
Res, 623, 16-24.

Reid, L.D., Glick, S.D., Menkens, K.A., French, E.D., Bilsky, E.J., and Porreca, F. (1995) Cocaine self-
administration and naltrindole, a delta-selective opioid antagonist. Neuroreport, 6, 1409-1412.

Reid, L.D., Hubbell, C.L., Glaccum, M.B., Bilsky, E.J., Portoghese, P.S., and Porreca, F. (1993) Naltrindole,
an opioid delta receptor antagonist, blocks cocaine-induced facilitation of responding for rewarding brain
stimulation. Life Sci, 52, L67-L71.

Reijmers, L.G., Hernando, F., Van Ree, J.M., Spruijt, B.M., and Burbach, J.P. (2000) Differential responses of
phosphorylated mitogen-activated protein kinase and phosphorylated cyclic-AMP response element-binding
protein immunoreactivity in the rat brain to sub-convulsive pentylenetetrazol. Neuroscience, 101, 1023-
1028.

Reynolds, D.S., O'Meara, G.F., Newman, R.J., Bromidge, F.A., Atack, J.R., Whiting, P.J., Rosahl, T.W., and
Dawson, G.R. (2003) GABA(A) alphal subunit knock-out mice do not show a hyperlocomotor response
following amphetamine or cocaine treatment. Neuropharmacology, 44, 190-198.

Rezayof, A., Zarrindast, M.R., Sahraei, H., and Haeri-Rohani, A.H. (2002) Involvement of dopamine D2
receptors of the central amygdala on the acquisition and expression of morphine-induced place preference
in rat. Pharmacol Biochem Behav, 74, 187-197.

Rice, O.V., Gordon, N., and Gifford, A.N. (2002) Conditioned place preference to morphine in cannabinoid
CBI1 receptor knockout mice. Brain Res, 945, 135-138.

Rinaldi-Carmona, M., Barth, F., Heaulme, M., Alonso, R., Shire, D., Congy, C., Soubrie, P., Breliere, J.C., and
Le Fur, G. (1995) Biochemical and pharmacological characterisation of SR141716A, the first potent and
selective brain cannabinoid receptor antagonist. Life Sci, 56, 1941-1947.

Risinger, F.O., Bormann, N.M., and Oakes, R.A. (1996) Reduced sensitivity to ethanol reward, but not ethanol
aversion, in mice lacking 5-HT1B receptors. Alcohol Clin Exp Res, 20, 1401-1405.

Risinger, F.O., Doan, A.M., and Vickrey, A.C. (1999) Oral operant ethanol self-administration in 5-HT1b
knockout mice. Behav Brain Res, 102, 211-215.

Risinger, F.O., Freeman, P.A., Greengard, P., and Fienberg, A.A. (2001) Motivational Effects of Ethanol in
DARPP-32 Knock-Out Mice. J Neurosci, 21, 340-348.

Risinger, F.O., Freeman, P.A., Rubinstein, M., Low, M.J., and Grandy, D.K. (2000) Lack of operant ethanol
self-administration in dopamine D2 receptor knockout mice. Psychopharmacology (Berl), 152, 343-350.
Ritz, M.C., Lamb, R.J., Goldberg, S.R., and Kuhar, M.J. (1987) Cocaine receptors on dopamine transporters

are related to self-administration of cocaine. Science, 237, 1219-1223.

Robbins, T.W. and Everitt, B.J. (2002) Limbic-striatal memory systems and drug addiction. Neurobiol Learn
Mem, 78, 625-636.

Roberts, A.J., Gold, L.H., Polis, 1., McDonald, J.S., Filliol, D., Kieffer, B.L., and Koob, G.F. (2001) Increased
ethanol self-administration in delta-opioid receptor knockout mice. Alcohol Clin Exp Res, 25, 1249-1256.
Roberts, A.J., McDonald, J.S., Heyser, C.J., Kieffer, B.L., Matthes, H.W., Koob, G.F., and Gold, L.H. (2000)

mu-Opioid receptor knockout mice do not self-administer alcohol. J Pharmacol Exp Ther, 293, 1002-1008.

Roberts, D.C., Corcoran, M.E., and Fibiger, H.C. (1977) On the role of ascending catecholaminergic systems
in intravenous self-administration of cocaine. Pharmacol Biochem Behav, 6, 615-620.

179



Chapter 10

Roberts, D.C. and Koob, G.F. (1982) Disruption of cocaine self-administration following 6-hydroxydopamine
lesions of the ventral tegmental area in rats. Pharmacol Biochem Behav, 17, 901-904.

Robinson, T.E. and Berridge, K.C. (2000) The psychology and neurobiology of addiction: an incentive-
sensitization view. Addiction, 95 Suppl 2, S91-117.

Rocha, B.A., Ator, R., Emmett-Oglesby, M.W., and Hen, R. (1997) Intravenous cocaine self-administration in
mice lacking 5-HT1B receptors. Pharmacol Biochem Behav, 57, 407-412.

Rocha, B.A., Fumagalli, F., Gainetdinov, R.R., Jones, S.R., Ator, R., Giros, B., Miller, G.W., and Caron, M.G.
(1998a) Cocaine self-administration in dopamine-transporter knockout mice [see comments] [published
erratum appears in Nat Neurosci 1998 Aug;1(4):330]. Nat Neurosci, 1, 132-137.

Rocha, B.A., Odom, L.A., Barron, B.A., Ator, R, Wild, S.A., and Forster, M.J. (1998b) Differential
responsiveness to cocaine in C57BL/6J and DBA/2J mice. Psychopharmacology (Berl), 138, 82-88.

Rocha, B.A., Scearce-Levie, K., Lucas, J.J., Hiroi, N., Castanon, N., Crabbe, J.C., Nestler, E.J., and Hen, R.
(1998¢) Increased vulnerability to cocaine in mice lacking the serotonin-1B receptor [see comments].
Nature, 393, 175-178.

Role, L.W. & Kelly, J.P. (1991) The brain stem: cranial nerve nuclei and the monoaminergic systems. In
Kandel, E.R., Schwartz, J.H., & Jessel, T.M. (eds), Principles of neural science. Appleton & Lange,
Connecticut, pp. 683-699.

Rommelspacher, H., Smolka, M., Schmidt, L.G., Samochowiec, J., and Hoehe, M.R. (2001) Genetic analysis
of the mu-opioid receptor in alcohol-dependent individuals. A/cohol, 24, 129-135.

Roth-Deri, 1., Zangen, A., Aleli, M., Goelman, R.G., Pelled, G., Nakash, R., Gispan-Herman, 1., Green, T.,
Shaham, Y., and Yadid, G. (2003) Effect of experimenter-delivered and self-administered cocaine on
extracellular beta-endorphin levels in the nucleus accumbens. J Neurochem, 84, 930-938.

Rothman, R.B., Bykov, V., Long, J.B., Brady, L.S., Jacobson, A.E., Rice, K.C., and Holaday, J.W. (1989)
Chronic administration of morphine and naltrexone up-regulate mu-opioid binding sites labeled by [3H][D-
Ala2,MePhe4,Gly-ol5]enkephalin: further evidence for two mu-binding sites. Eur J Pharmacol, 160, 71-82.

Rubino, T., Massi, P., Patrini, G., Venier, 1., Giagnoni, G., and Parolaro, D. (1994) Effect of chronic exposure
to naltrexone and opioid selective agonists on G protein mRNA levels in the rat nervous system. Brain Res
Mol Brain Res, 23, 333-337.

Rubinstein, M., Phillips, T.J., Bunzow, J.R., Falzone, T.L., Dziewczapolski, G., Zhang, G., Fang, Y., Larson,
J.L., McDougall, J.A., Chester, J.A., Saez, C., Pugsley, T.A., Gershanik, O., Low, M.J., and Grandy, D.K.
(1997) Mice lacking dopamine D4 receptors are supersensitive to ethanol, cocaine, and methamphetamine.
Cell, 90, 991-1001.

S

Sachidanandam, R., Weissman, D., Schmidt, S.C., Kakol, J.M., Stein, L.D., Marth, G., Sherry, S., Mullikin,
J.C., Mortimore, B.J., Willey, D.L., Hunt, S.E., Cole, C.G., Coggill, P.C., Rice, C.M., Ning, Z., Rogers, J.,
Bentley, D.R., Kwok, P.Y., Mardis, E.R., Yeh, R.T., Schultz, B., Cook, L., Davenport, R., Dante, M.,
Fulton, L., Hillier, L., Waterston, R.H., McPherson, J.D., Gilman, B., Schaffner, S., Van Etten, W.J., Reich,
D., Higgins, J., Daly, M.J., Blumenstiel, B., Baldwin, J., Stange-Thomann, N., Zody, M.C., Linton, L.,
Lander, E.S., and Altshuler, D. (2001) A map of human genome sequence variation containing 1.42 million
single nucleotide polymorphisms. Nature, 409, 928-933.

Sala, M., Braida, D., Colombo, M., Groppetti, A., Sacco, S., Gori, E., and Parenti, M. (1995) Behavioral and
biochemical evidence of opioidergic involvement in cocaine sensitization. J Pharmacol Exp Ther, 274, 450-
457.

Samson, H.H. and Chappell, A.M. (1999) Effects of microinjection of the D2 dopamine antagonist raclopride
into the ventral tegmental area on ethanol and sucrose self-administration. Alcohol Clin Exp Res, 23, 421-
426.

Sander, T., Gscheidel, N., Wendel, B., Samochowiec, J., Smolka, M., Rommelspacher, H., Schmidt, L.G., and
Hoehe, M.R. (1998) Human mu-opioid receptor variation and alcohol dependence. Alcohol Clin Exp Res ,
22,2108-2110.

Savelieva, K.V., Caudle, W.M., Findlay, G.S., Caron, M.G., and Miller, G.W. (2002) Decreased ethanol
preference and consumption in dopamine transporter female knock-out mice. Alcohol Clin Exp Res, 26,
758-764.

180



References

Schaefer, G.J. and Michael, R.P. (1988) Naloxone and diprenorphine reduce responding for brain self-
stimulation in a fixed-ratio schedule in rats. Pharmacol Biochem Behav, 29, 209-212.

Schaefer, G.J. and Michael, R.P. (1990) Interactions of naloxone with morphine, amphetamine and
phencyclidine on fixed interval responding for intracranial self-stimulation in rats. Psychopharmacology
(Berl), 102, 263-268.

Schenk, S. and Gittings, D. (2002) Effects of SCH 23390 and eticlopride on cocaine-seeking produced by
cocaine and WIN 35,428 in rats. Psychopharmacology (Berl),

Schenk, S. and Nawiesniak, E. (1985) Chronic naltrexone treatment increases the heroin-produced facilitation
of self-stimulation. Pharmacol Biochem Behav, 22, 175-1717.

Schenk, S., Partridge, B., and Shippenberg, T.S. (2000) Reinstatement of extinguished drug-taking behavior in
rats: effect of the kappa-opioid receptor agonist, U69593. Psychopharmacology (Berl), 151, 85-90.

Schenk, S., Partridge, B., and Shippenberg, T.S. (2001) Effects of the kappa-opioid receptor agonist, U69593,
on the development of sensitization and on the maintenance of cocaine self-administration.
Neuropsychopharmacology, 24, 441-450.

Schinka, J.A., Town, T., Abdullah, L., Crawford, F.C., Ordorica, P.I., Francis, E., Hughes, P., Graves, A.B.,
Mortimer, J.A., and Mullan, M. (2002) A functional polymorphism within the mu-opioid receptor gene and
risk for abuse of alcohol and other substances. Mo/ Psychiatry, 7, 224-228.

Schmidt, H., Schulz, S., Klutzny, M., Koch, T., Handel, M., and Hollt, V. (2000) Involvement of mitogen-
activated protein kinase in agonist-induced phosphorylation of the mu-opioid receptor in HEK 293 cells. J
Neurochem, 74, 414-422.

Schuller, A.G., King, M.A., Zhang, J., Bolan, E., Pan, Y.X., Morgan, D.J., Chang, A., Czick, M.E., Unterwald,
E.M., Pasternak, G.W., and Pintar, J.E. (1999) Retention of heroin and morphine-6 beta-glucuronide
analgesia in a new line of mice lacking exon 1 of MOR-1. Nat Neurosci, 2, 151-156.

Schultz, W. (1998) Predictive reward signal of dopamine neurons. J Neurophysiol, 80, 1-27.

Schultz, W., Dayan, P., and Montague, P.R. (1997) A neural substrate of prediction and reward. Science, 275,
1593-1599.

Schulz, S. and Hollt, V. (1998) Opioid withdrawal activates MAP kinase in locus coeruleus neurons in
morphine-dependent rats in vivo. Eur J Neurosci, 10, 1196-1201.

Selley, D.E., Sim, L.J., Xiao, R., Liu, Q., and Childers, S.R. (1997) mu-Opioid receptor-stimulated guanosine-
5'-O-(gamma-thio)-triphosphate binding in rat thalamus and cultured cell lines: signal transduction
mechanisms underlying agonist efficacy. Mol Pharmacol, 51, 87-96.

Serra, S., Carai, M.A., Brunetti, G., Gomez, R., Melis, S., Vacca, G., Colombo, G., and Gessa, G.L. (2001) The
cannabinoid receptor antagonist SR 141716 prevents acquisition of drinking behavior in alcohol-preferring
rats. Eur J Pharmacol, 430, 369-371.

Seutin, V., Johnson, S.W., and North, R.A. (1993) Apamin increases NMDA-induced burst-firing of rat
mesencephalic dopamine neurons. Brain Res, 630, 341-344.

Shaham, Y. and Stewart, J. (1996) Effects of opioid and dopamine receptor antagonists on relapse induced by
stress and re-exposure to heroin in rats. Psychopharmacology (Berl), 125, 385-391.

Shalev, U., Grimm, J.W., and Shaham, Y. (2002) Neurobiology of relapse to heroin and cocaine seeking: a
review. Pharmacol Rev, 54, 1-42.

Shi, J., Hui, L., Xu, Y., Wang, F., Huang, W., and Hu, G. (2002) Sequence variations in the mu-opioid receptor
gene (OPRM1) associated with human addiction to heroin. Hum Mutat, 19, 459-460.

Shippenberg, T.S. and Heidbreder, C. (1995a) Sensitization to the conditioned rewarding effects of cocaine:
pharmacological and temporal characteristics. J Pharmacol Exp Ther, 273, 808-815.

Shippenberg, T.S. and Heidbreder, C. (1995b) The delta-opioid receptor antagonist naltrindole prevents
sensitization to the conditioned rewarding effects of cocaine. Eur J Pharmacol, 280, 55-61.

Shippenberg, T.S. and Herz, A. (1988) Motivational effects of opioids: influence of D-1 versus D-2 receptor
antagonists. Eur J Pharmacol, 151, 233-242.

Shippenberg, T.S., LeFevour, A., and Heidbreder, C. (1996) kappa-Opioid receptor agonists prevent
sensitization to the conditioned rewarding effects of cocaine. J Pharmacol Exp Ther, 276, 545-554.

181



Chapter 10

Shippenberg, T.S. and Rea, W. (1997) Sensitization to the behavioral effects of cocaine: modulation by
dynorphin and kappa-opioid receptor agonists. Pharmacol Biochem Behav, 57, 449-455.

Shoemaker, W.J., Vavrousek-Jakuba, E., Arons, C.D., and Kwok, F.C. (2002) The acquisition and
maintenance of voluntary ethanol drinking in the rat: effects of dopaminergic lesions and naloxone. Behav
Brain Res, 137, 139-148.

Silvestre, J.S., O'Neill, M.F., Fernandez, A.G., and Palacios, J.M. (1996) Effects of a range of dopamine
receptor agonists and antagonists on ethanol intake in the rat. Eur J Pharmacol, 318, 257-265.

Simon, E.J., Hiller, J.M., and Edelman, 1. (1973) Stereospecific binding of the potent narcotic analgesic (3H)
Etorphine to rat-brain homogenate. Proc Natl Acad Sci U S A, 70, 1947-1949.

Smart, D., Smith, G., and Lambert, D.G. (1994) mu-Opioid receptor stimulation of inositol (1,4,5)trisphosphate
formation via a pertussis toxin-sensitive G protein. J Neurochem, 62, 1009-1014.

Smith, J.E., Guerin, G.F., Co, C., Barr, T.S., and Lane, J.D. (1985) Effects of 6-OHDA lesions of the central
medial nucleus accumbens on rat intravenous morphine self-administration. Pharmacol Biochem Behav, 23,
843-849.

Smith, J.W., Fetsko, L.A., Xu, R., and Wang, Y. (2002) Dopamine D2L receptor knockout mice display
deficits in positive and negative reinforcing properties of morphine and in avoidance learning.
Neuroscience, 113, 755-765.

Snyder, S.H. and Pasternak, G.W. (2003) Historical review: Opioid receptors. Trends Pharmacol Sci, 24, 198-
205.

Soderpalm, B., Ericson, M., Olausson, P., Blomqvist, O., and Engel, J.A. (2000) Nicotinic mechanisms
involved in the dopamine activating and reinforcing properties of ethanol [In Process Citation]. Behav
Brain Res, 113, 85-96.

Solinas, M., Panlilio, L.V., Antoniou, K., Pappas, L.A., and Goldberg, S.R. (2003) The Cannabinoid CB1
Antagonist  N-Piperidinyl-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)  -4-methylpyrazole-3-carboxamide
(SR-141716A) Differentially Alters the Reinforcing Effects of Heroin under Continuous Reinforcement,
Fixed Ratio, and Progressive Ratio Schedules of Drug Self-Administration in Rats. J Pharmacol Exp Ther,
306, 93-102.

Sora, 1., Hall, F.S., Andrews, A.M., Itokawa, M., Li, X.F., Wei, H.B., Wichems, C., Lesch, K.P., Murphy,
D.L., and Uhl, G.R. (2001) Molecular mechanisms of cocaine reward: Combined dopamine and serotonin
transporter knockouts eliminate cocaine place preference. Proc Natl Acad Sci U S A4, 98, 5300-5305.

Sora, 1., Takahashi, N., Funada, M., Ujike, H., Revay, R.S., Donovan, D.M., Miner, L.L., and Uhl, G.R. (1997)
Opiate receptor knockout mice define mu receptor roles in endogenous nociceptive responses and
morphine-induced analgesia. Proc Natl Acad Sci U S A4, 94, 1544-1549.

Sora, 1., Wichems, C., Takahashi, N., Li, X.F., Zeng, Z., Revay, R., Lesch, K.P., Murphy, D.L., and Uhl, G.R.
(1998) Cocaine reward models: conditioned place preference can be established in dopamine- and in
serotonin-transporter knockout mice. Proc Natl Acad Sci U S A, 95, 7699-7704.

Spanagel, R., Herz, A., and Shippenberg, T.S. (1992) Opposing tonically active endogenous opioid systems
modulate the mesolimbic dopaminergic pathway. Proc Natl Acad Sci U S A, 89, 2046-2050.

Spano, P.F., Govoni, S., and Trabucchi, M. (1978) Studies on the pharmacological properties of dopamine
receptors in various areas of the central nervous system. Adv Biochem Psychopharmacol, 19, 155-165.

Spielewoy, C., Gonon, F., Roubert, C., Fauchey, V., Jaber, M., Caron, M.G., Roques, B.P., Hamon, M.,
Betancur, C., Maldonado, R., and Giros, B. (2000) Increased rewarding properties of morphine in
dopamine-transporter knockout mice. Eur J Neurosci, 12, 1827-1837.

Spyraki, C., Fibiger, H.C., and Phillips, A.G. (1982) Dopaminergic substrates of amphetamine-induced place
preference conditioning. Brain Res, 253, 185-193.

Spyraki, C., Fibiger, H.C., and Phillips, A.G. (1983) Attenuation of heroin reward in rats by disruption of the
mesolimbic dopamine system. Psychopharmacology (Berl), 79, 278-283.

Steffensen, S.C., Svingos, A.L., Pickel, V.M., and Henriksen, S.J. (1998) Electrophysiological characterization
of GABAergic neurons in the ventral tegmental area. J Neurosci, 18 , 8003-8015.

Stewart, J. and Wise, R.A. (1992) Reinstatement of heroin self-administration habits: morphine prompts and
naltrexone discourages renewed responding after extinction. Psychopharmacology (Berl), 108, 79-84.

182



References

Stewart, R.B. and Grupp, L.A. (1981) An investigation of the interaction between the reinforcing properties of
food and ethanol using the place preference paradigm. Prog Neuropsychopharmacol, 5, 609-613.

Stromberg, M.F., Casale, M., Volpicelli, L., Volpicelli, J.R., and O'Brien, C.P. (1998) A comparison of the
effects of the opioid antagonists naltrexone, naltrindole, and beta-funaltrexamine on ethanol consumption in
the rat. Alcohol, 15, 281-289.

Stromberg, M.F., Sengpiel, T., Mackler, S.A., Volpicelli, J.R., O'Brien, C.P., and Vogel, W.H. (2002) Effect of
naltrexone on oral consumption of concurrently available ethanol and cocaine in the rat. Alcohol, 28, 169-
179.

Suaud-Chagny, M.F., Chergui, K., Chouvet, G., and Gonon, F. (1992) Relationship between dopamine release
in the rat nucleus accumbens and the discharge activity of dopaminergic neurons during local in vivo
application of amino acids in the ventral tegmental area. Neuroscience, 49, 63-72.

Sundstrom, E., Fredriksson, A., and Archer, T. (1990) Chronic neurochemical and behavioral changes in
MPTP-lesioned C57BL/6 mice: a model for Parkinson's disease. Brain Res, 528, 181-188.

Suzuki, T., Mori, T., Tsuji, M., Misawa, M., and Nagase, H. (1994) The role of delta-opioid receptor subtypes
in cocaine- and methamphetamine-induced place preferences. Life Sci, S5, 1.339-1.344.

Svingos, A.L., Moriwaki, A., Wang, J.B., Uhl, G.R., and Pickel, V.M. (1997) mu-Opioid receptors are
localized to extrasynaptic plasma membranes of GABAergic neurons and their targets in the rat nucleus
accumbens. J Neurosci, 17, 2585-2594.

Sweep, C.G., Van Ree, J.M., and Wiegant, V.M. (1988) Characterization of beta-endorphin-immunoreactivity
in limbic brain structures of rats self-administering heroin or cocaine. Neuropeptides, 12, 229-236.

Sweep, C.G., Wiegant, V.M., De Vry, J., and Van Ree, J.M. (1989) Beta-endorphin in brain limbic structures
as neurochemical correlate of psychic dependence on drugs. Life Sci, 44 , 1133-1140.

Szabo, B., Siemes, S., and Wallmichrath, 1. (2002) Inhibition of GABAergic neurotransmission in the ventral
tegmental area by cannabinoids. Eur J Neurosci, 15, 2057-2061.

Szeto, C.Y., Tang, N.L., Lee, D.T., and Stadlin, A. (2001) Association between mu opioid receptor gene
polymorphisms and Chinese heroin addicts. Neuroreport, 12, 1103-1106.

T

Takahashi, M., Tokuyama, S., and Kaneto, H. (1987) Implication of endogenous opioid mechanism in the
production of the antinociceptive effect induced by psychological stress in mice. Jpn J Pharmacol, 44, 283-
291.

Takahashi, N., Miner, L.L., Sora, 1., Ujike, H., Revay, R.S., Kostic, V., Jackson-Lewis, V., Przedborski, S., and
Uhl, G.R. (1997) VMAT?2 knockout mice: heterozygotes display reduced amphetamine-conditioned reward,
enhanced amphetamine locomotion, and enhanced MPTP toxicity. Proc Natl Acad Sci U S A, 94, 9938-
9943.

Tan, E.C., Tan, C.H., Karupathivan, U., and Yap, E.P. (2003) Mu opioid receptor gene polymorphisms and
heroin dependence in Asian populations. Neuroreport, 14, 569-572.

Tanda, G., Munzar, P., and Goldberg, S.R. (2000) Self-administration behavior is maintained by the
psychoactive ingredient of marijuana in squirrel monkeys. Nat Neurosci, 3, 1073-1074.

Tanda, G., Pontieri, F.E., and Di Chiara, G. (1997) Cannabinoid and heroin activation of mesolimbic dopamine
transmission by a common mul opioid receptor mechanism [see comments]. Science, 276, 2048-2050.

Tang, A., Hall, F.S., Sora, 1., Uhl, G.R., and Gonzales, R.A. (2002) Ethanol-induced extracellular dopamine in
the ventral striatum is decreased in p-opioid receptor knockout mice. 32nd Annual meeting Society for
Neuroscience,

Tarazi, F.I., Campbell, A., Yeghiayan, S.K., and Baldessarini, R.J. (1998) Localization of dopamine receptor
subtypes in corpus striatum and nucleus accumbens septi of rat brain: comparison of D1-, D2-, and D4-like
receptors. Neuroscience, 83, 169-176.

Tempel, A., Gardner, E.L., and Zukin, R.S. (1984) Visualization of opiate receptor upregulation by light
microscopy autoradiography. Proc Natl Acad Sci U S A4, 81, 3893-3897.

Tempel, A., Gardner, E.L., and Zukin, R.S. (1985) Neurochemical and functional correlates of naltrexone-
induced opiate receptor up-regulation. J Pharmacol Exp Ther, 232, 439-444.

183



Chapter 10

Tempel, A., Zukin, R.S., and Gardner, E.L. (1982) Supersensitivity of brain opiate receptor subtypes after
chronic naltrexone treatment. Life Sci, 31, 1401-1404.

Tepper, J.M., Martin, L.P., and Anderson, D.R. (1995) GABAA receptor-mediated inhibition of rat substantia
nigra dopaminergic neurons by pars reticulata projection neurons. J Neurosci, 15, 3092-3103.

Terenius, L. (1973) Characteristics of the "receptor" for narcotic analgesics in synaptic plasma membrane
fraction from rat brain. Acta Pharmacol Toxicol (Copenh), 33, 377-384.

The International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of the human
genome. Nature, 409, 860-921.

Thompson, R.C., Mansour, A., Akil, H.,, and Watson, S.J. (1993) Cloning and pharmacological
characterization of a rat mu opioid receptor. Neuron, 11, 903-913.

Thrasher, M.J., Freeman, P.A., and Risinger, F.O. (1999) Clozapine's effects on ethanol's motivational
properties. Alcohol Clin Exp Res, 23, 1377-1385.

Tian, M., Broxmeyer, H.E., Fan, Y., Lai, Z., Zhang, S., Aronica, S., Cooper, S., Bigsby, R.M., Steinmetz, R.,
Engle, S.J., Mestek, A., Pollock, J.D., Lehman, M.N., Jansen, H.T., Ying, M., Stambrook, P.J., Tischfield,
J.A., and Yu, L. (1997) Altered hematopoiesis, behavior, and sexual function in mu opioid receptor-
deficient mice. J Exp Med, 185, 1517-1522.

Tornatzky, W. and Miczek, K.A. (2000) Cocaine self-administration "binges": transition from behavioral and
autonomic regulation toward homeostatic dysregulation in rats. Psychopharmacology (Berl), 148, 289-298.

Town, T., Abdullah, L., Crawford, F., Schinka, J., Ordorica, P.I., Francis, E., Hughes, P., Duara, R., and
Mullan, M. (1999) Association of a functional mu-opioid receptor allele (+118A) with alcohol dependency.
Am J Med Genet, 88, 458-461.

Tzschentke, T.M. and Schmidt, W.J. (2000) Functional relationship among medial prefrontal cortex, nucleus
accumbens, and ventral tegmental area in locomotion and reward. Crit Rev Neurobiol, 14, 131-142.

u

Ulm, R.R., Volpicelli, J.R., and Volpicelli, L.A. (1995) Opiates and alcohol self-administration in animals. J
Clin Psychiatry, 56 Suppl 7, 5-14.

Ungless, M.A., Whistler, J.L., Malenka, R.C., and Bonci, A. (2001) Single cocaine exposure in vivo induces
long-term potentiation in dopamine neurons. Nature, 411, 583-587.

Unterwald, E.M., Anton, B., To, T., Lam, H., and Evans, C.J. (1998) Quantitative immunolocalization of mu
opioid receptors: regulation by naltrexone. Neuroscience, 85, 897-905.

Unterwald, E.M., Rubenfeld, J.M., Imai, Y., Wang, J.B., Uhl, G.R., and Kreek, M.J. (1995) Chronic opioid
antagonist administration upregulates mu opioid receptor binding without altering mu opioid receptor
mRNA levels. Brain Res Mol Brain Res, 33, 351-355.

2

Vacca, G., Serra, S., Brunetti, G., Carai, M.A., Gessa, G.L., and Colombo, G. (2002) Boosting effect of
morphine on alcohol drinking is suppressed not only by naloxone but also by the cannabinoid CB(1)
receptor antagonist, SR 141716. Eur J Pharmacol, 445, 55-59.

Vaccarino, F.J., Bloom, F.E., and Koob, G.F. (1985) Blockade of nucleus accumbens opiate receptors
attenuates intravenous heroin reward in the rat. Psychopharmacology (Berl), 86, 37-42.

Valjent, E., Corvol, J.C., Pages, C., Besson, M.J., Maldonado, R., and Caboche, J. (2000) Involvement of the
extracellular signal-regulated kinase cascade for cocaine-rewarding properties. J Neurosci, 20, 8701-8709.

Valjent, E., Pages, C., Rogard, M., Besson, M.J., Maldonado, R., and Caboche, J. (2001) Delta 9-
tetrahydrocannabinol-induced MAPK/ERK and Elk-1 activation in vivo depends on dopaminergic
transmission. Eur J Neurosci, 14, 342-352.

Van Bockstaele, E.J. and Pickel, V.M. (1995) GABA-containing neurons in the ventral tegmental area project
to the nucleus accumbens in rat brain. Brain Res, 682, 215-221.

Van den Berg, C.L., Lamberts, R.R., Wolterink, G., Wiegant, V.M., and Van Ree, J.M. (1998) Emotional and
footshock stimuli induce differential long-lasting behavioural effects in rats; involvement of opioids. Brain
Res, 799, 6-15.

184



References

Van den Berg, C.L., Van Ree, J.M., Spruijt, B.M., and Kitchen, 1. (1999) Effects of juvenile isolation and
morphine treatment on social interactions and opioid receptors in adult rats: behavioural and
autoradiographic studies. Eur J Neurosci, 11, 3023-3032.

Van Ree, J.M. (1983) The influence of neuropeptides related to pro-opiomelanocortin on acquisition of heroin
self-administration of rats. Life Sci, 33, 2283-2289.

Van Ree, J.M. (1996) Endorphins and experimental addiction. Alcohol, 13, 25-30.

Van Ree, J.M., Gerrits, M.A.F.M., and Vanderschuren, L.J. (1999) Opioids, reward and addiction: An
encounter of biology, psychology, and medicine. Pharmacol Rev, 51, 341-396.

Van Ree, J.M., Niesink, R.J., Van Wolfswinkel, L., Ramsey, N.F., Kornet, M.M., Van Furth, W.R,,
Vanderschuren, L.J., Gerrits, M.A.F.M., and Van den Berg, C.L. (2000) Endogenous opioids and reward.
Eur J Pharmacol, 405, 89-101.

Van Ree, J.M. and Ramsey, N. (1987) The dopamine hypothesis of opiate reward challenged. Fur J
Pharmacol, 134, 239-243.

Van Ree, J.M., Slangen, J.L., and de Wied, D. (1978) Intravenous self-administration of drugs in rats. J
Pharmacol Exp Ther, 204, 547-557.

Van Ree, J.M., Smyth, D.G., and Colpaert, F.C. (1979) Dependence creating properties of lipotropin C-
fragment (beta-endorphin): evidence for its internal control of behavior. Life Sci, 24, 495-502.

Van Wolfswinkel, L., Seifert, W.F., and Van Ree, J.M. (1988) Catecholamines and endogenous opioids in
ventral tegmental self-stimulation reward. Pharmacol Biochem Behav, 30, 589-595.

Vanderschuren, L.J., Schmidt, E.D., De Vries, T.J., Van Moorsel, C.A., Tilders, F.J., and Schoffelmeer, A.N.
(1999) A single exposure to amphetamine is sufficient to induce long-term behavioral, neuroendocrine, and
neurochemical sensitization in rats. J Neurosci, 19, 9579-9586.

Vanderschuren, L.J., Schoffelmeer, A.N., Wardeh, G., and De Vries, T.J. (2000) Dissociable effects of the
kappa-opioid receptor agonists bremazocine, U69593, and U50488H on locomotor activity and long-term
behavioral sensitization induced by amphetamine and cocaine. Psychopharmacology (Berl), 150, 35-44.

Vanderschuren, L.J., Stein, E.A., Wiegant, V.M., and Van Ree, J.M. (1995) Social isolation and social
interaction alter regional brain opioid receptor binding in rats. Eur Neuropsychopharmacol, S, 119-127.

Vathy, 1., Slamberova, R., Rimanoczy, A., Riley, M.A., and Bar, N. (2003) Autoradiographic evidence that
prenatal morphine exposure sex-dependently alters mu-opioid receptor densities in brain regions that are
involved in the control of drug abuse and other motivated behaviors. Prog Neuropsychopharmacol Biol
Psychiatry, 27, 381-393.

Vlachou, S., Nomikos, G.G., and Panagis, G. (2003) WIN 55,212-2 decreases the reinforcing actions of
cocaine through CB(1) cannabinoid receptor stimulation. Behav Brain Res, 141, 215-222.

Vorel, S.R., Ashby, C.R., Jr., Paul, M., Liu, X., Hayes, R., Hagan, J.J., Middlemiss, D.N., Stemp, G., and
Gardner, E.L. (2002) Dopamine D3 receptor antagonism inhibits cocaine-seeking and cocaine-enhanced
brain reward in rats. J Neurosci, 22, 9595-9603.

Vos, P.E., Wolterink, G., and Van Ree, J.M. (1995) The behavioral effects of habituation and challenge with
apomorphine after 6-OHDA lesioning of the nucleus accumbens in rats. Eur Neuropsychopharmacol, S,
471-476.

4%

Walker, J.R., Ahmed, S.H., Gracy, K.N., and Koob, G.F. (2000) Microinjections of an opiate receptor
antagonist into the bed nucleus of the stria terminalis suppress heroin self-administration in dependent rats.
Brain Res, 854, 85-92.

Wang, J.B., Imai, Y., Eppler, C.M., Gregor, P., Spivak, C.E., and Uhl, G.R. (1993) mu opiate receptor: cDNA
cloning and expression. Proc Natl Acad Sci U S A4, 90, 10230-10234.

Wang, L., Liu, J., Harvey-White, J., Zimmer, A., and Kunos, G. (2003) Endocannabinoid signaling via
cannabinoid receptor 1 is involved in ethanol preference and its age-dependent decline in mice. Proc Natl
Acad Sci U S 4, 100, 1393-1398.

Wang, T. and French, E.D. (1993) Electrophysiological evidence for the existence of NMDA and non-NMDA
receptors on rat ventral tegmental dopamine neurons. Synapse, 13, 270-277.

185



Chapter 10

Wang, Z., Bilsky, E.J., Wang, D., Porreca, F., and Sadee, W. (1999) 3-Isobutyl-1-methylxanthine inhibits basal
mu-opioid receptor phosphorylation and reverses acute morphine tolerance and dependence in mice. Fur J
Pharmacol, 371, 1-9.

Ward, S.J., Martin, T.J., and Roberts, D.C. (2003) Beta-funaltrexamine affects cocaine self-administration in
rats responding on a progressive ratio schedule of reinforcement. Pharmacol Biochem Behav, 75, 301-307.

Widnell, K.L., Self, D.W., Lane, S.B., Russell, D.S., Vaidya, V.A., Miserendino, M.J., Rubin, C.S., Duman,
R.S., and Nestler, E.J. (1996) Regulation of CREB expression: in vivo evidence for a functional role in
morphine action in the nucleus accumbens. J Pharmacol Exp Ther, 276, 306-315.

Wise, R.A. (1998) Drug-activation of brain reward pathways. Drug Alcohol Depend, 51, 13-22.

Wise, R.A. and Bozarth, M.A. (1987) A psychomotor stimulant theory of addiction. Psychol Rev, 94, 469-492.

Wolterink, G., Van Zanten, E., Kamsteeg, H., Radhakishun, F.S., and Van Ree, J.M. (1990) Functional

recovery after destruction of dopamine systems in the nucleus accumbens of rats. 1. Behavioral and
biochemical studies. Brain Res, 507, 92-100.

Woolverton, W.L. and Virus, R.M. (1989) The effects of a D1 and a D2 dopamine antagonist on behavior
maintained by cocaine or food. Pharmacol Biochem Behav, 32, 691-697.

X

Xi, Z.X. and Stein, E.A. (1999) Baclofen inhibits heroin self-administration behavior and mesolimbic
dopamine release. J Pharmacol Exp Ther, 290, 1369-1374.

Xi, Z.X. and Stein, E.A. (2000) Increased mesolimbic GABA concentration blocks heroin self-administration
in the rat. J Pharmacol Exp Ther, 294, 613-619.

Xi, Z.X. and Stein, E.A. (2002) Blockade of ionotropic glutamatergic transmission in the ventral tegmental
area reduces heroin reinforcement in rat. Psychopharmacology (Berl), 164, 144-150.

Xu, F., Gainetdinov, R.R., Wetsel, W.C., Jones, S.R., Bohn, L.M., Miller, G.W., Wang, Y.M., and Caron,
M.G. (2000) Mice lacking the norepinephrine transporter are supersensitive to psychostimulants. Nat
Neurosci, 3, 465-471.

Y

Yasuda, K., Raynor, K., Kong, H., Breder, C.D., Takeda, J., Reisine, T., and Bell, G.I. (1993) Cloning and
functional comparison of kappa and delta opioid receptors from mouse brain. Proc Natl Acad Sci U S A4, 90,
6736-6740.

Yoburn, B.C., Cohen, A.H., and Inturrisi, C.E. (1986a) Pharmacokinetics and pharmacodynamics of
subcutaneous naltrexone pellets in the rat. J Pharmacol Exp Ther, 237, 126-130.

Yoburn, B.C., Luke, M.C., Pasternak, G.W., and Inturrisi, C.E. (1988) Upregulation of opioid receptor
subtypes correlates with potency changes of morphine and DADLE. Life Sci, 43 , 1319-1324.

Yoburn, B.C., Nunes, F.A., Adler, B., Pasternak, G.W., and Inturrisi, C.E. (1986b) Pharmacodynamic
supersensitivity and opioid receptor upregulation in the mouse. J Pharmacol Exp Ther, 239, 132-135.

Yoburn, B.C., Shah, S., Chan, K., Duttaroy, A., and Davis, T. (1995) Supersensitivity to opioid analgesics
following chronic opioid antagonist treatment: relationship to receptor selectivity. Pharmacol Biochem
Behav, 51, 535-539.

Yoburn, B.C., Sierra, V., and Lutfy, K. (1989) Chronic opioid antagonist treatment: assessment of receptor
upregulation. Eur J Pharmacol, 170, 193-200.

Yoo, J.H., Yang, E.M., Lee, S.Y., Loh, H.H., Ho, 1.K., and Jang, C.G. (2003) Differential effects of morphine
and cocaine on locomotor activity and sensitization in mu-opioid receptor knockout mice. Neurosci Lett,
344, 37-40.

Yoshida, Y., Koide, S., Hirose, N., Takada, K., Tomiyama, K., Koshikawa, N., and Cools, A.R. (1999)
Fentanyl increases dopamine release in rat nucleus accumbens: involvement of mesolimbic mu- and delta-
2-opioid receptors. Neuroscience, 92, 1357-1365.

Z

Zachariou, V., Benoit-Marand, M., Allen, P.B., Ingrassia, P., Fienberg, A.A., Gonon, F., Greengard, P., and
Picciotto, M.R. (2002) Reduction of cocaine place preference in mice lacking the protein phosphatase 1
inhibitors DARPP 32 or Inhibitor 1. Biol Psychiatry, 51, 612-620.

186



References

Zadina, J.E., Hackler, L., Ge, L.J., and Kastin, A.J. (1997) A potent and selective endogenous agonist for the
mu-opiate receptor. Nature, 386, 499-502.

Zarrindast, M.R., Rezayof, A., Sahraei, H., Haeri-Rohani, A., and Rassouli, Y. (2003) Involvement of
dopamine D1 receptors of the central amygdala on the acquisition and expression of morphine-induced
place preference in rat. Brain Res, 965, 212-221.

Zhang, M. and Kelley, A.E. (2002) Intake of saccharin, salt, and ethanol solutions is increased by infusion of a
mu opioid agonist into the nucleus accumbens. Psychopharmacology (Berl), 159, 415-423.

Zhou, Q.Y., Grandy, D.K., Thambi, L., Kushner, J.A., Van Tol, H.H., Cone, R., Pribnow, D., Salon, J.,
Bunzow, J.R., and Civelli, O. (1990) Cloning and expression of human and rat D1 dopamine receptors.
Nature, 347, 76-80.

Zhou, Y., Spangler, R., Schlussman, S.D., Yuferov, V.P., Sora, 1., Ho, A., Uhl, G.R., and Kreek, M.J. (2002)
Effects of acute "binge" cocaine on preprodynorphin, preproenkephalin, proopiomelanocortin, and
corticotropin-releasing hormone receptor mRNA levels in the striatum and hypothalamic-pituitary-adrenal
axis of mu-opioid receptor knockout mice. Synapse, 45, 220-229.

Zimbardo, P., McDermott, M., Jansz, J., & Metaal, N. (1995) Learning and Behaviour Analysis. In Zimbardo,
P., McDermott, M., Jansz, J., & Metaal, N. (eds), Psychology A European Text. HarperCollins Publishers
Ltd., London, pp. 240-279.

Zimmer, A., Valjent, E., Konig, M., Zimmer, A.M., Robledo, P., Hahn, H., Valverde, O., and Maldonado, R.
(2001) Absence of delta -9-tetrahydrocannabinol dysphoric effects in dynorphin-deficient mice. J Neurosci,
21, 9499-9505.

Zukin, R.S., Sugarman, J.R., Fitz-Syage, M.L., Gardner, E.L., Zukin, S.R., and Gintzler, A.R. (1982)
Naltrexone-induced opiate receptor supersensitivity. Brain Res, 245, 285-292.

187






CHAPTER 1 1

SAMENVATTING



Chapter 11

Drugsverslaving

Drugsverslaving is een wereldwijd gezondheidsprobleem dat gekarakteriseerd wordt door
dwangmatig drugsgebruik en een hoge mate van terugval na afkicken. Voorbeelden van
verslavende stoffen zijn morfine en heroine (opiaten), cocaine en amfetamine
(psychostimulantia), alcohol, nicotine en A’-tetrahydrocannabinol (A’-THC, de actieve stof in
marihuana). Deze verslavende stoffen behoren tot verschillende farmacologische klassen, wat
wil zeggen dat ze elk een ander primair werkingsmechanisme hebben.

Circa 5-15% van diegenen die ooit een verslavende stof gebruikt hebben ontwikkelt
daadwerkelijk problematisch gebruik van die stof. Drugsgebruik leidt dus niet altijd tot
drugsverslaving. Er bestaan individuele verschillen in de gevoeligheid voor verslaving en
vermoedelijk bestaan er dus risicofactoren voor problematisch drugsgebruik en
drugsverslaving. Verslavende stoffen hebben gemeen dat ze positief bekrachtigende
(reinforcing) eigenschappen bezitten. Positieve reinforcement is een maat voor de facilitering
van gedrag dat nodig is om bijvoorbeeld de verslavende stof te verdienen of te verkrijgen. De
gevoeligheid voor de reinforcing effecten van verslavende stoffen is waarschijnlijk een
belangrijke bepalende factor voor het risico op herhaling van drugsgebruik, hetgeen
uiteindelijk tot afthankelijkheid van de verslavende stof, ofwel tot drugsverslaving, kan leiden.

Reeds in de jaren zeventig werd een proefdiermodel ontwikkeld waarmee deze positieve
reinforcing effecten van verslavende stoffen kunnen worden gemeten: de intraveneuze
zelftoediening. In dit model leert bijvoorbeeld een muis om zichzelf een verslavende stof zoals
cocaine direct in de bloedbaan toe te dienen, door bijvoorbeeld zijn neus in een opening in de
wand te steken (nose-poke). De straal die door de nose-poke wordt doorbroken wordt door een
computer geregistreerd. Vervolgens wordt een signaal doorgegeven naar een pomp, die via
een in de staartvene aangebrachte naald en canule zorgt voor een intraveneuze injectie in de
staartvene van de muis (zie Figuur 1).

FIGUUR1
Intraveneuze zelftoediening. De muis in A zit in
— . de zelftoedieningsopstelling maar laat geen

, = nose-poke respons zien en krijgt dus ook geen

(=T injectie. De muis in B steekt zijn neus door de
opening, wat door de computer wordt
J geregistreerd. De pomp wordt geactiveerd en de
muis krijgt een injectie. De snelheid waarmee
@ de stof in het bloed komt is via intraveneuze
injectie zeer snel, waardoor de muis het effect
van de stof zal associéren met de nose-poke
respons.
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Samenvatting

Voorgaande studies hebben, onder meer met behulp van intraveneuze zelftoediening door
proefdieren, inzicht verschaft in de neurobiologische mechanismen van verslaving (hoofdstuk
1) en in de rol van specifieke genen in verslavingsprocessen (hoofdstuk 2). Er zijn in dit
verband meerdere systemen beschreven, waaronder het dopamine-, het opioid- en het
cannabinoid-systeem.

Hoewel het dopamine-systeem als belangrijke speler in verslavingsprocessen wordt gezien is
dit systeem niet noodzakelijk voor de reinforcing effecten van alle verslavende stoffen. Zo
leidt beschadiging van dopamine neuronen met behulp van het toxine 6-hydroxydopamine of
blokkade van dopamine receptoren met dopamine antagonisten wel tot een verlaging van
intraveneuze zelftoediening van psychostimulantia, maar niet van opiaten of alcohol. Met
andere woorden, dopamine is wel noodzakelijk voor de reinforcing effecten van
psychostimulantia, maar is niet vereist voor de reinforcing effecten van opiaten en alcohol.

Een ander belangrijk systeem in verslavingsprocessen is het endogene opioid systeem, dat
bestaat uit de lichaamseigen opioiden B-endorphine, enkephaline en dynorphine, die
respectievelijk binden aan p-, 8- en k-opioid receptoren. Blokkade van opioid receptoren met
behulp van de opioid receptor antagonisten naltrexone of naloxone, verlaagt zelftoediening
van cocaine en alcohol door ratten, muizen en apen. Hiermee lijkt het opioid systeem wel een
centrale rol te kunnen spelen in de bekrachtigende werking van verschillende farmacologische
klassen van verslavende stoffen. Een andere belangrijke vinding was die van Ramsey en
collegae (1999). Zij lieten, met behulp van lokale injecties van naltrexone in verschillende
hersengebieden, zien dat met name de opioid receptoren in het ventrale tegmentum (VTA),
een kleine structuur in het midbrein, belangrijk zijn voor de reinforcing effecten van cocaine.
Omdat naltrexone en naloxone relatief selectief zijn voor p-opioid receptoren en omdat de
VTA relatief rijk is aan p-opioid receptoren, wordt verondersteld dat voornamelijk p-opioid
receptoren in belangrijke mate betrokken zijn bij cocaine reinforcement, hetgeen het
onderwerp is van de in dit proefschrift beschreven studies.

Doelstelling

Het doel van de studies beschreven in dit proefschrift is om de rol van de p-opioid receptor in
cocaine reinforcement te bepalen en om inzicht te verkrijgen in de daaraan ten grondslag
liggende mechanismen.

p-opioid receptoren en gedragseffecten van cocaine

Voor het bestuderen van de rol van de p-opioid receptor in de reinforcing effecten van cocaine
werd in hoofdstuk 3 gebruik gemaakt van muizen waarin het gen voor de p-opioid receptor
blijvend is uitgeschakeld, ‘uitgeknockt’ (zie hoofdstuk 2). Met behulp van deze ‘p-opioid
receptor knockout muizen’, die dus functionele p-opioid receptoren missen, is een cruciale rol
van p-opioid receptoren in cocaine reinforcement aangetoond. Vergeleken met wild-type
controle muizen bleek de zelftoediening van cocaine door p-opioid receptor knockout muizen
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verlaagd: het aantal nose-pokes voor cocaine injecties was significant lager. Dit duidt op
verlaagde gevoeligheid voor de reinforcing effecten van cocaine in afwezigheid van p-opioid
receptoren. De p-opioid receptor blijkt dus een belangrijke en specifieke rol te spelen in
cocaine reinforcement. Dit betekent dat variatie in p-opioid receptoren inderdaad een
risicofactor kan zijn voor de ontwikkeling van cocaine verslaving.

Vervolgens is onderzocht of de p-opioid receptor ook andere effecten van cocaine moduleert.
Naast de reinforcing effecten verhoogt cocaine ook de motorische activiteit. In hoofdstuk 5
werd de rol van de p-opioid receptor in de acute motorische effecten van cocaine bestudeerd.
Hiervoor werd opnieuw gebruik gemaakt van de p-opioid receptor knockout muis. Daarnaast
werden ook muizen gebruikt die juist gekenmerkt worden door een verhoogde expressie van
opioid receptoren. Deze muizen werden gedurende 1 week met de opioid receptor antagonist
naltrexone (NTX) behandeld, waardoor de opioid receptoren geblokkeerd werden. Vervolgens
werd deze behandeling met NTX gestaakt. In reactie op chronische blokkade van opioid
receptoren trad er compensatie op in de vorm van meer opioid receptoren. Dit werd met
behulp van in vitro receptor binding aangetoond, zoals in hoofdstuk 7 beschreven. Noch de
afwezigheid (p-opioid receptor knockout) noch een toename van het aantal p-opioid
receptoren (chronisch NTX) bleek van invloed op de acute cocaine-geinduceerde motorische
respons. Hieruit kan geconcludeerd worden dat de p-opioid receptor niet belangrijk is voor
acute motorische effecten van cocaine.

Naast de betrokkenheid van het p-opioid receptor systeem bij acute effecten van cocaine werd
tevens de rol van de p-opioid receptor in chronische effecten van cocaine bestudeerd.
Verschillende studies laten zien dat er, bij langdurige blootstelling aan verslavende stoffen,
adaptaties optreden in de hersenen die vermoedelijk bijdragen aan dwangmatig drugsgebruik
en het daadwerkelijk verslaafd raken. Langdurige blootstelling aan cocaine leidt eveneens tot
een versterkte motorische respons op cocaine, een effect dat wordt toegeschreven aan
veranderingen in dezelfde hersengebieden als die verantwoordelijk zijn voor dwangmatig
drugsgebruik. Om deze reden is de versterkte motorische respons op cocaine, ofwel cocaine-
geinduceerde gedrags-sensitizatie een interessant fenomeen. In hoofdstuk 5 werd daarom de
rol van de p-opioid receptor in cocaine-geinduceerde gedragssensitizatie onderzocht. De p-
opioid receptor knockout muizen ontwikkelden sensitizatie zoals wild-type muizen dat deden.
Bovendien had ook de specifieke p-opioid receptor antagonist CTOP geen effect op de
ontwikkeling van cocaine-geinduceerde sensitizatie. Daarentegen lieten muizen, die chronisch
behandeld waren met NTX, een versterkte cocaine-geinduceerde gedragssensitizatie zien. Het
lijkt onwaarschijnlijk, gezien de vindingen uit het experiment met de p-opioid receptor
knockout muizen en die uit het experiment met CTOP, dat de versterkte sensitizatie in
chronisch NTX behandelde muizen toe te schrijven is aan een verhoogd aantal p-opioid
receptoren. Het is mogelijk, dat 6-opioid receptoren, die onder invloed van chronisch NTX
ook in aantal toenemen (hoofdstuk 7), hebben bijgedragen aan de versterkte cocaine-
geinduceerde gedragssensitizatie in ‘chronisch NTX muizen’.
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Samenvatting

Neurobiologische mechanismen

De overige experimenten beschreven in dit proefschrift gaan in op het neurobiologisch
mechanisme via welke p-opioid receptoren cocaine reinforcement moduleren. Het is bekend
dat cocaine een verhoogde afgifte van endogene opioiden, zoals B-endorphine, veroorzaakt. In
hoofdstuk 3 is een interessant experiment beschreven, waarbij gebruik werd gemaakt van het
zelftoedieningsmodel. Zoals uitgelegd kan een muis zichzelf cocaine toedienen door middel
van nose-poke responsen. Ter controle werd altijd een tweede muis gekoppeld aan dezelfde
pomp als deze ‘actieve’ muis. Omdat stoffen als cocaine ook de motorische activiteit kunnen
verhogen is een dergelijke controle van belang. In tegenstelling tot de ‘actieve’ muis had deze
tweede, ‘passieve’, muis geen controle over de cocaine die hij kreeg toegediend, maar kon
deze wel nose-poken, wat een maat is voor activiteit. Op deze manier werd het effect van
‘actief” en ‘passief’ toegediende cocaine op de expressie van POMC, de voorloper van het p-
opioid receptor selectieve endogene opioid B-endorphine, bestudeerd en vergeleken. De
‘actieve’ en ‘passieve’ muizen werden 30 minuten na Dbeé&indiging van een
zelftoedieningssessie gedood. Vervolgens werd de expressie van POMC mRNA bepaald in de
hersenen van deze dieren. Er werd een positief verband tussen cocaine inname en POMC
mRNA expressie gevonden, echter alleen voor ‘actieve’ en niet voor ‘passieve’ cocaine
inname. Hoe meer cocaine actief werd toegediend hoe meer POMC mRNA tot expressie
kwam. Aangezien actieve zelftoediening een maat is voor cocaine reinforcement geven deze
bevindingen aan dat endogene opioiden inderdaad betrokken zijn bij cocaine reinforcement.

Voorts werd de aandacht gericht op p-opioid receptoren in het ventrale tegmentum (VTA),
waar een sleutelrol voor opioid-modulatie van cocaine reinforcement is weggelegd. In
hoofdstuk 3 is gekeken naar veranderingen in signaaloverdracht in de VTA van p-opioid
receptor knockout muizen, die mogelijk de verlaging in cocaine zelftoediening zouden kunnen
verklaren. p-Opioid receptoren bevinden zich in de VTA op GABA neuronen. Activering van
p-opioid receptoren leidt tot een verlaging van de activiteit van deze GABA neuronen, die op
hun beurt een remmend effect uitoefenen op dopamine neuronen in de VTA. Deze dopamine
neuronen projecteren onder meer naar de nucleus accumbens en de prefrontale cortex.
Dopamine neuronen in de VTA van p-opioid receptor knockout muizen, die zoals gezegd
geen functionele p-opioid receptoren bezitten, bleken sterker geremd te worden door GABA
neuronen. Dit betekent dat de activiteit van het zogenaamde mesolimbische dopamine
systeem, met projecties vanuit de VTA naar onder meer de nucleus accumbens en prefrontale
cortex, is verlaagd. Deze verandering in signaaloverdracht in de VTA zou daarom inderdaad
kunnen bijdragen tot de verlaagde cocaine reinforcement in deze knockout muizen.

Het endogene opioid systeem interacteert dus met het dopamine systeem, zoals reeds eerder
door andere onderzoekers werd aangetoond. Dit riep vragen op over mogelijke veranderingen
in het dopamine systeem die opgetreden zouden kunnen zijn in afwezigheid van de p-opioid
receptor, zoals dat bij de p-opioid receptor knockout muis het geval is, of in het geval van
overexpressie van opioid receptoren in het geval van chronisch NTX behandelde muizen
(hoofdstuk 7). In hoofdstuk 6 werden de dopamine receptor niveaus bepaald met behulp van
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in vitro receptor binding. Dopamine receptoren zijn ingedeeld in ‘Dl-like’ en ‘D2-like’
receptoren. Er werd geen effect gevonden van afwezigheid of over-expressie van opioid
receptoren op de expressie van beide hoofdklassen van dopamine receptoren. Verder
onderzoek wees uit dat de dopamine D3 receptor, een D2-subtype, verlaagd was in de nucleus
accumbens en het striatum van p-opioid receptor knockout muizen. Dit is een interessante
vinding omdat uit recent onderzoek in proefdieren is gebleken dat D3 receptor blokkade
terugval na afkicken kan verlagen. Mogelijk zijn de p-opioid receptor knockout muizen
eveneens afwijkend in terugval in drugsgebruik na een periode van onthouding, hetgeen
onderwerp moet zijn van toekomstig onderzoek.

In hoofdstuk 6 is eveneens gekeken naar dopamine-gemedieerd gedrag van de p-opioid
receptor knockout en chronisch NTX behandelde muizen. In een open veld waren de p-opioid
receptor knockout muizen minder actief terwijl chronisch NTX behandelde muizen juist
actiever waren ten opzichte van hun controles in een open veld. Dit kan duiden op verschillen
in het dopamine systeem. Dit onderstreept het belang van goede controles, met name voor
activiteit, in cocaine zelftoediening.

Het cannabinoid systeem en cocaine

Tot slot is in hoofdstuk 8 gekeken naar de rol van het endogene cannabinoid systeem in het
moduleren van cocaine reinforcement en van cocaine-geinduceerde gedragssensitizatie. Er
werd geen effect op cocaine zelftoediening waargenomen van blokkade van cannabinoid CB1
receptoren door middel van de CB1 antagonist SR141716A. Verder had SR141716A ook geen
effect op cocaine-geinduceerde gedragssensitizatie. Uit deze bevindingen kan geconcludeerd
worden dat CB1 receptoren niet betrokken zijn bij cocaine reinforcement en bij lange-termijn
adaptaties die zouden kunnen bijdragen tot het ontwikkelen van cocaineverslaving.

Conclusie

De belangrijkste bevinding van dit proefschrift is dat de p-opioid receptor een belangrijke en
specifieke rol speelt in cocaine reinforcement. Op basis daarvan en in combinatie met overige
studies, die laten zien dat de p-opioid receptor ook belangrijk is voor alcohol en opiaat
reinforcement, zou variatie in p-opioid receptor niveaus inderdaad een risicofactor kunnen
vormen voor het ontwikkelen van cocaineverslaving. Momenteel wordt veel aandacht besteed
aan varianten van het p-opioid receptor gen in relatie tot drugsverslaving bij de mens. De
resultaten beschreven in dit proefschrift onderstrepen het belang van verder onderzoek naar p-
opioid receptoren met betrekking tot het risico voor het ontwikkelen van drugsverslaving.

194



CURRICULUM VITAE

Heidi Lesscher werd op 10 januari 1976 geboren te Almelo. In 1994 behaalde zij haar VWO
diploma aan het Lyceum de Grundel te Hengelo, waarna zij met de studie Biofarmaceutische
Wetenschappen begon binnen het Leiden/Amsterdam Center for Drug Research (LACDR) aan
de Universiteit Leiden.

Haar eerste wetenschappelijke stage werd uitgevoerd bij de afdeling Medische Farmacologie
van het LACDR. Hier deed zij onder begeleiding van drs. J.O. Workel en prof. dr. E.R. de
Kloet onderzoek naar lange-termijn effecten van maternale deprivatie. Aansluitend deed zij bij
SmithKline Beecham (Harlow, Groot-Brittanni€¢), onderzoek naar de gedrags-effecten en
localisatie van PrRP, het ligand van een nieuwe G-eiwit gekoppelde receptor. Hierin werd zij
begeleid door dr. D.N.C. Jones en dr. J.J. Hagan. In 1999 werd het doctoraal diploma in de
Biofarmaceutische Wetenschappen behaald.

In 1999 is Heidi Lesscher aangesteld als assistent in opleiding bij de afdeling Farmacologie &
Anatomie van het Rudolf Magnus Instituut voor Neurowetenschappen. De resultaten van het
promotie-onderzoek dat zij aldus heeft uitgevoerd onder begeleiding van dr. M.A.F.M.
Gerrits, prof. dr. J.P.H. Burbach en prof. dr. .M. van Ree, staan beschreven in dit proefschrift.
Een gedeelte van dit onderzoek werd uitgevoerd aan de Universiteit van Surrey (Guildford,
Groot-Brittani€) in samenwerking met dr. A. Bailey en prof. dr. I. Kitchen van de
Pharmacology Group van deze universiteit. Vanaf maart 2004 zal Heidi Lesscher als postdoc
werkzaam zijn bij de Neurology Department van het Ernest Gallo Clinic and Research Center,
University of California San Francisco bij prof. dr. E.R. Messing.

195



PUBLICATIONS - FULL PAPERS

H.M.B. Lesscher, J.P.H. Burbach, J.M. van Ree, M.A.F.M. Gerrits, 2003. ERK1/2 activation
in rat ventral tegmental area by the p-opioid agonist fentanyl: an in vitro study.
Neuroscience, 116: 139-144.

H.M.B. Lesscher, A. Bailey, J.P.H. Burbach, J.M. van Ree, 1. Kitchen, M.A.F.M. Gerrits,
2003. Receptor selective changes in p-, 8- and k-opioid receptors after chronic naltrexone
treatment in mice. Eur. J. Neuroscience, 17(5):1006-12.

H.M.B. Lesscher, M.G. Bossong, M. Hordijk, J.P.H. Burbach, A.G. Schuller, J.E. Pintar, J.M.
van Ree, M.A.F.M. Gerrits. Selective reduction of dopamine D3 receptor binding and
behavioural changes in p-opioid receptor knockout mice. Submitted.

H.M.B. Lesscher, E. Hoogveld, J.P.H. Burbach, J.M. van Ree, M.A.F.M. Gerrits.
Endogenous cannabinoids are not involved in cocaine reinforcement and development of
cocaine-induced behavioural sensitization. Submitted.

H.M.B. Lesscher, D.S. Mathon, M.A.F.M. Gerrits, A. Kamal, L. Tabatabaie, J.E. Pintar,
A.G.P. Schuller, M.P. Smidt, B.M. Spruijt, J.P.H. Burbach, J.M. van Ree, G.M.J.
Ramakers. Reduced cocaine reinforcement and increased GABAergic inhibition in the
VTA of p-opioid receptor knockout mice. /n Preparation.

H.M.B. Lesscher, M. Hordijk, N.P. Bondar, O.V. Alekseyenko, J. P.H. Burbach, J.M. van
Ree, M.A.F.M. Gerrits. n-Opioid receptors are not involved in acute cocaine-induced
locomotor activity nor in development of cocaine-induced behavioural sensitization.
Submitted.

M.A.F.M. Gerrits, H.M.B. Lesscher, J].M. van Ree. Drug dependence and the endogenous
opioid system. European Neuropsychopharmacology, in press.

A. Bailey, H.M.B. Lesscher, M. Kelly, C. Ledent, L. Davis, S.M.O. Hourani, I. Kitchen.
Enhanced morphine withdrawal and p-opioid receptor G-protein coupling in Ajy
adenosine receptor knockout mice. Submitted..

M.J.H. Kas, M. Lubbers, H.M.B. Lesscher, J.J.G. Hillebrand, A.G. Schuller, J.E. Pintar, A.M.
Baars, B.M. Spruijt. The appetitive phase of motivated behaviours involves endogenous
opioid signalling. Submitted.

J.0. Workel, M.S. Oitzl, M. Fluttert, H.M.B. Lesscher, A.M. Karssen, E.R. de Kloet, 2001.
Differential and age-dependent effects of maternal deprivation on the hypothalamic-
pituitary-adrenal axis of Brown Norway rats from youth to senescence. J.
Neuroendocrinology, 13(7): 569-580.

M.J.M. Schaaf, J.O. Workel, H.M.B. Lesscher, E. Vreugdenhil, M.S. Oitzl, E.R. de Kloet,
2001. Correlation between hippocampal BDNF mRNA expression and memory
performance in senescent rats. Brain Research, 915: 227-233.

196



PUBLICATIONS - ABSTRACTS

H.M.B. Lesscher, J.P.H. Burbach, J].M. van Ree, M.A.F.M. Gerrits. MAPK activation in rat
ventral tegmental area by the p-opioid agonist fentanyl: an ex vivo study. Abstract 5"
Dutch EndoNeuromeeting, June 2001, Doorwerth, The Netherlands.

H.M.B. Lesscher, J.P.H. Burbach, J.M. van Ree, M.A.F.M. Gerrits. Extracellular signal-
regulated protein kinase (ERK) activation in rat ventral tegmental area by the p-opioid
agonist fentanyl: an ex vivo study. 32" International narcotics Research Conference, July
2001, Helsinki, Finland.

H.M.B. Lesscher, M. Bossong, J.P.H. Burbach, J.M. van Ree, B. M. Spruijt, M.A.F.M.
Gerrits. Effects of cocaine and dopamine receptor autoradiography in p-opioid receptor
knockout mice. Abstract 6" Dutch EndoNeuromeeting, June 2002, Doorwerth, The
Netherlands.

H.M.B. Lesscher, M. Bossong, J.P.H. Burbach, J.M. van Ree, B.M. Spruijt, M.A.F.M.
Gerrits. Behavioural effects of cocaine and quantitative dopamine receptor
autoradiography in MOR-1 knockout mice and chronic naltrexone treated mice.
BAP/EBPS meeting “New Advances in the Understanding and Treatment of Addiction”,
September 2002, Brighton, UK. Behav. Pharmacology, 13(5-6), 492.

H.M.B. Lesscher, M. Bossong, M. Hordijk, A.J.A. van der Linden, B.M. Spruijt, A. Bailey, 1.
Kitchen, J.P.H. Burbach, J.M. van Ree, M.A.F.M. Gerrits. Involvement of opioid receptors
in the behavioral effects of cocaine: p-opioid receptor deficient and chronic NTX treated
mice. “Frontiers in Addiction Research”, November 2002, Orlando, USA.

H.M.B. Lesscher, M. Bossong, A.J.A. van der Linden, B.M. Spruijt, I. Kitchen, A. Bailey,
J.P.H. Burbach, J.M. van Ree, M.A.F.M. Gerrits. Behavioral effects of cocaine and
dopamine receptor autoradiography in MOR knockout mice and chronic NTX treated
mice. Program No. 806.2. 2002 Abstract Viewer/Itinerary Planner. Washington, DC:
Society for Neuroscience, 2002.

H.M.B. Lesscher, M. Bossong, M. Hordijk, A.J.A. van der Linden, B.M. Spruijt, A. Bailey, I.
Kitchen, J.P.H. Burbach, J.M. van Ree, M.A.F.M. Gerrits. Behavioural effects of cocaine
and quantitative dopamine receptor autoradiography in MOR-1 knockout mice and chronic
NTX treated mice. 4" ECNP workshop “Neuropsychopharmacology of addiction”, March
2003, Nice, France. European Neuropsychopharmacology, 13 (Suppl. 1), S22-S23.

H.M.B. Lesscher, J.JM. van Ree, M.A.F.M. Gerrits. Endogenous opioid systems and
behavioural effects of cocaine: evidence from p-opioid receptor knockout and chronic
naltrexone treated mice. /6" ECNP Congress, September 2003, Prague, Czech Republic.
European Neuropsychopharmacology, 13(Suppl. 4), S103. Oral presentation.

M.A.F.M. Gerrits, H.M.B. Lesscher. Genetics of addiction: knockout strategies. Meeting of
the International Society of Addiction Medicine, September 2003, Amsterdam, The
Netherlands

197
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Het is af! Na 4 jaar experimenteren, toch wel behoorlijk wat zweet, stress, kleine en grote
tegenslagen, ligt het eindresultaat voor u: mijn proefschrift. Omdat ik mij er zeer van bewust
ben dat dit proefschrift niet alleen mijn persoonlijke verdienste is, besluit ik met enkele
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totstandkomen van dit boekje.
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heb ik enorm gewaardeerd. Zeer veel dank hiervoor! Jan, mijn oprechte dank voor de vele
kennis, die je me hebt overgedragen en je onovertroffen snelheid en grondigheid van
correcties. Een betere leermeester heb ik me niet kunnen wensen. Peter, bijzonder veel dank
voor je inzet in de eerste fase van mijn promotie-onderzoek en je interesse in mijn onderzoek,
ook toen dat steeds meer op gedrag werd gericht. Mirjam, Jan en Peter, de vrijheid die jullie
mij gaven en het vertrouwen dat jullie in mij toonden heb ik zeer gewaardeerd.
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bedankt! Een aantal personen wil ik nog in het bijzonder bedanken. Allereerst mijn
kamergenoot Leontien: bedankt voor de leuke discussies en alle gezelligheid zowel op het lab
als daarbuiten. Ik ben blij dat je me dadelijk als paranimf wilt bijstaan en daarna ben je al
gauw zelf aan de beurt, succes met die laatste loodjes! Mijn oud-kamergenootjes: Lisette,
Leon, Robert (het is toch nog wat geworden met dit project) en Hans. Annemarie, dank je wel
voor al die uurtjes achter de barriére, je hulp met de UB-tjes, operaties, je vertrouwen in de
intraveneuze zelftoediening bij muizen, en je spontane inzet waar het soms even nodig was.
Inge, jammer dat ik uiteindelijk toch op de muis overgestapt ben en minder dan verwacht
samen met je ging opereren of dissecteren, met de radio op 10! Bedankt voor je gezelligheid
en soms je luisterend oor. De (oud-)collega’s van 5, in het bijzonder Femke, Roelof, Jeroen,
Geert-Jan en John: bedankt voor de heerlijke hangstoel en jullie geweldige inloop-kamer. Ook
mogen hier Jan en Joost niet ontbreken: bedankt voor alle hulp bij operatiebenodigdheden,
lachgasperikelen en ongewenste booracties. Daniel, Geert en Martien, ik heb met veel plezier
met jullie samengewerkt aan zijdelingse experimenten met de p-opioid receptor knockout
muis, veel dank daarvoor! Verder wil ik nog de collega’s van de ‘mesDA’ groep bedanken
voor de interessante en inspirerende discussies tijdens werkbesprekingen. En last but not least
veel dank aan de secretaresses. Ria, Jetty en in het bijzonder Marijke: bedankt voor de altijd
zo snelle en accurate hulp op secretarieel gebied.

Ik had het geluk een viertal enthousiaste studenten te mogen laten meewerken aan mijn
project. Matthijs, Michiel, Emily en Leyla bedankt voor jullie inzet en soms verfrissende blik.
Ik hoop dat het voor jullie net zo leerzaam was en wens jullie veel succes in jullie carrieres.
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Special thanks to my temporary colleagues of the Pharmacology Group at the University of
Surrey in Guildford. Ian, thank you for enabling me to visit your lab, which resulted in such
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enorm gewaardeerd! Marijenne, bedankt voor je kritische noot bij de nederlandse
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discussies. Ik kijk uit naar jullie boekjes...!
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