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ABSTRACT

Psychomotor stimulants such as cocaine or amphetamine, and opiates such as
morphine are notorious for their abuse potential. In the brain, the dopaminergic system in the
nucleus accumbens and related areas is considered pivotal for mediating the rewarding
properties of drugs, i.e. the properties of drugs that would reflect their abuse potential. The
conditioning and sensitization phenomena are powerful modulators of addictive behavior,
yet their neurochemical mechanisms are only partly understood. The present experiments
were designed to evaluate the involvement of selected neuronal mediators in conditioning or
sensitization of psychomotor stimulant- and morphine-reward. In the experiments the
conditioned place preference method in rats was employed, since it provides a suitable
means for assessing conditioning or sensitization of the reward. When appropriate, this was
supplemented by accumbal dopamine (DA) and motor stimulation measurements.

The results show that conditioned reward of psychomotor stimulants, which activate
the DA-ergic system directly, can be modulated by altering the Y-aminobutyric acid (GABA)
A or serotonin(5-HT)3 receptor mediated neurotransmission, although in a somewhat
restricted manner. Conditioning of cocaine- and amphetamine-reward was prevented by a
GABA A receptor agonist, diazepam, but not by another GABA A agonist, zolpidem, that
has a distinguishable binding profile from that of diazepam. Thus, only a distinct subgroup of
GABA A receptors appears to be responsible for the effect. Conditioning of cocaine- and
mazindol-reward was likewise attenuated by a 5-HT3 receptor antagonist, but only in animals
that had not yet established the conditioned effect. Also psychomotor stimulant-induced
increase in accumbal DA levels or motor stimulation were attenuated by the 5-HT3
antagonism. Instead, the 5-HT3 antagonism failed to attenuate the effects of
methylphenidate, which unlike cocaine or mazindol does not enhance S5-HT-ergic
neurotransmission, thus suggesting that the primary mechanisms of action psychomotor
stimulants can significantly determine the roles of various regulatory processes.

When administered more chronically, methylphenidate’s rewarding properties were
sensitized. This sensitization was prevented by DA receptor antagonists, indicating the
involvement of the DA-ergic system. Although methylphenidate is generally considered to
possess relatively low abuse potential, our results suggest that repeated methylphenidate
intake may enhance the vulnerability for abuse of methylphenidate and possibly other related
drugs.

Unlike psychomotor stimulants, morphine and other opiates act via opioid receptors
that are known to be linked to potassium (K+) channels. Quinine but not 4-aminopyridine,
both unselective K+ channel blockers, attenuated conditioned morphine-reward. The reason
for the disparate result remains to be elucidated, but it might be attributable to differences in
binding profiles of the two blockers. This is the first report to implicate the involvement of
K+ channels in morphine-reward, warranting further studies with more selective drugs.

In conclusion, the results show that, besides the brain DA-ergic system, also other
neuronal systems can participate in regulatory control over the conditioning of psychomotor
stimulant- or morphine-reward. Furthermore, the DA-ergic system also appears to be
implicated in the sensitization to rewarding properties. These findings provide information
on neuronal mechanisms involved in conditioning and sensitization of drug-reward, that may
eventually contribute to the development of novel pharmacological approaches for the
treatment of addiction.
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DEFINITIONS RELATED TO FREQUENTLY USED TERMS

The scientific field of studying addiction is often complicated by using related terminology in
an inconsistent manner. To avoid this, herein is provided a short glossary for the most vital
terms used in the present study:

Abuse - drug intake for non-medical purposes in humans in a way that the drug interferes
with the person’s life, but not to the extent of addiction (dependence) (Kaplan et al. 1994);
Addiction - a disorder in humans that can be defined as a compulsive use with a loss of
control over drug intake and narrowing of the behavioral repertoire toward excessive drug
intake (Koob and Le Moal 1997). Somewhat related is the clinically used term substance
dependence that may include also symptoms of tolerance and withdrawal (Kaplan et al.
1994);

Conditioning - a process, in which a primary property of a drug is associated with originally
neutral stimuli (Cunningham 1993). Acquisition describes the process while the primary
property is being associated with the stimuli, and expression describes the process when the
stimuli alone can induce a response related to the primary property. For the sake of clarity,
the term conditioning or conditioned reward etc. when used in the context of the place
preference method (see section 2.2.1) describes the acquisition of conditioning, unless
otherwise stated;

Psychomotor stimulant - The term describes a class of drugs that activate the central
nervous system with simultaneous increase in motor activity, with amphetamine and cocaine
being two prototypes (Wise and Bozarth 1987);

Reinforcement - a term often used in the context of the self-administration method in
laboratory animals (see section 2.2.1). Refers to the ability of certain events to strengthen
preceding stimulus-response associations (Feldman 1997). Positive or negative reinforcers
are stimuli that increase the frequency of behavior that leads to or prevents, respectively, its
presentation (Stolerman 1992).

Reward - a term that is used in the general literature in many different ways, sometimes even
only as a synonym for pleasure. Throughout the present text, however, the term reward is
used in a wider sense to describe any appetitive or motivational nature of a drug that can
elicit approach behavior (Carr et al. 1989, Bardo and Bevins 2000), thus possibly reflecting
addictive properties of the drug;

Sensitization - a process, in which repeated drug administration enhances a response to
subsequent drug administration (Robinson and Berridge 1993).



1. INTRODUCTION

Human beings have been known to be susceptible to the intake of various intoxicants
throughout the course of history. Nowadays, among such substances, psychomotor stimulants
such as cocaine and amphetamine, or opiates such as heroin and morphine are particularly
notorious for their abuse potential. Their repeated intake can result in a severe form of
addiction that is disappointingly resistant to current treatment options. In order to understand
the nature of addiction and to provide novel treatment strategies it is essential to comprehend
behavioral elements and neurochemical mechanisms contributing to the development and
maintenance of addictive behavior. In the past, addiction was interpreted simply as a desire
avoiding physical withdrawal symptoms, but as knowledge has been gradually accumulated
it has become clear that the addiction results from a more complex weft of various behavioral
elements. Two of the important elements appear to be the phenomena of conditioning and
sensitization. They are particularly suggested to play a role in the development and
subsequent relapse for addictive behavior (Robinson and Berridge 1993, Berridge and
Robinson 1998, Di Chiara 1998, Di Chiara 1999, Robinson and Berridge 2000).

In the brain, the mesocorticolimbic DA-ergic system is considered to be particularly
important in mediating the rewarding properties of psychomotor stimulants and morphine.
This brain system, which projects from the ventral tegmental area (VTA) to the nucleus
accumbens (NAC) and prefrontal cortex (PFC), intricately interplays with other regulatory
neurotransmitters such as the GABA-ergic and 5-HT-ergic systems. Psychomotor stimulants
can activate this system directly by releasing DA or inhibiting its re-uptake, whereas
morphine acts via opioid-receptors that are linked to K+ channels. The DA-ergic system is
also important for the conditioning of reward, but data regarding roles of other neuronal
mediators are more scarce or inconsistent. Similarly neurochemical mechanisms mediating
sensitization to reward are only incompletely understood. Thus, the present series of
experiments was addressed to evaluating roles of selected neuronal mediators, that are only
partly understood at present, in conditioning or sensitization of the rewarding properties of
psychomotor stimulants or morphine, by means of the conditioned place preference method
in rats. As the name implies, the conditioning phenomenon is a key determinant for
establishing place preference (Tzschentke 1998, Bardo 2000), and thus the method may be
particularly suitable for studying the neuropharmacology of conditioned drug-reward. The
method is also readily applicable to studying sensitization to drug-reward.



2. REVIEW OF THE LITERATURE
2.1  Behavioral processes underlying addiction

Negative reinforcement. By referring to opiate addiction, major emphasis was earlier put on
physiological (physical) dependence as a main factor in drug dependence (Himmelsbach
1943). In this context, physiological dependence is understood as a need to use drugs
repeatedly in order to avoid or alleviate physical withdrawal symptoms resulting from abrupt
cessation of chronic high-dose drug-intake. Such withdrawal symptoms may include cramps,
sweating, nausea, convulsions etc. This negative reinforcement, i.e. repeated drug use
resulting from a desire to suppress physiological withdrawal symptoms, most probably plays
a role in drug addiction. Yet the negative reinforcement model may not exclusively account
for the addiction phenomenon. This assumption is based on several facts: an addictive drug
can be self-administered in the absence of withdrawal symptoms (Ternes et al. 1985), it is
generally known there is high tendency for relapse even after an extended period of
abstinence when withdrawal symptoms have subsided, and the relief of withdrawal
symptoms is only marginally effective in the treatment of addiction (see Wise and Bozarth
1987 p. 470 for references). Moreover, many therapeutic drugs such as antidepressants may
produce withdrawal symptoms upon cessation of treatment, although they are not typically
abused for non-medical purposes (Haddad 1999). More recently, the hypothesis has moved
from physiological dependence toward a psychological one, in which emphasis is placed on
a negative affective state and dysregulation of hedonic homeostasis resulting from abstinence
after chronic drug intake as the motivational factors in addiction (Koob and Le Moal 1997,
Koob et al. 1997).

Positive reinforcement. The term positive reinforcement is originally used to define a
behavioral phenomenon in which the presentation of a stimulus increases the probability of
behavior leading to the subsequent presentation of the stimulus. This hypothesis postulates
that abused drugs are self-administered because of a state of mind they induce, which is often
assumed to be euphoria and positive affect, but not because they alleviate an unpleasant state
(Stewart et al. 1984, Wise and Bozarth 1987 p. 474, Wise 1988). Thus, addiction has been
seen as a compulsive pleasure-seeking state (Bejerot 1980). Drug-induced euphoria is
apparently involved in the development of addiction, but perhaps may not alone adequately
account for addictive behavior. The fact that abused drugs often produce pleasurable effects,
explains little about what is the force driving an addict to compulsively seek pleasure
(Robinson and Berridge 1993).

Role of conditioning. By definition, classical or Pavlovian conditioning refers to a learning
process, in which unconditioned stimuli (e.g drug-induced hypothermia) is associated with a
conditioned stimuli (e.g specific environment) leading subsequently to a situation, in which
the conditioned stimuli alone without the unconditioned stimuli can evoke conditioned
response (e.g. hypothermia induced by the specific environment without the drug;
Cunningham 1993). Accordingly, the acquisition and expression phases can be separated; in
the acquisition phase a unconditioned stimulus is presented along with a conditioned stimulus
allowing the associative learning to take place, and in the expression phase the conditioned
response is assessed without the unconditioned stimulus. Furthermore, a separate type of
conditioning, operant conditioning, can be distinguished according to the type of conditioned
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response. Typically in operant conditioning the response is actively directed to modifying the
accessibility of the unconditioned stimulus, while in classical conditioning it is not (e.g.
conditioned hypothermia) (Stolerman 1992).

The conditioning phenomenon is considered to play an important role in the development and
maintenance of drug addiction, particularly in drug-craving and reinstatement of drug-
seeking behavior (Stewart et al. 1984, Wise and Bozarth 1987, Robinson and Berridge 1993,
Berridge and Robinson 1998, Di Chiara 1998, Di Chiara 1999). The precise characteristics of
the role of conditioning, however, are a subject of some debate. Some authors have suggested
withdrawal-like symptoms evoked by conditioned environmental stimuli to provide a
motivational source for drug-taking behavior (Siegel 1988). Other researchers have
considered conditioned drug-like effects, supposedly euphoric and pleasurable, to be more
important (Stewart et al. 1984). It is important to note that subjective and the motivational
effects of drugs might be dissociable. In the study of Lamb et al. (1991) the authors found
that opiate ‘postaddicts’ would work for an injection of low dose morphine, despite the fact
that four of five subjects could not distinguish the subjective effects of morphine from those
of placebo. Therefore, more recent theories have placed emphasis on motivational
conditioning (Di Chiara 1998, Di Chiara 1999), or incentive salience attribution (a term
referring to a psychological process in which perceived, originally neutral, stimuli are
attributed with emphasis and importance; Robinson and Berridge 1993). That is, through
associative learning activated by drugs and their euphoric effects, also the motivational
aspects involved are conditioned, and hence the conditioned response might only include
pathological ‘wanting’ without necessarily ‘liking’.

Role of sensitization and tolerance. The term sensitization defines a phenomenon, in which
repeated use of a drug results in an augmented response to the subsequent administration of
the drug. This sensitization is contrasted with tolerance, in which repeated drug use leads to
an attenuation of drug-induced response. For instance, in animals the repeated intermittent
injections of a drug may induce sensitization, whereas continuous infusion of the drug
typically results in tolerance (Robinson and Becker 1986). In humans tolerance is a well
recognized phenomenon, but less data are available on the occurrence of the sensitization
phenomenon. Most evidence for sensitization in humans has come from studies concerning
with increased sensitivity for psychotic symptoms after repeated exposure to psychomotor
stimulants (Sato et al. 1983). More recently, however, it has been shown that sensitization to
the psychomotor stimulant effects of amphetamine can be induced in humans under
laboratory conditions: motor activity/energy ratings, mood, rate and amount of speech, and
eye-blink rates were shown to be significantly enhanced by repeated amphetamine
administration (Strakowski et al. 1996, Strakowski and Sax 1998). While in humans
tolerance might be reflected as a need to increase dose to achieve the same effect during
repeated drug-intake, sensitization phenomenon is suggested to be of particular significance
in predisposing an individual to relapse and reinstatement of drug-seeking behavior. Due to
sensitization the motivational factors, linked to drug-related stimuli by associative learning,
could be abnormally enhanced in an incremental fashion by every drug-intake, thus resulting
in uncontrollable craving for drugs (Robinson and Berridge 1993, Di Chiara 1998, Robinson
and Berridge 2000).
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Summary. The different processes mentioned above are by no means mutually exclusive.
That is, the avoidance of distress, pleasure seeking, conditioning phenomenon, as well as
sensitization and tolerance, most probably each play some role in drug addiction. Which of
them is emphasized may vary depending on drug of abuse, state of addiction, personal mental
characteristics etc. In addition, other factors that are not usually considered in biological
approaches such as the availability of drugs, peer pressure, an individual’s values related to
drug abuse derived from friends and parents, genetic susceptibility etc. also influence drug
addiction. Taken together, it appears that there are several factors with varying emphasis
affecting the development of addiction with the most common factor being the addictive
properties of abused drugs.

2.2 Experimental animal methods used in studying addiction

There are number of animal models using different approaches for assessing the addictive
properties of drugs, but due to diversity in methodology they appear to measure different
aspects of drug-reward instead of a single common factor.

2.2.1 Models for the assessment of reward

Conditioned place preference. In the conditioned place preference method the rewarding
properties of drugs, as well as other stimuli, are evaluated by means of conditioning (Carr et
al. 1989, Hoffman 1989, Tzschentke 1998). Virtually all drugs known to possess addictive
properties in humans can induce place preference in this method, thereby reflecting their
rewarding properties. The effect is most prominent with readily abused drugs such as
cocaine, amphetamine and heroin, but also other psychomotor stimulants and opiates, as well
as nicotine, ethanol, tetra-9-hydrocannabinol, LSD, benzodiazepines, gamma-
hydroxybutyrate, phencyclidine, testosterone are able to induce place preference (Schechter
and Calcagnetti 1993, Tzschentke 1998). In addition, also naturally rewarding stimuli such as
food, water, saccharin or sucrose solutions, sexual attraction and ejaculation, social behavior,
and even in some cases aggressive behavior, have been reported to induce place preference
(Schechter and Calcagnetti 1993, Tzschentke 1998).

In the conditioned place preference method rats are conditioned to associate a distinct
environment with the effects of a drug; if they show a preference for that drug-associated
environment after conditioning, it is interpreted as the drug having rewarding properties. The
test is conducted in an apparatus, which is usually rectangular in shape, divided into two
compartments by a separating wall with a doorway, although the number of compartments or
the shape of the apparatus can vary. The compartments can be distinguished from each other
on the basis of different lighting, color, texture, odor etc. Typical apparatus and conditioning
procedure are presented in Figure 2.1 and Table 2.1, respectively. There are two main
alternative methods for conducting place preference experiments. In the biased method,
animals show an initial preference for one compartment before conditioning; during
conditioning drug-effects can be then associated with initially either a preferred or less-
preferred compartment. In the unbiased method this initial preference is absent, and
consequently drug-effects are associated in a balanced fashion with both preferred and less-
preferred compartments. Furthermore, the procedure differentiates the acquisition and
expression phases of conditioning (Table 2.1; see section 2.1). For the sake of clarity, in the
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context of the place preference method ‘conditioning’ refers to the acquisition phase unless
otherwise stated.

FIGURE 2.1. Schematic drawing illustrating
a test apparatus for conditioned place
preference experiments. Modified from
Watson et al. (1989).

There are certain advantages in the conditioned place preference method (Carr et al. 1989,
Schechter and Calcagnetti 1993). It is a relatively simple and inexpensive method, and no
surgical operations are necessary. In addition to drugs, also the rewarding properties of non-
pharmacological stimuli can be assessed. After conditioning the animals are tested in a drug-
free state, thus minimizing the interference of acute motor effects as well as any other effects
of the drug. Importantly, this applies also to experiments that assess the effects of antagonists
on drug-induced place preference. Further, besides rewarding properties, the same method
can also be used to measure the aversive properties of drugs and non-pharmacological
stimuli. As with most behavioral methods, it also has some disadvantages (Carr et al. 1989,
Schechter and Calcagnetti 1993, Tzschentke 1998). Disruption in memory processes by drugs
may affect the results. In particular, drug-induced disturbance in habituation for the drug-
paired compartment can be speculated to result falsely in novelty-induced place

TABLE 2.1. Schematic presentation of a typical conditioning procedure in the conditioned place
preference method.

Days Doorway Procedural events of the phase

Rats are daily allowed to move freely between
compartments for a period of time. On the last day
times spent in the compartments are measured
(basal value; preconditioning time).

Preconditioning phase 1to3 open

After a drug-injection(s) animals are restricted to a
predetermined compartment (drug-paired
compartment) for a period of time.

Conditioning phase After a vehicle-injection(s) animals are restricted to
. . 3to8 closed . . .
(Acquisition of conditioning) the opposite compartment (vehicle-paired
compartment) for a period of time.

These drug/vehicle-compartment pairings can be
conducted once or twice a day.

Rats are allowed to move freely between the

Postconditioning phase 1 open compartments for a period of time. Time spent in
(Expression of conditioning) p the drug-paired compartment is measured
(postconditioning time).
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preference. Also anxiolytic effects of drugs may lead to errors in the biased method. Finally,
the role of state dependent learning can not be totally excluded, although the evidence
suggest that it does not significantly contribute to place preference (Carr et al. 1989).

Although the detailed mechanisms are not fully understood, it is generally assumed that in
the method the primary rewarding properties of a drug (unconditioned stimulus) are attached
to originally neutral environmental stimuli (conditioned stimulus) through associative
learning. As a result, these environmental stimuli acquire secondary rewarding properties,
and subsequently they will be able to elicit approach behavior (conditioned response) when
the animal is exposed to them without the effect of the drug (Carr et al. 1989, Hoffman 1989,
Tzschentke 1998, Bardo and Bevins 2000). Thus, for the development of place preference,
the conditioning phenomenon is a key determinant, which appears to follow mainly (but not
exclusively) the principles of classical conditioning (Tzschentke 1998, Bardo and Bevins
2000). The resulting approach behavior evoked by reward-associated stimuli may be relevant
in terms of the mechanisms by which drug-associated cues come to maintain drug-taking and
elicit craving. Besides assessment of the conditioned rewarding properties of drugs as such,
the conditioned place preference method has been suggested to be a suitable model to study
the neuropharmacology of drug-reward (Hoffman 1989), and to test non-addictive drugs for
anti-craving activity (Tzschentke 1998).

Self-administration. Self-administration is probably the most direct method for the
assessment of the positively reinforcing properties of drugs. It is based on operant
responding; that is, in this method animals are trained to perform a task, such as lever
pressing, in order to get a drug that is usually administered intravenously, although other
routes of administration have also been successfully employed (Stolerman 1992, Meisch and
Lemaire 1993). Thus, in the context of self-administration a drug can be considered
positively reinforcing when its administration activates the behavior resulting in a subsequent
administration of the drug. The self-administration method is particularly versatile for
assessments of various reward-related behaviors (Markou et al. 1993, Shalev et al. 2002);
some of them such as the progressive-ratio paradigm can be understood to provide a measure
that reflects both unconditioned and conditioned reinforcing properties of a drug, whereas
others such as the conditioned reinforcement paradigm, are more specifically concerned with
the conditioning aspect of drug-reinforcement.

Practically all drugs abused by humans are self-administered by animals in this method, and
its validity is regarded to be high (Markou et al. 1993). Notably, there appears to be a general
correlation between the results of self-administration and conditioned place preference
methods; most drugs that are self-administered are also able to induce place preference and
vice versa (Carr et al. 1989), yet the neural mechanisms mediating the two behavioral
phenomena may not be identical (Bardo and Bevins 2000). The self-administration method,
however, also possesses some disadvantages: the execution of an experiment is technically
demanding, and sometimes interpretation of obtained data can be problematic (Meisch and
Lemaire 1993).

Intracranial self-stimulation. Intracranial self-stimulation can be used as an indirect method

for the assessment of the rewarding properties of abused drugs. In this method electrodes are
placed in a brain area during surgery, and after recovery the animals are trained to stimulate
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these electrodes by pressing a lever. In certain brain areas, such as the medial forebrain
bundle including the lateral hypothalamus (LH), the stimulation of electrodes is apparently
reinforcing; animals can repeatedly stimulate themselves up to exhaustion while ignoring
food or drink. Several drugs abused by humans, when administered under such conditions,
can enhance or facilitate the response of this self-stimulation, which is typically interpreted to
reflect the rewarding effects of drugs (Lewis 1993).

2.2.2 Other methods

Drug discrimination. In the drug discrimination method animals are trained to determine
whether the intrinsic stimuli induced by a drug is present or absent. Typically, the response of
the animal is to press a certain level when the training drug is injected, and to press another
level when a placebo is injected. It is believed that studying the discriminative properties of
abused drugs may be of value in understanding drug abuse in humans. This is based on the
assumptions that the effects of an abused drug apparent as discriminative stimulus are closely
related to their euphoriant and ‘subjective’ effects in humans, and that these effects might be
important determinants of the extent to which the drug will be abused. Particularly, the abuse
potential of new compounds can be compared to that of known abused drugs by means of
discriminative stimulus. The lack of a discriminative stimulus similar to that of a commonly
abused drug may indicate that the compound is unlikely to be abused to the extent of the drug
(Goudie and Leathley 1993). The discriminative stimulus method can also be used for in vivo
assessment of the pharmacological mechanisms involved in drug-induced effects (Goudie
and Leathley 1993).

Locomotor activity. The term ‘locomotor’ means movement from one location to another,
and there is a diversity of methods to the measure locomotor activity of animals. The
rationale for measuring locomotor activity while assessing drug-reward lies in the putative
relationship between locomotor stimulating effects and reinforcing properties of abused
drugs as suggested by Wise and Bozarth (1987). The psychomotor stimulant theory of
addiction holds that all addictive drugs have locomotor stimulating effects, the stimulating
effects of these drugs have a shared biological mechanism, and the biological mechanism of
these stimulating effects is homologous to the biological mechanism of positive
reinforcement (Wise and Bozarth 1987, Wise 1988). It should be not surprising that although
there are parallelisms between drug-induced locomotor stimulation and reinforcement,
changes in locomotor activity does not necessarily fully reflect changes in drug-
reinforcement, as they are two separate behavioral phenomena (Watson et al. 1989). Despite
this, however, measuring drug-induced locomotor activity may provide a useful additional
means of studying drug-reward that is inexpensive and simple to conduct. In particular,
measuring locomotor activity has been widely used in studies assessing the sensitization
phenomenon induced by the repeated administration of abused drugs.

Microdialysis. The in vivo microdialysis technique allows the measurement of extracellular
neurotransmitter concentrations in the brain of freely moving animals. In fact, the
microdialysis technique can be performed locally for almost every organ and tissue of the
body. There are several modifications of the method, but basically the procedure includes
placing a microdialysis probe in a brain area such as the NAC or striatum. The microdialysis
probe is then perfused with artificial cerebrospinal fluid or buffer solution; substances in
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extracellular fluid diffuse according to a concentration gradient across the membrane of the
probe into the perfusion fluid, which is then collected and analyzed for neurotransmitters of
interest with, for instance, HPLC using an electrochemical detector. The technique is quite
sensitive to certain changes in experimental conditions. For instance, changes in temperature,
the flow rate or chemical properties of perfusion fluid can profoundly affect the results
(Robinson and Justice 1991), and hence the experimental system used needs to be carefully
tested prior to running experiments. Concentrations measured in the perfusion fluid do not
fully correspond to actual concentrations in the extracellular fluid, and quite delicate methods
have been developed to correct these discrepancies (Robinson and Justice 1991). Fortunately,
usually there is no need to know the actual concentrations in the extracellular fluid; in most
of studies an assessment of relative change in measured concentrations induced by a
treatment is adequate (Westerink 1995).

The microdialysis technique has been widely used to assess the effects of abused drugs alone
and in combination with other drugs on neurotransmitter concentrations in selected brain
areas. General interest has been focused particularly on the DA system of the NAC, as this
brain area may play a substantial role in drug addiction. A great number of microdialysis
studies have dealt with neurochemical correlates during self-stimulation and drug self-
administration (Westerink 1995), and these have provided important information on the
neurochemical basis of reward-related behavior.

2.3 Brain neurotransmitter systems known as reward pathways

Despite the fact that abused drugs have many distinct actions, their rewarding actions appear
to have a common denominator; namely, similar effects in the brain mechanisms of reward.
Our current understanding of the brain circuitry through which various rewards gain control
over behavior has developed from the early intracranial brain stimulation studies of Olds and
Milner (1954), whose initial finding was that rats would return to places where they received
stimulation of the septal area. Subsequent studies indicated that the most sensitive sites for
intracranial self-stimulation were along medial forebrain bundle, a complex neural system
involving major ascending monoaminergic pathways, descending fibers from reward sites in
various limbic structures, and a network of intrinsic neurons with dendrites radiating to the
sensory and motor projection systems (Lewis 1993). Ever since, advancements in
neurobiological research have identified specific subunits and neurochemical components of
the brain reward system. Currently, it is believed that there are a number of receptor systems,
neuronal pathways and brain regions involved to varying exents. An important part of this
system are the mesolimbic and mesocortical DA-ergic pathways with their extensive
connections to related brain regions and neurotransmitter systems (Koob 1992, Wise 1996,
Bardo 1998, Wise 1998, McBride et al. 1999). This brain circuitry is considered to have
originally evolved for mediating actions of natural rewards such as food, drink and sexual
contact, and thus many drugs of abuse seem to pathologically mimic natural rewards in this
respect (Di Chiara et al. 1993, Di Chiara 1998, Di Chiara 1999).
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2.3.1 Dopaminergic system: the ascending mesolimbic and mesocortical pathways

Neuroanatomy. Major ascending DA-ergic pathways originate from cell bodies in the
brainstem, mainly in the substantia nigra pars compacta (SNc, A9 area) and the VTA (A10
area).

Nigrostriatal pathway. The neurons from the SNc project through the internal capsule mainly
to the striatum, thus forming the nigrostriatal DA-ergic system (Figure 2.2; Fuxe et al. 1985),
which controls motor behavior and muscle tonus.

HIPPOCAMPUS

FIGURE 2.2. Simplified presentation of a sagittal rat brain section illustrating the nigrostriatal
dopaminergic pathway (arrow from the substantia nigra to the striatum), and the mesolimbic and
mesocortical dopaminergic pathways (arrows from the ventral tegmental area to the nucleus
accumbens or prefrontal cortex, respectively). SN: substantia nigra, STR: striatum, NAC: nucleus
accumbens, VTA: ventral tegmental area, PFC: prefrontal cortex, LH: lateral hypothalamus, VP:
ventral pallidum, PTN: pedunculopontine tegmental nucleus.

Mesolimbic pathway. The mesolimbic DA-ergic system consists of neurons that originate
from the VTA, travel through the medial forebrain bundle, and innervate the NAC, olfactory
tubercle, and other limbic area such as the amygdala, hippocampus and septum (Figures 2.2
and 2.3; Fuxe et al. 1985). The mesolimbic system is considered to play a role in the control
of motivation, emotion, and motor behavior. The system is also important in mediating the
rewarding properties of abused drugs (Figure 2.3). The NAC receives the strongest
projections of the neurons from the VTA, and a particular role for the NAC in reward-related
behavior has been suggested (see below). Anatomically the NAC is comprised of
subterritories, of these the ventromedial shell and dorsolateral core appear to be dominant.
The shell, which receives afferents from subcortical and brainstem structures, exhibits
greater neuroanatomical diversity than the core. The shell sends outputs to the core via the
feed-forward striatopallido-thalamocortico-striatal pathway, but it also strongly innervates
the lateral preoptico-lateral hypothalamic continuum and VTA (Zahm 1999). Both the shell
and the core area appear to be implicated in reward-related behavior, yet they may subserve
different roles (Zahm 1999, Parkinson et al. 1999).
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Mesocortical pathway. The neurons forming the mesocortical DA-ergic system originates
also from the VTA, and they travel to cortical areas including the PFC, and the entorhinal
and cingulate cortices (Figures 2.2 and 2.3; Fuxe et al. 1985, Cooper 1996). This brain
system is involved in control of higher cognitive functions. The PFC has also been implicated
in drug-reward (Figure 2.3); chronic intake of an abused drug is suggested to produce DA-
ergic hypofunction in the PFC that would underlie impulsivity and loss of control of drug-
seeking behavior (Jentsch and Taylor 1999).

Other pathways. In addition to these major ascending systems, there are also other DA-ergic
systems that are shorter in length, such as the tuberoinfundibular DA-ergic system connecting
the pituitary gland and the median eminence of the hypothalamus (Cooper et al. 1996), but
they are probably not so intensively involved in mediating the rewarding properties of abused
drugs.

PFC FIGURE 2.3. Simplified schematic
COC  pep GLU presentation of reward-related brain
areas, and their interconnections of
Y e DA different neurotransmitters.
Abbreviation of a drug of abuse within
a brain area indicates the involvement
NAC VIA of the brain area in mediating the
e o o drug’s rewarding properties. NAC:
o £ToH nucleus accumbens, VTA: ventral
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GLU f GABA ‘/ cortex, LH: lateral hypothalamus, VP:
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DA synthesis and metabolism. DA synthesis (Cooper et al. 1996) starts from the amino acid
tyrosine, which is transported across the blood-brain barrier, and then taken up into the DA
neuron. The rate-limiting step in DA synthesis once tyrosine has gained entry into the neuron
is the conversion of L-tyrosine to L-dihydroxyphenylalanine (L-DOPA) by the enzyme
tyrosine hydroxylase. Subsequently, L-DOPA is then converted to DA by L-aromatic amino
acid decarboxylase so rapidly that endogenous L-DOPA levels in the brain are negligible.
DA is released from storage vesicles following an action potential. Once released the amount
of DA in the synaptic cleft is regulated primarily by transporting it back to the nerve terminal
by the DA uptake transporter protein (DAT). Dopamine metabolism (Cooper et al. 1996) can
occurs both outside and inside the DA-ergic neurons. DA that is not taken up is metabolized
outside the DA-ergic cells by glial catechol-O-methyltransferase (COMT) to 3-
methoxytyramine, which is subsequently converted to homovanillic acid (HVA) by
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monoamine oxidase (MAO; Westerink 1985). Synthesized or taken up intracellular DA that
is not stored in vesicles is metabolised by MAO to 3,4-dihydroxyphenylacetic acid
(DOPAC), which then diffuses out of the cell and can be conjugated to glucuronides or
further metabolized to HVA by COMT (Westerink 1985). In rat the brain, DOPAC is the
major end-product of DA metabolism, while in the human brain the major end-product is
HVA.

DA receptors. DA receptors are divided between the DA1- and DA2-like receptor families.
DA1-like receptors are comprised of DA1 and DAS, and DA2-like receptors DA2, DA3 and
DA4 receptor subtypes. The receptors can be differentiated on the basis of biochemical
functioning, cellular location, and distribution profile over the brain (Cooper et al. 1996).
DAT1-like receptors, but not DA2-like receptors, activate the adenylate cyclase of the second
messenger system. Both DA1 and DAS receptors are located postsynaptically, where they
regulate the activity of non-DA-ergic neurons. However, DA2 receptors can be found
postsynaptically, or as autoreceptors on the soma, somatodendrite or terminal area of an axon
regulating the activity of the DA neuron. The two other subtypes of DA2-like receptors, DA3
and DAA4 receptors, are also present postsynaptically, but they are expressed to a lesser extent
as autoreceptors. Along the mesolimbic and mesocortical pathways and their related brain
areas in the central nervous system (CNS), DA1 receptors are enriched in the NAC, olfactory
tubercle, and amygdala, but they can be found also in the cortex, hippocampus and
hypothalamus. In comparison, DAS receptors are rather discretely distributed: they are found
only in the hippocampus, thalamus and hypothalamus. Postsynaptic DA2 receptors are
primarily located in the NAC and olfactory tubercle, and to a certain degree in the amygdala,
cortex, hippocampus and hypothalamus. DA2 autoreceptors, on the other hand, are most
abundant in the VTA, in which virtually no DA1 receptors can be detected. The pattern of
distribution of DA3 and DA4 receptors, both postsynaptic and autoreceptors, somewhat
follows that of DA2 receptors. In particular, DA3 receptors are as abundant as DA2 receptors
in the NAC.

Role of mesolimbic DA in reward-related behavior. Although the mesolimbic DA-ergic
system is thought to participate in mediating the rewarding properties of abused drugs, there
is disagreement to some degree about the exact nature of this brain system in the process.
Historically, mesolimbic DA transmission particularly in the NAC with outputs to pallidal
motor pathways has been linked to regulating behavioral activation evoked by emotions and
motivational stimuli (Watson et al. 1989). One of the first proposals of a unique relationship
between DA and reward was provided by Wise, who suggested in the anhedonia hypothesis
that brain DA systems mediate the pleasure produced by rewarding stimuli; a suggestion
based on the assumption that observed neuroleptic-induced blockade of the rewarding
properties of drugs or food would result from a decrease in the pleasure, i.e. anhedonia (Wise
et al. 1978, Wise 1982). Accordingly, more recently some authors have proposed that the
suppression of mesolimbic DA may be involved in mediating anhedonia resulting from
exposure to uncontrollable aversive experiences (Cabib and Puglisi-Allegra 1996), and that a
decrease in food-induced DA transmission in the NAC could actually serve as a biochemical
marker for anhedonia (Di Chiara and Tanda 1997). In line with this view, the suppression of
the mesolimbic DA-ergic system during withdrawal from abused drugs is suggested to
contribute to anhedonia and a negative affective state during withdrawal (Weiss et al. 1992,
Koob et al. 1997).
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However, also other suggestions for the role of DA have been put forward. According to the
incentive-sensitization theory, the mesolimbic DA mediates the attribution of incentive
salience to the neural presentations of reward-related stimuli (Robinson and Berridge 1993,
Berridge and Robinson 1998). This means that during the DA-mediated process the reward-
related stimuli are attributed with emphasis and importance in order to make them attractive
and ‘wanted’. This is an unconscious process; only the product of this process, the perception
of the object as ‘wanted’, would be experienced and interpreted consciously. Notably,
incentive salience would be a distinct component of motivation and reward, and hence the
DA systems are necessary for ‘wanting’ but not ‘liking’ (Robinson and Berridge 1993,
Berridge and Robinson 1998). Apparently somewhat compatible with the role of DA in
mediating incentive salience is the view that naturally DA (not restricted solely to the
mesolimbic system) codes errors in reward predictability (Hollerman and Schultz 1998,
Schultz 1998). An unexpected reward elicits a strong positive DA signal, this declines with
repeated presentation and learning, in such a manner that the presentation of predicted reward
eventually no longer elicits a DA response. By contrast, the omission of a predicted reward
leads to suppression of the DA signal. Thus, the DA signal appears to label a stimuli with
appetitive value, predict and detect rewards and signal alerting and motivational events
(Schultz 1998). A hypothesis formulated by Di Chiara also attributes the DA-ergic system in
the NAC to reward-related associative learning processes, both for the acquisition of classical
conditioning and the expression of conditioned response (Di Chiara 1998, Di Chiara 1999).
This view distinguishes associative learning due to DA-ergic activation induced by naturally
rewarding stimuli from abnormal associative learning following pathological DA activation
induced by abused drugs. An activation of the DA-ergic system in the NAC shell area by
naturally rewarding stimuli is characterized by habituation; in contrast, drugs of abuse have
non-habituating effects resulting in nonadaptive or even sensitized DA release after repeated
drug intake. These neurochemical consequences of abused drugs are thought to strengthen
reward-related associative learning processes, thus constituting the basis of addictive
behavior (Di Chiara 1998, Di Chiara 1999).

2.3.2 Mesolimbic system as part of the reward-related neuronal circuits

Despite the relative importance of the mesolimbic DA-ergic system, other brain areas are
also known to provide extensive interconnections with the mesolimbic system, thus forming
a complex interacting neural net which has been implicated in modulating the rewarding
properties of abused drugs.

The ventral pallidum (VP; ventral part of the globus pallidus) serves as a major anatomical
target for GABA-ergic neural information coursing from the NAC, but there is also a direct
DA projection from the VTA to the VP (Figure 2.3; Watson et al. 1989, McBride et al. 1999).
From the VP some information is relayed back to the VTA, as well as diffusively to other
midbrain, thalamic, and limbic structures (Bardo 1998). Although the GABA-ergic NAC-VP
projection is proposed to exclusively process locomotor stimulating actions (Gong et al.
1997a), the involvement of the VP may be of particular significance in mediating the
rewarding properties of the psychomotor stimulants (Figure 2.3; Bardo 1998, McBride et al.
1999).
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Another brain area implicated in psychomotor stimulant-reward is the amygdala, which
receives DA-ergic inputs from the VTA and sends glutamatergic outputs to the NAC (Figure
2.3; Watson et al. 1989, Bardo 1998). The exact role of the amygdala remains to be
elucidated, but it has been suggested that the amygdala could exert particular, yet complex,
control over associative learning processes including classical conditioning, in conjunction
with the related brain area NAC (Everitt et al. 1999), and that DA-ergic elements within the
amygdala might modulate (amphetamine) reward, while non-DA-ergic elements might be
more generally involved in learning processes (Bardo 1998).

Along with the amygdala, primarily glutamatergic projections from the hippocampus provide
important input for the NAC (Watson et al. 1989, Bardo 1998). The hippocampus appears to
be particularly implicated in opiate-reward (Figure 2.3), the most robust area being the CA3
region that is rich in opiate receptors and endogenous opiate peptides (Wise 1996, Bardo
1998, McBride 1999).

The pedunculopontine tegmental nucleus (PTN) is hypothesized to serve as an important
interface between the NAC-VP system and the basal ganglia, recruiting reward-relevant
information from the NAC-VP system in order to activate behavioral response in motor-
related areas (Bardo 1998). Both psychomotor stimulant- and opiate-reward appears to
involve the PTN (Figure 2.3; Wise 1996, Bardo 1998), and it has been proposed to function
more in the acquisition than in the maintenance of drug-rewarded behavior (Bardo 1998).

A brain area known to be involved in a number of motivated behaviors, including feeding,
drinking and sexual behavior, is the hypothalamus. Particularly well-known is the reinforcing
properties of electrical stimulation in the LH (Lewis 1993), which receives inputs from the
NAC and send outputs to the VTA (Figure 2.3; Watson et al. 1989, Bardo 1998). DA within
the LH is supposed to provide tonic inhibition of excitatory output to the mesolimbic system
(McBride et al. 1999). However as far as drugs of abuse are concerned, the role of the LH
may be primarily restricted to opiate-reward (Figure 2.3; Bardo 1998, McBride 1999).

In addition, not surprisingly also the involvement of other brain structures beyond the ones
cited above has been proposed. These areas include the central gray, the dorsal reticular
formation and the area postrema, but how exactly these structures contribute to or parallel the
brain reward mechanisms remains to be elucidated.

2.4 Reward mechanisms of psychomotor stimulants with references to conditioning;
cocaine, amphetamine, methylphenidate and mazindol

Cocaine and amphetamine are the prototypes of psychomotor stimulant drugs; they are
particularly well recognized for their notorious addiction potential, and therefore the use of
cocaine and amphetamine for therapeutic purposes as a local anaesthetic or for the treatment
of hyperactivity disorder, respectively, is restricted to selected cases. The chemical structure
of methylphenidate is related to that of amphetamine, and likewise also methylphenidate is
used therapeutically for the treatment of hyperactivity disorder and narcolepsy. Mazindol
also possesses properties characteristic for a psychomotor stimulant, and it is most often used
as an anorectic agent.
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Despite belonging to the same class of psychomotor stimulants, there are distinctive features
in their mechanism of action between cocaine, amphetamine, methylphenidate and mazindol.
Cocaine binds to a specific site at the DAT; this prevents the DAT from functioning and thus
DA is not taken up from the synaptic cleft resulting in increased extracellular levels of DA
(White and Wolfe 1991). In addition, cocaine blocks the uptake of 5-HT and noradrenaline
(Koe 1976). Amphetamine also binds to the DAT, although to a site separate from that of
cocaine. Amphetamine can prevent DA uptake, but it also allows intracellular DA to diffuse
out through the DAT, and usually it is considered as a DA releaser (White and Wolfe 1991).
Furthermore, amphetamine is also able to prevent DA metabolism by inhibiting MAO (White
and Wolfe 1991). Similar to cocaine, amphetamine can also increase the extracellular levels
of 5-HT and noradrenaline (Kuczenski and Segal 1997, Kankaanpii et al. 1998). Although
the chemical structure of methylphenidate bears some resemblance to that of amphetamine,
its mechanism of action includes blocking the DAT similarly to cocaine (White and Wolfe
1991). Methylphenidate also increases the extracellular levels of noradrenaline, but unlike
cocaine or amphetamine it does not affect the 5-HT-ergic system (Koe 1976, Kuczenski and
Segal 1997, Segal and Kuczenski 1999). Mazindol has a distinct chemical structure, but its
neurochemical profile is nevertheless quite similar to that of cocaine: mazindol blocks the
uptake of DA, 5-HT and noradrenaline (Koe 1976). Regardless of the differences in the
neurochemical profiles of these psychomotor stimulants, they appear to exert comparable
behavioral profiles in animals; at lower doses locomotor activity prevails, but as the dose
increase stereotyped behaviors begin to emerge, turning into more exclusive stereotyped
behavior with increasing doses (Babbini et al. 1977, Rang et al.1999).

2.4.1 Dopaminergic system in the reward mechanisms of psychomotor stimulants

DA receptors and the rewarding properties of cocaine and amphetamine. An early study
of Yokel and Wise (1975) showed that an unselective DA receptor antagonist pimozide
administered systemically altered level pressing for amphetamine in a manner consistent with
reward reduction. Ever since a substantial amount of evidence for the role of DA receptors in
psychomotor stimulant-reward has been accumulating. For instance, DA1 and DA2 receptor
antagonists have attenuated the reinforcing properties of cocaine or amphetamine in the self-
administration method (Caine and Koob 1994, Phillips et al. 1994b, Fletcher 1998),
consistent with the findings that DA1-like and DA2-like agonists can be self-administered
(Self and Stein 1992, Caine et al. 1999). In particular, the conditioning of reward appears to
be modifiable by DA1 and DA?2 receptor ligands (Beninger and Miller 1998). Both DA1 and
DA2 receptor antagonists have attenuated cocaine-induced operant responding for a cocaine-
associated stimulus (Weissenborn et al. 1996), or amphetamine-induced enhancement of
responding for conditioned food-reward (Ranaldi and Beninger 1993). Also conditioned cue-
induced relapse to cocaine self-administration has been attenuated by DA1 and DA2 receptor
antagonists (Shalev et al. 2002). Furthermore, in the place preference method, DA1 receptor
antagonist have repeatedly attenuated the rewarding properties of amphetamine, cocaine, and
a number of other psychomotor stimulants (Tzschentke 1998), although this is contrasted by
the finding that cocaine can induce place preference in DA1 receptor knockout mice (Miner
et al. 1995). Also DA2 receptor antagonists attenuated place preference induced by
amphetamine, but for reasons still to be elucidated they have been generally ineffective in
modifying cocaine-induced place preference (Tzschentke 1998).
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Taken together, the evidence indicates that DA1 receptors are involved in conditioning of
psychomotor stimulant-reward, although this view is somewhat compromised by the finding
with knockout mice. Instead, DA2 receptors appear to mediate only amphetamine-, but not
cocaine-induced place preference, which suggests that some differences may exist between
the two psychomotor stimulants in the neurochemical processes related to the conditioning of
their reward.

NAC and the rewarding properties of cocaine and amphetamine. One of the major brain
areas involved in the rewarding properties of cocaine and particularly of amphetamine
appears to be the NAC (Bardo 1998, McBride et al. 1999). Amphetamine is readily self-
administered to the NAC (Hoebel et al. 1983), and DA-ergic lesions in the NAC or intra-
accumbal infusions of DA receptor antagonists attenuate the rewarding properties of
amphetamine in the self-administration model (Lyness et al. 1979, Phillips et al. 1994a,
Phillips et al. 1994b). For cocaine, however, the data is somewhat less parallel. Originally, in
an early study of Goeders and Smith (1983) cocaine was not found to be self-administered
into the NAC, which led to the suggestion that the NAC may not initiate cocaine-reward.
More recent studies, however, have shown that cocaine can be self-administered to the shell
area of the NAC (McKinzie et al. 1999). Furthermore, DA-ergic lesions in the NAC, as well
as intra-accumbal infusions of DA receptor antagonists, attenuate the rewarding properties of
self-administered cocaine (Roberts et al. 1977, Phillips et al. 1994a). Considering reward-
conditioning in particular, intra-accumbal amphetamine has repeatedly shown to induce place
preference (Carr and White 1986, Schildein et al. 1998), and intra-accumbal DA-ergic lesions
or DA receptor antagonists have attenuated amphetamine-induced place preference (Spyraki
et al. 1982a, Hiroi and White 1991a). Furthermore, recent studies have shown that intra-
accumbal amphetamine can increase responding for conditioned food-reward (Fletcher et al.
1998), and a excitotoxic lesion in the NAC core impairs expression of the appetitive
Pavlovian approach behavior (Parkinson et al. 1999). While accumbal DA appear to be
significant for conditioned amphetamine-reward, this may not be extendable to cocaine.
Neither cocaine infusions into the NAC induced place preference nor DA-ergic lesions in the
NAC attenuated place preference induced by systemic cocaine (Spyraki et al. 1982b, Hemby
et al. 1992). Also DA2 receptor antagonists in the NAC have failed to affe