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hydrate moieties have been related functionally to dopamine transport, but not to the 
binding of cocaine and analogues to dopamine transporters [9,10]. The protein has 
consensus phosphorylation sites although it is not yet known if phosphorylation plays a 
role in regulating the activity of the transporter [11]. A major development has been the 
cloning of the cDNA for the dopamine transporter in the rat [12-14], cow [15] and 
human [16,17]. Of particular interest is the finding that dopamine transport can be 
conferred on a cell by transfecting with the single cloned cDNA, suggesting that the 
dopamine transporter is composed of a single protein that may or may not function as a 
multimeric unit [12,18]. Since binding studies have suggested for a long time that 
cocaine and dopamine interact competitively and that there is likely to be some overlap 
in their binding sites, it appears that cocaine binding sites are located on the single 

transporter protein and not on a different subunit of a multimeric complex or on 
another interacting protein. 

With the knowledge that cocaine binding sites on dopamine transporters appear 

to be associated with the initiation of its reinforcing or addicting effects, there have 

been significant efforts to find a cocaine antagonist at this site which would serve as an 
effective pharmacological intervention in the prevention and treatment of cocaine abuse. 
Such a compound would presumably interfere with cocaine binding, yet spare the 

process of dopamine uptake so that extracellular levels of dopamine would not be 
increased [19]. Unfortunately, such a compound has not been found to date. Many 

compounds, however, have been shown to produce the opposite effect, potently 

inhibiting dopamine transport without affecting cocaine binding to the same degree. 
Recent studies utilizing site-directed mutagenesis indicate that the binding of cocaine to 

the transporter can be altered independently of functional changes in dopamine uptake 
[20]. Thus, although it is not yet clear whether it will be possible to develop a useful 

cocaine antagonist, mutagenesis studies indicate a possible functional separation 

between dopamine transport and cocaine binding. The current rapid advances in 

molecular studies will increase our understanding of cocaine’s interaction with neuronal 

transporters [11-13]. 

Recent studies have shown that administration of cocaine and amphetamine can 

cause changes in oncogene expression in dopamine nerve terminal regions [21,22]. 

Expression of these genes indicates that the action of psychostimulants may lead to 

other significant changes in gene expression and substantial biochemical changes in 

post-synaptic neurons. Chronic cocaine administration also produces changes in 

dopamine transport [23]. While there are conflicting results in the literature, it appears 

that conditions, doses and total quantities of drug vary among the different investi- 

gators. In any case, it is clear that cocaine exerts a powerful effect on neuronal circuits 

containing dopamine neurons such that the expression and function of neuronal 

proteins may be altered [24]. 

Biochemical studies have also provided evidence which is consistent with the 

hypothesis that dopaminergic neurotransmission is fundamental to the reinforcing 

properties of many drugs of abuse, not just cocaine. In particular, brain dialysis, a 

procedure in which a small probe is implanted into the brain in order to measure local 

extracellular dopamine levels, has shown that many drugs which are abused by humans 

preferentially increase dopamine efflux in limbic areas of the brain, especially in the 

nucleus accumbens, while drugs which are not abused do not have this effect (see Di 

Chiara et al., this volume). In particular, opiates, nicotine, amphetamine, and cocaine 
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have been shown to increase extracellular concentrations of dopamine in the nucleus 

accumbens [25]. Interestingly, other drugs tested with aversive properties (e.g. agonists 

of x-opioid receptors, U-50,488, tifluadom, and bremazocine) reduced dopamine 

release in the accumbens and in the caudate. Drugs not abused by humans such as 

imipramine, atropine and diphenhydramine did not alter dopamine concentrations. 

There are some discrepancies in published reports of research using slightly different 

experimental arrangements. Nevertheless, the results of several studies are completely 

consistent with the well-known effects of cocaine as a blocker of dopamine uptake 

[26-30]. Thus, if there are disagreements regarding this issue, they are not concerned 

with whether or not cocaine and amphetamine cause extracellular dopamine build-up in 

mesolimbic regions, but rather with the precise role of these neurons in reinforcement, 

and the significance of the changes. 

Behavioural studies 

Studies of the structure-activity requirements for cocaine binding at the 

dopamine transporter have yielded highly potent cocaine analogues which are more 

potent with respect to both binding at the dopamine transporter and activity in 

behavioural assays [31-33]. Some of these compounds have been utilized as radio- 

labelled binding ligands in studies of the relationship between receptor occupancy and 

changes in locomotor activity. These studies suggest that a fairly high degree of 

occupancy (about 70%) is needed to produce a lesser fractional level of maximal 

locomotor activity (about 25%) [33]. These data suggest that in a pharmacological 
sense, there are extra receptors for cocaine and that the decreases in transporters that 

might occur during aging [34] may not have functional impact, at least in the early 

stages of transporter loss. Moreover, in receptor binding studies in vivo, it has been 

shown that potent cocaine analogues accumulate in brain regions enriched with 
dopaminergic nerve terminals [35,36], supporting the view that dopaminergic 

mechanisms are involved. 

Behavioural studies have utilized lesion techniques and pharmacological manipu- 

lations to elucidate the neuronal mechanisms associated with the reinforcing effects 

of psychostimulants. Dopaminergic neuronal systems, especially brain mesolimbic 

pathways, have been associated with the reinforcing effects of both cocaine and 

amphetamine. The effects of brain lesions on cocaine self-administration have provided 
support for the view that mesolimbic dopaminergic neurons support psychostimulant 
self-administration [37-41]. Current studies of this type are aimed at understanding 
more details of the neuronal circuitry involved in these pathways [42]. 

Neuropharmacological research has shown that selective dopaminergic receptor 
blockade attenuates the reinforcing properties of both (—)cocaine and 
(+ amphetamine in animals [43-50]. Dopaminergic agonists, in contrast, substitute for 
intravenous self-administration of cocaine and d-amphetamine [48,51]. 

Based on such a preponderance of evidence, from both receptor binding studies 
and neuropharmacological studies, that dopaminergic neurotransmission has a primary 
role in mediating the reinforcing effects of psychostimulants, pharmacotherapeutic 
strategies involving the utilization of dopamine receptor blockers are currently being 
considered as a potential approach for the treatment of cocaine abuse. Indeed, recent 
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experiments utilizing operant methods have attempted to determine the specific dopa- 
minergic receptor subtypes which may be involved in mediating the reinforcing effects 
of cocaine. To date, it remains unclear whether either D, or D, receptors specifically 
mediate these drug effects [52-57]. Currently, it remains possible that interactions 
either between neurons receiving inputs from each of these receptors or between second 
messenger systems initiated by each of these receptors in individual neurons may be 
critical. Indeed, several studies have illustrated apparent cooperation between D, and 
D, receptors in the nucleus accumbens, in particular with respect to the induction of 
adenylyl cyclase [58], and synergism at the cellular level which may be associated with 
particular dopamine-related behavioural phenomena [59]. Regardless of this debate, 
however, it may be likely that D, antagonists may be more useful as clinical pharma- 
cotherapies for psychostimulant abuse due to the lesser extrapyramidal side effects 
associated with these compounds relative to those for D, receptor antagonists [60,61]. 
Woolverton and Johnson [24] have recently reviewed this topic as well. 

Continued use of cocaine can cause both tolerance and sensitization [24]. These 

changes in behaviour suggest that the use of cocaine must cause some changes in brain 
biochemistry. Indeed, it has been shown by many investigators using animal models 
that chronic cocaine alters levels of dopamine receptors in striatum and accumbens 
[47,62]. We have noted that the findings of many such studies are not completely 

consistent with each other and may depend on genetic differences between animal 

subjects or on differences in the specific experimental conditions utilized [1] (see Figs. 

5-8 in Marley et al., this volume). Differences between studies with regard to the time 
course of receptor changes may also explain inconsistencies in findings. 

Human studies 

The ultimate challenge of the dopamine hypothesis will obviously be to establish 

its relevance and importance in human addiction. As we previously reported [1], there is 

some evidence supporting the dopamine hypothesis in human subjects. For example, 

positron emission tomography techniques have indicated a similarity between the time 

course of cocaine’s occupancy of the binding site at the transporter and the time course 

of associated psychological effects [63]. Using these methods, it has also been shown 

that post-synaptic dopaminergic D, receptors in striatum appear significantly decreased 

in cocaine abusers who have been detoxified for less than 1 week but receptor numbers 

appear similar to normal control subjects in cocaine abusers who have been detoxified 
for 1 month [64]. In frontal lobes of the brain, however, decreases in D, receptors and 

in glucose metabolism are associated with chronic cocaine use, and these effects appear 

to persist for 3-4 months following detoxification [65,66]. 
In an effort to extend the findings from studies using animal models, research has 

been performed to assess the influence of dopamine receptor blockers on the subjective 

effects of cocaine in humans. In an open trial, the neuroleptic flupenthixol decanoate 

was reported to result in a decreased craving for the drug with an increase in the average 

retention time that the patient remained in treatment [67]. However, these results have 

yet to be demonstrated in a double-blind study. It has also been reported that euphoria 

induced by amphetamine appears to be sensitive to dopamine receptor blockers [68]. In 

contrast to these results, haloperidol was reported to have no effect on cocaine-induced 
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rush, and only a limited effect on some of the subjective effects associated with drug 

‘liking’ [69]. In yet another study, patients given haloperidol or chlorpromazine did not 

report a blockade of drug-induced euphoria or increased abstinence, although an 

attenuation of psychotic symptoms was observed [70]. 

Based upon the idea that dopaminergic neurotransmission is altered in chronic 

cocaine users and is associated with craving and the cocaine abstinence syndrome, 

dopaminergic agonists or indirect agonists have also been studied for their therapeutic 

value in treating cocaine abuse [1]. Recent studies which have tested this approach 

evaluated the effectiveness of amantadine as an adjunct treatment for cocaine abuse 

[71-73]. These studies indicated that this pharmacological treatment was associated 

with decreased craving, decreased cocaine use and decreases in several indices of 

psychiatric adjustment, although these effects were not significantly greater than those 

observed for placebo treatment groups. Similar results have been reported for 

desipramine, an indirect monoaminergic agonist [72-74]. Finally, although the 

dopaminergic agonist bromocriptine has been shown to antagonize decreases in cerebral 

glucose metabolism associated with abstinence from chronic cocaine treatment in rats 

[75], the results of another recent study utilizing cocaine-abusing subjects has shown 

that this potential pharmacotherapy has no significant effect on either physiological or 

subjective effects of cocaine which may be predictive of its therapeutic benefit [76]. 

Overall then, the limited number of pharmacological studies of cocaine effects in 
humans have provided inconsistent results, and have neither confirmed nor disproved 

the hypothesis that effective pharmacotherapies for psychostimulant abuse will focus on 

interactions with dopaminergic neuronal systems. Nevertheless, there are currently five 

known dopamine receptors, some with relatively unique pharmacological profiles. It is 

also possible that there are undiscovered, yet functionally important, dopamine 

receptors for which pharmacological profiles have not yet been developed. Further, if 
the psychotimimetic effects of psychostimulants are due to interactions at one or more 

of these known or unknown receptor sites, it may be difficult to establish the role of 
dopaminergic systems in human drug addiction by studying single dopamine receptor 

agonists or antagonists. Certainly, research focusing on the development of analogues 

for agents known to bind selectively to dopaminergic receptors may address these issues 

and, ultimately, yield more effective treatment alternatives. Studies are either planned or 

underway in several centres which will attempt to study these issues in more detail. 

Dopamine plus other factors? 

We have discussed the preponderance of evidence that indicates that specific 
dopaminergic systems may mediate initial reinforcement that leads to acquisition as well 
as maintenance of chronic use and abuse of psychostimulants. Is it likely, however, that 
the action of cocaine at the dopamine transporter is the sole and only required factor for 
producing its reinforcing properties? An inspection of available data suggests that the 
answer may be ‘no’. The obvious difficulty with this suggestion is that not all dopamine 
uptake blockers are abused by humans. Correlational studies which show relationships 
between dopamine transporter blockade and drug reinforcement have been more or less 
limited to cocaine, its analogues and some other structurally and functionally related 
compounds [5,6]. In choice studies with humans, some but not all dopamine uptake 
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blockers are selected for self-administration and appear at least moderately reinforcing 
[77]. Thus, additional factors may also influence the reinforcing properties of cocaine 
and related psychostimulants. A mechanism could be proposed whereby inhibition of 
dopamine uptake is ‘permissive’ and some additional action of cocaine is critical for the 
full reinforcing effect of the drug. It also seems possible that dopamine is involved in 
initial stages of addiction and that other mechanisms are associated with more chronic 
effects of the drugs. 

It is also possible to propose that those drugs which block dopamine uptake but 
which are not abused lack some quality that has nothing to do with receptors, but 
rather with pharmacokinetics. It has often been said that those drugs which enter the 
brain rapidly have the greatest abuse liability and this has intuitive validity. In this 

regard, it has been shown that cocaine enters the brain and occupies binding sites more 

rapidly than other uptake blockers such as GBR 12909 and mazindol. Mazindol was the 

slowest to enter the brain and occupy transporters in one study [78]. It is interesting 
that while this drug serves as a moderate reinforcer in some animals [79,80], it is 

thought to have low abuse potential in humans [77]. Pharmacokinetic factors are 

thought to underlie the apparent higher abuse liability of crack compared with cocaine. 
Crack or smoked cocaine, as opposed to nasally or orally administered drugs, enters the 

brain very rapidly [81,82]. Thus, there may be properties of cocaine in addition to its 
specific transporter targets which are important in facilitating its reinforcing effects. 

Another possibility is that those drugs which block dopamine uptake but which 

are not abused have some other property or effect in the brain which precludes their 

abuse. For example, we have previously discussed benztropine and some tricyclic drugs 

in terms of their anticholinergic effects and lethality that would occur at doses lower 
than those necessary for dopamine transporter blockade [1,2,5]. 

From another perspective, behavioural pharmacology studies have also provided 
important information concerning the role of serotonergic neuronal systems in mediat- 

ing the reinforcing effects of cocaine and amphetamine. Indeed, cocaine is multi- 
functional in that it inhibits dopamine uptake, serotonin uptake and norepinephrine ~ 
uptake at roughly similar concentrations [32]. The relative affinity of cocaine at each of 

these sites may be important in determining its summed effects on neurotransmission 
within reward pathways of the brain. We have previously shown that the affinities of 
amphetamine and related compounds at serotonin uptake sites are inversely associated 

with the reinforcing potencies of these compounds in operant tests [83]. These results 

suggest that the rewarding effects of these drugs may be attenuated by serotonergic 
neuronal mechanisms, and are consistent with research illustrating that lesions of sero- 

tonergic neurons, with the neurotoxin 5,7-dihydroxytryptamine, increase rates of 

responding for intravenous administrations of d-amphetamine under commonly used 

fixed-ratio operant schedules of reinforcement [84]. In contrast, pretreatments with the 

serotonin precursor L-tryptophan or with serotonin uptake blockers decrease 

amphetamine-reinforced self-injections under similar operant conditions [85-88]. Using 

both receptor binding methods and operant techniques, we have previously shown that 

dopaminergic, but not serotonergic, neurotransmission is associated with the reinforc- 

ing effects of cocaine under operant conditions utilizing short test sessions and requir- 

ing fixed numbers of responses (FR10) in order to obtain the drug [5,89], while the 

potent serotonin uptake inhibitor fluoxetine appears to attenuate rates of responding for 

amphetamine [89]. These data suggest that serotonergic neuronal systems may indeed 
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attenuate the reinforcing potencies of amphetamine, but perhaps not cocaine under 

these conditions. However, some evidence suggests that serotonergic systems may also 

influence the reinforcing effects of cocaine under quite different operant conditions, 

specifically those involving continuous access to the drug over extended periods of time 

and those requiring the completion of an increasingly greater number of operant 

responses prior to administration of cocaine [88,90,91]. These results suggest that under 

these conditions, some factors associated with serotonergic neurotransmission may 

influence cocaine self-administration. The nature of these influences is as yet unknown, 

although they may be related to issues of motivational states or efficacy of the drug. It is 

quite possible that serotonergic neurons influence the motivational factors necessary for 

animals to exhibit extremely high levels of responding for drugs under operant 

conditions requiring the completion of large sequences of lever presses, such as that 

seen under progressive ratio schedules. Taken together, these research findings indicate 

that the reinforcing effects of psychostimulants and other drugs of abuse may be 

mediated by multiple, distinct influences, including the intrinsic reinforcing properties 

of the drug, perhaps primarily mediated by dopaminergic neurotransmission, as well as 

motivational factors, which might be more significantly mediated by serotonergic 

neurotransmitter systems. 

Future directions for the development of pharmacological 
treatments for psychostimulant abuse 

The abundant literature describing the neuropharmacology of the reinforcing 

effects of psychostimulants, and the potential success of using medication in treating 
human drug abusers has led to attempts to develop new medications. Some of the 

possible strategies for medications development are as follows. 
1. A cocaine substitute which could function in a manner analogous to 

methadone in opiate treatment clinics (see Terenius, this volume) could be useful but 

none has yet been identified. In a study with methylphenidate [92], the drug appeared 

to initially reduce craving for cocaine but later increased craving. This result is not 

encouraging (it may support the dopamine hypothesis, however), but other investi- 

gators are currently testing the substitution strategy in the hopes of developing a drug 

which addicts can utilize in the initial stages of treatment to arrest or control the factors 
that lead to rapid relapse. The development of a large number of cocaine analogues [32] 
and other compounds which block the dopamine transporter has fuelled speculation 
that a substitute might be found. 

2. A direct competitive cocaine antagonist at the dopamine transporter could be 
useful, but none has yet been found. However, site-directed mutagenesis studies 
suggest that cocaine binding can be altered independently of dopamine uptake [20]. 

3. Indirect antagonists of cocaine’s actions, i.e. a blocker at dopamine receptors, 
might be effectively utilized as pharmacotherapeutic agents in the treatment of cocaine 
or other psychostimulant abuse. However, only a limited number of drugs have been 
tested [52-57,67,69,70]. It seems that a wider variety of dopamine receptor blocking 
drugs, and new drugs which serve as antagonists at the more recently discovered 
receptors, should be tested. 

4. Interest in the efficacy of serotonin uptake blockers as adjunct pharmaco- 
therapeutic agents in addiction treatment programmes has been increasing. Several lines 
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of evidence already discussed above suggest that serotonergic neurotransmission may 
mediate factors related to the reinforcing effects of psychostimulant drugs, including 
drug efficacy and motivational state. These same motivational factors may influence or, 
perhaps be analogous to, human craving for drugs. If so, continued chronic abuse of a 
drug may require not only specific reinforcing effects of a drug per se, but also motiva- 
tional factors contributed by the subject. In general, the evidence suggests that enhance- 
ment of serotonergic neurotransmission appears to decrease psychostimulant 
self-administration. Thus, it seems possible that although dopaminergic neuronal 
systems may mediate the reinforcing properties of psychostimulants per se, other neuro- 
transmitter systems, especially serotonergic systems, may influence motivational factors. 
Thus, pharmacotherapies enhancing serotonergic neurotransmission may attenuate the 
immediate reinforcing effects of psychostimulants or, perhaps, the subsequent craving 
effects. 

5. Other antidepressants have been studied for their potential clinical efficacy in 

treating psychostimulant abuse, especially cocaine addiction. However, the findings to 
date indicate that many of these agents must be utilized with some caution. Recent 

evidence suggests that serotonergic and dopaminergic neurotransmission appear to be 

associated with the toxicities induced by administration of high doses of cocaine in 
animal models [93]. In addition, this research has shown that monoamine uptake 

blockers such as fluoxetine, desipramine and bupropion increase the frequency with 

which seizures and lethal responses are observed following administration of high doses 

of cocaine. Further, it has also recently been shown that monoamine uptake inhibitors, 
including GBR 12909, fluoxetine and desipramine, enhance the discriminative stimulus 

effects of cocaine in rats, suggesting that the subjective effects of these drugs may be 
enhanced in humans [94]. Finally, Fischman et al. [95] have recently reported that the 

cardiovascular effects of desipramine appear to enhance the potential for toxicity when 

this antidepressant is administered in conjunction with cocaine, and a number of 

adverse side effects contribute to treatment non-compliance by cocaine abusers [96]. 
Taken together, it seems clear that antidepressant drugs should be used with caution in 

the treatment of cocaine abuse. 

6. There is evidence that other neurotransmitter systems, with which cocaine does 

not interact directly, may also influence the reinforcing or addictive effects of cocaine. 

Perhaps drugs targeting these systems will be useful medications. For instance, there is 

evidence for the influence of benzodiazepine receptors on cocaine self-administration in 

both humans and animals. First, carbamazepine has been shown to decrease cocaine use 

in cocaine-dependent methadone maintenance patients [97], although its interactions 

with cocaine with respect to human cardiovascular function may ultimately limit its 

clinical usefulness [98]. Second, another series of experiments has indicated that the 

benzodiazepine receptor agonist, chlordiazepoxide, also decreases cocaine-reinforced 

responding in rats [99], and this effect may be due to specific interactions between 

benzodiazepine receptors with dopaminergic neurons [100,101]. Indeed, midazolam 

has been shown by in vivo microdialysis techniques to decrease extracellular 

concentrations of dopamine [102]. Chronic cocaine ingestion has also been associated 

_ with increased ligand binding to brain benzodiazepine receptors in a rat model and in 

human platelets [103,104]. If further research is consistent with these findings, benzo- 

diazepine agonists may prove to be clinically effective in the treatment of cocaine abuse. 

There is growing evidence that opiate compounds may also be effective as adjunct 

pharmacotherapeutic agents for the treatment of cocaine addiction. Buprenorphine, a 
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mixed opiate agonist-antagonist, and naltrexone, an opiate antagonist, have been shown 

to selectively decrease responding for intravenously administered cocaine in rhesus 

monkeys [105-107]. Further, chronic buprenorphine treatment inhibits cocaine- 

conditioned place preference, suggesting that the reinforcing effects of the drug have 

been blocked [108]. Buprenorphine, as the sole pharmacotherapeutic agent, has also 

been shown to significantly decrease cocaine user in heroin abusers [109,110]. 

However, it has been shown that buprenorphine itself produces conditioned place 

preference in a dose-related manner, indicating that it may produce reinforcing effects 

of its own, and that subthreshold doses of cocaine and buprenorphine, given in 

combination, produce conditioned place preference [111]. Further, this study indicated 

that cocaine and buprenorphine both increased extracellular levels of dopamine in the 

nucleus accumbens as measured by microdialysis techniques. Thus, it appears that the 

reinforcing effects of buprenorphine may substitute for, not inhibit, the reinforcing 

effects of cocaine, and in this way may produce decreases in operant responding for 

cocaine in experimental studies. In any case, it seems apparent that opiate related agents 

may be effective pharmacotherapies for drug abuse. If so, these agents may be effective 

due to their influences on dopaminergic receptor function, since chronic administration 

of morphine has been shown to increase brain dopamine receptor numbers [112]. 

Indeed, the recent identification of the opiate blocker naltrexone as a blocker of alcohol 
use (see Terenius, this volume) emphasizes these possibilities [113,114]. 

Conclusions 

In summary, there is much evidence which is supportive of a dopamine 
hypothesis related to reinforcing or addictive properties of psychostimulants. It remains 

clear that dopaminergic neurons in the mesolimbic region of the brain are essential for 

mediation of these effects. Research to date, however, suggests that, for reasons that we 

do not entirely comprehend, it will be difficult to develop potential pharmacothera- 

peutic agents for the treatment of cocaine abuse which exhibit primary effects only on 

dopaminergic neurotransmission. It is becoming increasingly clear that other biochemi- 

cal and behavioural factors must also be taken into account. The relative importance of 
these other factors in human psychostimulant abusers needs to be clarified. Further, the 
interactions between the essential elements of drug abuse associated with chronic drug 
use must be investigated. 
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Synopsis 

In this paper it is argued that drugs of abuse act on specific neurotransmitter 

pathways and by this mechanism elicit neurochemical changes that mimic some aspects 

of the overall pattern of the neurochemical effects of natural rewarding stimuli. Thus, 
drugs of abuse are biochemically homologous to specific aspects of natural rewarding 
stimuli. The behavioural similarity between drugs of abuse and natural stimuli, including 

that of being rewarding, results from their common property of activating neurochemi- 

cally specific pathways. Natural stimuli accomplish this result indirectly through their 

sensory properties and incentive learning while drugs stimulate by a direct central action 

the critical reward pathways. Many drugs of abuse mimic the incentive properties of 
natural stimuli and their ability to stimulate mesolimbic dopamine pathways (Fig. 1). 

Both natural rewards and drugs of abuse, including amphetamine, cocaine and other 

psychostimulants, preferentially stimulate dopamine transmission in the mesolimbic 

nucleus accumbens compared with the dorsal caudate, an area related to the extra- 

pyramidal motor system. Although many drugs of abuse mimic the incentive aspect of 

natural reward, this is probably not an absolute prerequisite for conferring to a drug 

some abuse liability. It might be predicted that certain drugs might be abused as a result 

of their action at sites located beyond dopamine or by mimicking other aspects of 

naturally rewarding stimuli such as the ‘functional’ (or trophotropic). This might be the 

case with opiates (which also mimic the ‘incentive’ aspect) and of benzodiazepines, as a 
result of activation of the central opioid reward system and of the central y-amino- 

butyric acid (GABA)-benzodiazepine system respectively. The hypothesis appears to 

-have heuristic value as it predicts that biochemical mechanisms important for the 

rewarding properties of drugs of abuse are expected to play a role also in natural 

reward. One test of this hypothesis is offered by the observation that the 5-hydroxy- 

tryptamine (5-HT) system, through 5-HT;, receptors, and the central opioid system, 

through 6-opioid receptors, can contribute to the mechanism of the dopamine-activat- 
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ing properties of certain drugs of abuse. On this basis it would be predicted that drugs 

acting on 5-HT; and on 6-opioid receptors would interfere with or mimic certain 

aspects of natural rewarding stimuli. 

Introduction 

A basic property of drugs of abuse is that of promoting behaviours that tend to 

increase the probability of coming into contact with the drug leading to drug seeking 

behaviour [1] (see chapter by Stolerman, this volume). 
In fact drugs of abuse are rewarding and their action results in feelings of pleasure 

or reduction of dysphoria and anxiety that correspond to the subjective reports of 

‘high’, ‘euphoria’ and ‘relaxation’ after their acute administration. 
To clarify the mechanism of the positive reinforcing properties of drugs of abuse, 

two premises can be made. The first is that drugs do not invent anything but simply act 

on mechanisms and processes that the organism utilizes during its normal functioning. 

The second is that biological mechanisms are the result of a developmental history 
(phylogenesis) having the goal of improving the adaptation of the organism to the 

environment, thus ensuring survival of the species. In view of this, understanding a 

biological process should also involve the appraisal of its phylogenetic significance. 
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Here it will be argued that drugs of abuse act by primarily activating chemically 
specific neural pathways that are physiologically stimulated by natural rewarding stimuli 
essential for survival of the self and of the species. This hypothesis can account for many 
of the properties of these drugs including their ability to induce psychological 
dependence and craving, and can in turn generate new predictions on the neuro- 
chemistry of natural reward. 

Natural reward: ethology and neurochemistry 

Feeding, drinking, and sexual and maternal behaviour are directed towards goals 

essential for the survival of the self and of the species; in order to ensure the 
accomplishment of these behaviours, natural selection has provided the brain of higher 

phyla with centres that are sensitive to survival-related stimuli and are capable of 

reacting to their contact with a positive emotional response. Thus, natural stimuli such 
as food, water, sex and mother and newborn interactions are rewarding. 

Three phases can be distinguished in naturally rewarded behaviour: a preparatory 
(or anticipatory), a consummatory and a post-consummatory phase [2,3]. These three 

phases are well exemplified in eating behaviour. Food, the natural rewarding stimulus, is 

provided with distinctive sensory properties (smell, colour, texture, taste) that readily 

stimulate arousal, forward locomotion and approach behaviour. This preparatory phase 

is finalized to and eventually followed by successful contact with the rewarding 

stimulus and its ‘consumption’; the consummatory phase thus describes the direct inter- 

action with the rewarding stimulus in order to utilize its survival-related properties. 
Accordingly, eating, drinking, copulating and nursing are consummatory phases while 

search for food and water or sex, are preparatory phases of naturally rewarded 

behaviour. 
The properties of natural rewarding stimuli can be defined on the basis of the 

changes they induce in the organism. Naturally rewarding stimuli seem to have two 

main properties, an ‘incentive’ [4,5], appetitive property, and a ‘functional’ property 

(Fig. 1). In the case of food, its smell, sight and taste are incentive properties while its 

metabolic and caloric properties are the functional ones. In a female her sex-attracting 

properties are the incentive while her ability to promote male ejaculation could be 

regarded as the functional property. Thus, the incentive aspects of natural reward are 

essential for stimulating behaviour directed to approach and contact with the rewarding 

stimulus [4,5]. The incentive properties of natural reward also increase the probability 

of contact with the primary reward by conferring, through conditioning, incentive 

properties to otherwise neutral environmental stimuli (‘incentive learning’) [4,5]; more- 

over, incentive properties are important during consummatory phases of behaviour for 

maintaining the contact with the stimulus and completing its consumption. Instead, the 

functional properties of natural rewards are essential for their effectiveness in biological 

and physiological terms. Not only the ‘incentive’ but also the ‘functional’ properties of 

_ the natural stimulus are likely to contribute to their reinforcing properties. 

However, since the ‘functional’ properties of natural rewards are related to 

maintenance of homeostasis, it is likely that their reinforcing properties arise from their 

ability to reconstitute a perturbed physiological environment [6]. ‘Drive states’ (hunger, 

thirst, etc.) arising from a perturbed physiological condition are able to increase the 
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‘ncentive value of natural rewards [4]. Since the functional properties of natural rewards 

are able to reduce drive, they can control behaviour indirectly through their influence 

on the incentive value of natural rewards. 

The ‘incentive’ and ‘functional’ properties of natural rewards are related to 

different physiological changes; thus the incentive aspects promote ergotropic changes 

[7] characterized by arousal, activation of motor activity and of the sympathetic nervous 

system, release of corticosteroids and catabolism, while the ‘functional’ aspects promote 

trophotropic changes [7] such as activation of the parasympathetic nervous system, 

insulin release, anabolism, sedation, rest, and eventually sleep. Satiety could be regarded 

as a typically trophotropic state promoted by the ‘functional’ properties of natural 

reward. Viewed from this perspective a description of the physiological properties of 

natural rewarding stimuli might be simply, following Hess [7], that of ergotropic 

(incentive) and trophotropic (functional) properties (Fig. 1). 
From the above definitions it appears that the two properties of natural reward- 

ing stimuli might express themselves in more than one phase of naturally rewarded 

behaviour. Thus, it is likely that the ‘incentive’ aspects of natural reward operate mainly 

during the ‘preparatory’ but also during the early ‘“consummatory’ phase. However, it is 

also likely that the ‘functional’, metabolic and drive-reducing properties of natural 
‘rewards operate mainly during the late ‘consummatory’ and ‘post-consummatory’ 

phases of rewarded behaviour (Fig. 1). 

Activation of mesolimbic dopamine as a marker of the ‘incentive’ properties 

of natural reward 

Anatomical, pharmacological and neurochemical studies indicate that naturally 

rewarded behaviour is related to the activity of phylogenetically old centres that consti- 
tute the limbic system. Within this system several neurochemically specific pathways 

appear to play a role in natural reward and, in particular, the mesolimbic and meso- 

cortical pathways that release dopamine as a neurotransmitter [8] (Fig. 2), the long 

hypothalamo-mesencephalic and short intrinsic neurons releasing opioid peptides (A- 

endorphin, enkephalins and dynorphins), and the long and short neurons releasing 
GABA as an inhibitory transmitter [9]. 

These different neurotransmitter systems (dopamine, opioid peptides and 

GABA) might mediate different aspects of natural reward. The ‘incentive’ aspect of 

natural reward might be related to an activation of dopamine transmission in the 
mesolimbic system and in particular in the nucleus accumbens septi (Fig. 2). In fact it 
has been recently reported that natural rewarding stimuli such as food and sex preferen- 
tially stimulate the release of dopamine, as measured by brain microdialysis, in the 
nucleus accumbens of rats [10]. According to Phillips et al. [10] stimulation of dopa- 
mine transmission in the nucleus accumbens would be mostly related to the preparatory 
phase of natural reward. In contrast with this hypothesis, however, stimulation of 
dopamine transmission in the nucleus accumbens, as measured by brain microdialysis, 
seems to take place also during the consummatory phase both in sexual [11] and in 
eating behaviour [12]. It might be argued that this is an artifact of microdialysis, related 
to the delay involved in the diffusion of dopamine from release sites to the extracellular 
compartment and the time necessary for changes in the extracellular dopamine pool to 
take place. However, rather than being related to a specific phase of naturally rewarded 
behaviour, it is entirely possible that the stimulation of dopamine transmission is related 
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Fig. 2. Dopamine neurons ascending to the forebrain and their 

possible behavioural significance. CPU, caudate-putamen; N.ACC., 

nucleus accumbens; O.T., olfactory tubercle. Reproduced from [56] with 

permission. 

to a specific property of natural rewards, such as the ‘incentive’ property, that is likely 

to act across the preparatory as well as the consummatory phase (Fig. 1). 

Indeed, activation of the mesolimbic dopamine system accounts for most of the 
recognized properties of the incentive aspect of natural rewarding stimuli namely: (1) 

the ability to elicit arousal and forward locomotion; (2) the ability to promote acquisi- 
tion by neutral environmental stimuli of the response-eliciting properties of the natural 

rewards (primary reinforcers; by this process, ‘incentive learning’, otherwise neutral 

environmental stimuli become capable of acting as reinforcers, secondary reinforcers) 

[13]; (3) the ability to increase or reactivate the incentive properties of secondary 

reinforcers [4,14-16] (Fig. 1). 

Stimulation of the central opioid reward system has been related to the drive- 

reducing (functional) aspect of natural reward but such a precise relationship is at the 
moment purely conjectural [17] (Fig. 1). It is well-established, however, that blockade 

of opioid receptors interferes with food reward [18] as well as with intracranial self- 

stimulation from specific brain sites different from those corresponding to the 
dopamine pathways [19]. As for the possible role of GABA neurons in natural reward, 

_ the evidence is mainly indirect and derives from studies on the effects of drugs active on 

GABA-ergic transmission and in particular on benzodiazepine receptor ligands [9,20]. 


