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Abstract

Experimental impairment of dopamine function by 6-hydroxydopamine lesions or by dopamine receptor antagonists shows that
dopamine is involved in nicotine's discriminative stimulus properties, nicotine-induced facilitation of intracranial self-stimulation,
intravenous nicotine self-administration, nicotine conditioned place-preference and nicotine-induced disruption of latent inhibition.
Therefore, nicotine depends on dopamine for those behavioural effects that are most relevant for its reinforcing properties and are likely
to be the basis of the abuse liability of tobacco smoke. On the other hand, in vivo monitoring studies show that nicotine stimulates
dopamine transmission in specific brain areas and in particular, in the shell of the nucleus accumbens and in areas of the extended
amygdala. These effects of nicotine resemble those of a reward like food except that nicotine-induced release of dopamine does not
undergo single-trial, long-lasting habituation. It is speculated that repeated non-habituating stimulation of dopamine release by nicotine in
the nucleus accumbens shell abnormally facilitates associative stimulus-reward learning. Acute effects of nicotine on dopamine
transmission undergo acute and chronic tolerance; with repeated, discontinuous exposure, sensitization of nicotine-induced stimulation of
dopamine release in the nucleus accumbens core takes place while the response in the shell is reduced. It is speculated that these adaptive
changes are the substrate of a switch from abnormal incentive responding controlled by consequences (action-outcome responding) into
abnormal habit responding, triggered by conditional stimuli and automatically driven by action schemata relatively independent from
nicotine reward. These two modalities might coexist, being utilized aternatively in relation to the availability of tobacco. Unavailability
of tobacco disrupts the automatic, implicit modality of abnormal habit responding switching responding into the explicit, conscious
modality of incentive drug-seeking and craving. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction nicotine. In this short review, | will summarize the experi-
mental evidence, obtained by pharmacological manipula
tions or lesions of dopamine function, and the correlative

evidence, obtained by monitoring changes in dopamine

Nicotine exerts behavioural effects in animals and man
related to its actions as a behavioural stimulus. These

behavioural stimulus properties of nicotine can be distin-
guished into discriminative, whereby nicotine is utilized to
select responses motivated by stimuli and outcomes differ-
ent from nicotine itself, and motivational, where nicotine is
itself the motive of behaviour. Depending on the condition
and previous exposure to the drug, nicotine can act as a
primary reward or as a punisher. Among brain neurotrans-
mitters, dopamine is by far the one, if not the only, to have
been implicated in the behavioura stimulus effects of
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function in behaving subjects administered with nicotine,
that bears a relationship with the role of dopamine in the
behavioural stimulus properties of nicotine. Existing hy-
potheses on how this behavioural role of dopamine can be
trandlated into arole in the addictive properties of nicotine
will be also discussed.

2. Terminology

In the present review, we will utilize the terms depen-
dence and addiction as defined previousdy (Di Chiara,
2000). Thus, dependence will be utilized in a broad sense
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to indicate a generic condition of abnormal control exerted
by the drug over the subject’s behaviour including a milder
condition like drug abuse and a severe condition like
addiction. Addiction in turn, in agreement with O'Brien
(1996) is operationally defined according to DSM-IIIR and
DSM-IV criteria for dependence (American Psychiatic As-
sociation, 1987, 1994). Therefore, the term dependence, as
defined by DSM-I1I and 1V, is replaced by that of addic-
tion and is applied to any condition of drug-seeking that
interferes with normal activities and results in drug-related
problems. Besides this generic use of the term dependence,
we maintain a more specific use to indicate conditions like
physiological, physical and motivational dependence.

Throughout this review, we will distinguish two types
of appetitive, positive reinforcing stimuli: rewards (primary,
either innate or acquired very early in life), and incentives
(secondary, conditioned stimuli acquired by learning of
their predictive association with rewards). Although this
terminology might seem out-dated, we have selected it on
purpose as the most appropriate to describe the motiva
tional response properties of dopamine in the nucleus
accumbens shell. In fact, dopamine transmission in the
shell responds to unpredicted rewards, but not to incen-
tives, thus allowing a clear-cut distinction between these
stimuli (see Section 9).

3. Discriminative stimulus effects

Discriminative stimulus effects of nicotine are demon-
strated by training subjects to explicitly associate the drug
effect to a specific response (e.g., pressing one specific
lever among two) that leads to reinforcement (e.g., food
presentation). Nicotine allows discrimination between the
reinforced and the non-reinforced response. These effects
have been reviewed by Stolerman (1987), Rosecrans (1989)
and more recently by Stolerman (1999) and by Di Chiara
(2000).

Discriminative stimulus properties of nicotine are at-
tributed an important role in tobacco dependence/addic-
tion serving as conditional cues for responding in smoking
behaviour; moreover, it is traditionally thought that dis-
criminative stimulus properties of a drug are the expres-
sion of its subjective effects (Preston and Bigelow, 1991;
Stolerman, 1992; see also Di Chiara, 2000 for a discussion
of more recent findings in animals and humans).

In rats trained with 0.1-0.4 mg/kg, nicotine general-
izes to the nicotine cue with EDg, of 0.036 and 0.14
mg/kg s.c.; smokers can discriminate from saline as little
as 2 g of nicotine given by nasal spray (Perkins et al.,
19%4a—e).

Evidence for a role of stimulation of dopamine trans-
mission in the discriminative stimulus effects of nicotine
comes from studies showing that in rats trained to discrim-
inate nicotine from saline various psychostimulants that

have in common the ability of blocking the dopamine
carrier such as amphetamine, cocaine and cathinone as
well as direct dopamine receptor agonists as apomorphine,
a generic dopamine receptor agonist, and SKF82958, a
dopamine D1 receptor agonist, mimick the nicotine cue
since they dlicit responding on the nicotine lever after
systemic administration (Chance et al., 1977; Stolerman et
al., 1984; Schechter and Meehan, 1993; Mansbach et .,
1998; Gasior et al., 1999). This property extends to ago-
nists of nicotinic receptors other than nicoting; thus, (+)
amphetamine showed as much as 75% drug-appropriate
responding in rats trained either on nicotine or on cytisine,
suggesting that the discriminative stimulus of nicotine
mimicked by amphetamine is fully shared by cytisine
cytisine, however, only partialy generalized (50%) to the
nicotine cue, while nicotine fully generalized to the cyti-
sine cue (Chandler and Stolerman, 1997). Therefore, cyti-
sine seems to reproduce specifically the dopamine-like
component of the nicotine discriminative stimulus.

In animals trained to discriminate amphetamine, co-
caine or cathinone from saline, nicotine generalizes (al-
though partially in some studies) to the nicotine cue (Ando
and Yanagita, 1978; de la Garza and Johanson, 1983,
1985; Reavill and Stolerman, 1987; Schechter and Mee-
han, 1993; Bardo et al., 1997). Therefore, nicotine and
psychostimulants generalize in a partially symmetric fash-
ion to each other's cue, suggesting that they share a
common substrate.

Psychostimulants, however, are known to aso block the
noradrenaline and the 5-hydroxytryptamine reuptake carri-
ers and nicotine does release noradrenaine as well as
5-hydroxytryptamine in brain. Evidence for a role of
dopamine rather than noradrenaline and 5-hydroxytryp-
tamine in the discriminative stimulus properties of nicotine
comes from the observation that the specific dopamine
reuptake blocker GBR12909 at doses of 10-13 mg/kg
maximally generalizes to the nicotine cue by 50% in rats
trained on 0.4 mg,/kg nicotine and by as much as 80% in
rats trained on 0.1 mg/kg nicotine (Gasior et a., 1999).
Previous negative results by Corrigall and Coen (1994a,b)
have been attributed to doses either too low or too high
and therefore at the bottom of the bell-shaped dose—re-
sponse curve of GBR12909 (Gasior et al., 1999).

Further evidence for arole of dopamine in the discrimi-
native stimulus effects of nicotine derives from the obser-
vation that dopamine receptor antagonists active on D2
receptors, as haloperidol and spiperone, and on D1 recep-
tors, as SCH23390, reduce nicotine discrimination (Reavill
and Stolerman, 1987; Corrigall and Coen, 1994ab). In-
deed, a specific role of dopamine D1 receptors in nicotine
discriminative stimulus is suggested also by the high de-
gree (80%) of maximal generalization to the nicotine cue
by the relatively specific D1 agonist SKF82958 (Gasior et
al., 1999) and is consistent also with inhibition by clozap-
ine (Brioni et al., 1994) and by CGS10746B (Schechter
and Meehan, 1992; Gasior et d., 1999), a drug labelled as
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a dopamine-release inhibitor, but more likely an atypical
dopamine-receptor antagonist (see Di Chiara, 2000 for
discussion).

Although clozapine has relatively high affinity for D4
dopamine receptors, a contribution of these receptors to
nicotine discriminative stimulus is excluded by the inactiv-
ity of the more selective D4 antagonist U101,387 (Mans-
bach et al., 1998).

Doubts have been raised on the specificity of the gener-
alization to the nicotine cue by dopamine-receptor agonists
as well as of the reduction of nicotine discrimination by
dopamine-receptor antagonists on the basis of the argu-
ment that these effects are associated to a reduction in
response rate (Corrigall and Coen, 1994ab). This argu-
ment, in turn, has been utilized to de-emphasize a role of
dopamine in the discriminative stimulus effects of nicotine
(Corrigall and Coen, 1994a,b).

This conclusion, however, can be disputed on the fol-
lowing grounds: first, amphetamine, cocaine, GBR12909
and SKF82958 have been shown to generalize to the
nicotine cue also at doses that do not reduce responding
(Gasior et al., 1999); second, nicotine discrimination should
be relatively independent from absolute response rates if
expressed as percentage of nicotine-appropriate respond-
ing.

Therefore, the available evidence indicates that
dopamine contributes in a discrete, but distinct fashion to
the nicotine cue, at least in rats. Studies on the role of
dopamine in nicotine discriminative stimulus in humans,
are notable for their absence. Interestingly, however, co-
caine users refer on cocaine-like effects dicited by intra-
venous nicotine (Henningfield and Goldberg, 1983a,b).

4, Motivational stimulus effects

No evidence does exist that dopamine is involved in the
negative motivational stimulus properties of nicotine (i.e.
aversive and punishing effects). Although this negative
conclusion cannot be taken as evidence, it is at least
consistent with the idea that dopamine is eventualy in-
volved in the adaptation to aversive states and stimuli, but
not in their mediation (Di Chiara, 1999).

As to the positive motivational effects of nicotine,
evidence has been provided for a role of dopamine in the
effects of nicotine on intracranial self stimulation, in intra-
venous nicotine self-administration and in nicotine-induced
place-preference.

4.1. Intracranial self-stimulation

Nicotine lowers current threshold for intracranial self-
stimulation in the rat (Huston-Lyons and Kornetsky, 1992;
Bauco and Wise, 1994; lvanova and Greenshaw, 1997).
This effect is attenuated by pimozide at doses which,

however, by themselves increase threshold for intracranial
self-stimulation (Huston-Lyons et al., 1993); more re-
cently, lvanova and Greenshaw (1997) have reported that
haloperidol, at doses that do not affect per se intracranial
self-stimulation, completely prevent the threshold-lowering
effect of nicotine.

Since the threshold-lowering effect of nicotine on in-
tracranial self-stimulation is indicative of a facilitatory
influence on intracranial self-stimulation-reward (Bauco
and Wise, 1994), these results can be taken to indicate that
dopamine is important for the facilitatory effect of nicotine
on intracranial self-stimulation-reward.

4.2. Intravenous self-administration

Nicotine is self-administered intravenously by animals
and humans under selected conditions that meet current
criteria for reinforcement (see Di Chiara, 2000 for a recent
review; Corrigall, 1999).

Evidence for arole of dopamine in nicotine self-admin-
istration comes from lesion studies of dopamine neurons
performed with 6-hydroxydopamine, systemic administra-
tion of neuroleptics and intracranial infusion of nicotinic
receptor blockers. Singer et al. (1982a) studied the effect
of 6-hydroxydopamine lesions of the nucleus accum-
bens/ventral striatum on the acquisition of nicotine self-
administration induced by a scheduled presentation of food
pellets (45 mg, one every 60 s) to rats kept on a lean
feeding regimen. Lesioned rats did not acquire, in contrast
to sham-lesioned ones, self-administration behaviour; how-
ever, the specificity of this effect is uncertain due to the
fact that rats were alowed only 2 days to recover from
6-hydroxydopamine lesions and no control for non-specific
performance impairment was provided. Also problematic
is the specificity of the self-administration behaviour ob-
tained by this procedure as an expression of nicotine
reinforcement, given the fact that under the same condi-
tions, a variety of other behaviours are adjunctively pro-
moted (e.g., drinking, wheel running, self-administration
of other drugs of abuse, etc.) (Falk, 1971; Singer et al,
1982b). However, food restriction is often utilized as a
means to facilitate acquisition of drug self-administration
(Carroll et al., 1989), including nicotine self-administration
(Corrigall and Coen, 1989). This, coupled to the compul-
sive nature of adjunctive behaviour, to its dependence on
dopamine innervations of the nucleus accumbens (Robbins
and Koob, 1980) and to the fact that only reinforcing
activities are adjunctively expressed, might signify that
drug self-administration is homologous to adjunctive be-
haviour, a hypothesis advocated by Singer et al. (1982b)
and entertained also by other authors (Gilbert, 1978;
Sanger, 1986). Given these considerations, the uncertain
specificity of the lesion-induced impairment rather than the
procedure utilized for inducing nicotine self-administration
make the study of Singer et al. (1982a) inadequate to
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provide evidence for a role of dopamine in nicotine rein-
forcement. This problem, however, affects also subsegquent
studies on the effect of 6-hydroxydopamine lesions on
nicotine reinforcement.

Corrigall et al. (1992) have studied the effect of 6-hy-
droxydopamine lesions of the nucleus accumbens/ventral
striatum on nicotine self-administration in rats that had
aready acquired stable rates of responding for the drug.
Rats were tested for nicotine self-administration 4-5 days
after intra-accumbens 6-hydroxydopamine. Lesioned rats
showed a reduction of responding for nicotine, but also for
food on a similar schedule of reinforcement. This observa-
tion might suggest that the effects of 6-hydroxydopamine
lesions on nicotine self-administration are non-specific,
being due to a performance effect rather than to an effect
on the rewarding properties of nicotine. Corrigall et al.
(1992) have offered a number of arguments to exclude this
possibility, but this uncertainty remains also in considera-
tion of the fact that other studies have shown that 6-hy-
droxydopamine lesions of the ventral striatum impair co-
caine self-administration, but leave intact responding for
food as well as for morphine (Petitt et al., 1984; Caine and
Koob, 1994). Differences in the degree of food restriction
and in baseline rates of responding for food as well as in
degree of lesion [Corrigall et al. (1992) infused 12 pg of
6-hydroxydopamine in rats pretreated with a monoamine-
oxidase inhibitor, while Caine and Koob (1994) infused
only 4 g in unpretreated animals] might account for these
discrepancies. Further studies are needed to clarify this
important issue.

The effect of systemic dopamine-receptor antagonists
specific for D1-like (SCH23390) and for D2-like receptors
(spiperone) on intravenous nicotine self-administration has
been studied in rats by Corrigall and Coen (1991a,b).
Dopamine-antagonists induced a dose-related, extinction-
like intrasession reduction of responding for nicotine self-
administration, suggestive of an impairment of the rein-
forcing properties of nicoting; only at higher doses
SCH23390 impaired responding from the beginning of the
session, an effect suggestive of a non-specific performance
effect. This effect of dopamine-receptor blockers resem-
bles that observed by Wise (1982) and interpreted by Wise
himself in terms of reduction of reward-induced hedonia
(anhedonia hypothesis) and, later on, of incentive/activa-
tional properties of reinforcers.

More recently, an interpretation of the extinction-like
effect of dopamine-receptor antagonists in terms of impair-
ment of associative stimulus-reward learning has been also
provided (Di Chiara, 1999).

In the studies by Corrigall and Coen (1991a,b), simi-
larly to those of Wise (1982), dopamine-receptor blockers,
at doses that impair responding for nicotine also impair
responding for food on an operant schedule identical to
that utilized for nicotine and in an extinction-like fashion
similar to that observed for nicotine (Corrigall and Coen,
1991a,b).

This observation, again, raises the problem of speci-
ficity. However, it is also possible that the general effects
on reinforcement observed after experimental manipula
tions of dopamine transmission are the result of a genera
involvement of dopamine at different steps in the acquisi-
tion, maintenance and expression of rewarded behaviour
(see Di Chiara, 1999 for discussion).

That this might be the case is strongly suggested by the
observation, again by Corrigall et al. (1994), that intra-teg-
mental infusion of dihydro-g-erythroidine in the area of
origin (but not in the area of termination) of dopamine
neurons projecting to the ventral striatum reduces selec-
tively nicotine self-administration as responding for co-
caine or food is left intact.

From these observations, one can draw the conclusion
that nicotine reinforcement results from an action of nico-
tine on nicotinic receptors located proximally on dopamine
neurons or in their vicinity and activating dopamine trans-
mission in terminal areas of the dopamine mesolimbic
system. Thus, nicotine appears to activate an input on
dopamine neurons that makes nicotine itself reinforcing.

Recently, Picciotto et al. (1998) have reported that
mutant mice lacking the B2 subunit of the nicotinic acetyl-
choline receptor do not self-administer nicotine and do not
show a stimulatory dopamine response to nicotine esti-
mated by in vitro patch-clamp recording of dopamine units
in the ventral tegmental area or by in vivo monitoring of
extracellular dopamine by microdiaysis. Although these
results are consistent with a role of dopamine in the
reinforcing properties of nicotine, the fact that the B2
subunit is the most diffuse among neurona nicotinic
acetylcholine receptors subunits (Wada et a., 1989) makes
this evidence equivalent to that obtained by an antagonist
of nicotinic acetylcholine receptors such as dihydro-B-
erythroidine that is regarded to preferentialy block a4 B2
receptors (Alkondon et al., 1994).

In contrast with the relative variety of studiesin animals
on the role of dopamine in nicotine reward and reinforce-
ment, no studies made with pure nicotine are available in
humans. Therefore, only studies with cigarette smoking
can be considered.

The effect of haloperidol on cigarette smoking in hu-
mans has been studied both in normal volunteers (Dawe et
al., 1995) as well as in schizophrenic patients (McEvoy et
al., 1995). These studies are concordant in reporting an
increase in nicotine self-administration expressed by blood
nicotine (Dawe et al., 1995) and by smoking behaviour
(McEvoy et a., 1995) after haloperidol as compared to
placebo. In normal smokers, the increase in nicotine intake
took place without any reported change in subjective mea-
sures of smoking satisfaction or craving. Therefore, there
seems to be a difference between humans and rats in the
behavioural response to dopamine receptor blockade: com-
pensatory increase in humans, reduction in rats. Differ-
ences in the route of administration might be relevant for
these differences, as neuroleptics might reduce the stimu-
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lus properties of nicotine given intravenously, but not
those of smoked nicotine, which might exert peripheral
stimulus effects by a direct action on the upper respiratory
tract. As pointed out by Rose and Corrigall (1997), parallel
studies in men with intravenous nicotine would be useful
to clarify this point.

4.3. Conditioned place-preference

Animals, just like humans, prefer and approach environ-
ments that have been repeatedly paired to stimuli with
positive motivational properties. Drugs of abuse induce
preference for that compartment among two that has been
repeatedly paired to their effects (conditioned place-prefer-
ence) (Carr et a., 1989). Experimental conditions can be
adjusted to differentiate the two compartments of the
apparatus for place-preference not only for their sensory,
but also for their motivational properties, thus introducing
a preference bias for one compartment over the other.
Even in conditions where no bias for a specific compart-
ment is present in the whole subject population, a small
individual bias can still be shown (Acquas and Di Chiara,
1994).

Nicotine exerts opposite motivational effects that has
made it difficult to demonstrate robust place-preference of
the kind shown by other drugs of abuse like morphine and
amphetamine. However, in spite of negative results (Clarke
and Fibiger, 1987; Parker, 1992) and even reports of
conditioned place-aversion (Jorenby et al., 1990), prefer-
ence has been reported with nicotine at doses of 0.1-0.8
mg,/kg under biased (Fudala and lwamoto, 1986; Fudala
et al., 1985; Acquas et al., 1989; Carboni et a., 1989a,b;
Calcagnetti and Schechter, 1994) and unbiased conditions
(Horan et d., 1997; Dewey et d., 1999; Spina et a., in
preparation).

The effect of the dopamine D1 receptor antagonist
SCH23390 on the acquisition of nicotine-induced place-
preference has been studied under biased (Acquas et al.,
1989) and unbiased conditions (Spina et a., in preparation)
with fixed pairing of nicotine with the less preferred
compartment. Doses of 0.05 mg/kg s.c. of SCH23390
given in both compartments prevented the acquisition of
place-preference induced by nicotine (0.6 mg/kg s.c.)
under biased conditions (Acquas et al., 1989). SCH39166
(0.012-0.025 mg/kg s.c.), a more selective antagonist of
D1 receptors than SCH23390, impairs acquisition of
place-preference conditioned by nicotine (0.6 mg/kg s.c.)
in unbiased conditions (Spina et d., in preparation).

SCH23390, while preventing acquisition of nicotine-
conditioned place-preference, fails to affect its expression,
consistent with the idea that dopamine is important for
reinforcement and, more specifically, for stimulus-reward
learning (Di Chiara, 1999) rather than for expression of
incentive-motivation (Horvitz and Ettenberg, 1991; McFar-
land and Ettenberg, 1995).

5. Locomotion

Nicotine dlicits biphasic inhibitory—stimulatory effects
on locomoation in a basdline-dependent fashion (see Di
Chiara, 2000 for review).

Evidence for a role of dopamine of the mesolimbic
system in the locomotor stimulant effects of nicotine de-
rives from three different approaches. 6-hydroxydopamine
lesion of dopamine neurons (Clarke et al., 1988ab; Louis
and Clarke, 1998), blockade of dopamine receptors by D1
and D2 receptor antagonists (Walter and Kuschinsky, 1989;
Corrigall and Coen, 1991ab; O'Neill et al., 1991) and
blockade of nicotinic receptors in the area of origin of
mesolimbic dopamine neurons by local infusion of dihy-
dro-B-erythroidine, a competitive antagonist of nicotinic
receptors (Corrigall et al., 1994). These manipulations
reduce the locomotor stimulant effects of nicotine.

Consistent with this evidence are the reports of stimula-
tion of locomotion in the rat after local infusion of nicotine
(Reavill and Stolerman, 1990; L eikola-Pelho and Jackson,
1992; Nisell et al., 1994a; Panagis et a., 1996) and
cytisine (Museo and Wise, 1990b, 1995) in the ventral
tegmentum. In spite of the fact that locomotion can be
obtained also by infusion of cytisine in the nucleus accum-
bens (Museo and Wise, 1990a; Wise et al., 1995ab),
intra-accumbens infusion of dihydro-B-erythroidine fails to
affect locomotion stimulated by nicotine (Corrigall et 4.,
1994). Negative results by Vezina et a. (1994) after
infusion of the 6-hydroxydopamine into the nucleus ac-
cumbens are contradicted by the positive ones of Louis
and Clarke (1998).

Issues of specificity can be raised also for the effect of
experimental manipulations of dopamine transmission on
nicotine-induced hypermotility, as both dopamine receptor
blockers and 6-hydroxydopamine lesions can reduce spon-
taneous locomotion; however, 6-hydroxydopamine lesions
of the nucleus accumbens that reduce nicotine locomotion
do not affect spontaneous activity (Clarke et al., 1988b).
Similar observations have been reported with dopamine-re-
ceptor antagonists (O'Neill et al., 1991). These observa
tions are notable in view of the fact that drug-conditioned
locomotion (Beninger, 1983), expression of conditioned
place-preference, conditioned running in a straight aley
(Horvitz and Ettenberg, 1991; McFarland and Ettenberg,
1995) and conditioned reinforcement (Robbins, 1975) are
not impaired by dopamine-receptor antagonists nor by
6-hydroxydopamine lesions. This contrasts with the effec-
tiveness of the same experimental manipulations in pre-
venting the facilitation of these responses by agonists or by
drugs that release dopamine, including nicotine. It appears
therefore that the mechanism by which conditional stimuli
elicit behavioural responses is quite different from that by
which drugs of abuse elicit behavioural effects. This differ-
ential dopamine dependence of drug-induced behavioura
effects and conditional non-drug responses has been over-
looked by some theorists; as a matter of fact, the dopamine
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dependence of drug-induced behaviour has been the basis
for implicating dopamine in responding to conditional
stimuli and for envisioning it as the substrate of the
incentive properties of these stimuli (Wise, 1982; Robin-
son and Berridge, 1993). However, the similarity between
dopamine-dependent behavioural effects of drugs and
spontaneous behavioural responses to stimuli is only super-
ficial. On the other hand, mechanisms such as that postu-
lated by Robinson and Berridge (1993), envisioning a
phasic role of dopamine released in the nucleus accumbens
in response to conditional stimuli, in mediating the incen-
tive-motivational properties of these stimuli, are not sup-
ported by direct measurements of dopamine transmission
by brain microdialysis following presentation of stimuli
conditioned to food or to a self-administered drug (cocaine)
(Neisewander et al., 1996; Bassareo and Di Chiara, 1997).

6. Latent inhibition

Latent inhibition (LI) describes the circumstance that
pre-exposure to a given stimulus without consequences
impairs the ability of the same stimulus to be conditioned
by a primary reinforcer (either aversive or rewarding).

Nicotine, like amphetamine, abolishes latent inhibition
in rats, an effect reversed by haloperidol (Joseph et al.,
1993). In humans, an effect of nicotine on latent inhibition
has not been demonstrated (Thornton et al., 1996).

The effect of nicotine takes place during conditioning
rather than pre-exposure and this has been interpreted as a
reflection of arole of dopamine in switching of associative
processing of the motivational representation of the stimu-
lus from the motivationally neutral condition of pre-ex-
posure to the meaningful one of reinforcement (Weiner,
1990). Other explanations, however, have been provided
(Killcross et d., 1994a,b).

Whatever the mechanism, the effect of nicotine on
latent inhibition adds to the effects of nicotine that are
dependent upon an intact dopamine transmission.

7. Dopamine transmission
7.1. Acute effects in nicotine-naive subjects

Nicotine acutely stimulates dopamine transmission after
systemic administration in rats naive to nicotine.

The most direct and specific method available for esti-
mating dopamine transmission in vivo is by monitoring
endogenous dopamine in the extracellular fluid by micro-
diaysis (Di Chiara 1990; Di Chiara et a., 1996a,b). Nico-
tine increases dopamine in dialysates at doses of 0.1-0.6
mg/kg s.c. and 0.05 mg/Kkg i.v. depending on the area
where dopamine transmission is monitored. The areas most
sensitive to the dopamine-stimulant effect of acute nicotine
are the nucleus accumbens shell (Pontieri et a., 1996) and
the bed nucleus of the stria terminalis (Carboni et al.,

2000a,b), two areas that show homologies related to their
link with the so-called ‘‘extended amygdala’ (Heimer et
al., 1991) (Fig. 1). Doses of nicotine that are threshold for
activation of dopamine transmission in these areas are
ineffective in other terminal dopamine areas, namely, dor-
sal striatum, prefrontal cortex and core of the nucleus
accumbens. Some studies have failed to observe a stimula-
tion of dopamine release by nicotine in the nucleus accum-
bens of rats naive to nicotine (Benwell and Balfour, 1992;
Reid et al., 1996), in contrast with most of the literature
(see Di Chiara, 2000 for review). According to the same
group, repeated exposure to a schedule of nicotine that
induces behavioural sensitization makes nicotine effective
in stimulating dopamine release in the nucleus accumbens
under conditions under which it would be otherwise inef-
fective in nicotine-naive rats (Benwell and Balfour, 1992).
Other authors have reported just the opposite: stimulation
of dopamine release by nicotine in the nucleus accumbens
of nicotine-naive rats, but no sensitization to nicotine
(Nisdll et al., 1996).

These contrasting results can be explained as the result
of the shell /core heterogeneity in the responsiveness of
dopamine transmission in the nucleus accumbens to nico-
tine coupled to differentia changes in the responsiveness
of the shell versus core to repeated exposure to the drug.
Evidence for this possibility has been recently provided by
us (Cadoni and Di Chiara, 2000). Thus, in rats naive to
nicotine and repeatedly administered with saline, nicotine
(0.4 mg/kg s.c.) increased diaysate dopamine in the shell,
but not in the core of the accumbens. In rats given nicotine
(0.4 mg /kg s.c.) for 4 days, challenge with the same dose
of nicotine resulted in potentiation of its dopamine-stimu-
lant effect in the core and reduction in the shell (Fig. 2).
Therefore, repeated exposure to nicotine induces reciprocal
changes in the responsiveness of dopamine transmission in
the two subdivisions of the nucleus accumbens. sensitiza-
tion in the core, tolerance in the shell (Cadoni and Di
Chiara, 2000). This property of nicotine, in turn is com-
mon to other drugs of abuse; thus, exposure to a schedule
of morphine, cocaine or amphetamine that induces be-
havioural sensitization results in reciprocal adaptive
changes in drug-responsiveness of dopamine transmission
in the shell and in the core of the nucleus accumbens
similar to those induced by repeated exposure to nicotine
(Cadoni and Di Chiara, 1999, 2000; Cadoni et al., 2000).
Although the relationship between these changes and the
stimulant actions of nicotine on behaviour is unknown,
these observations are consistent with two major properties
of the dopamine-stimulant effects of nicotine: their topo-
graphic specificity and their similarity with other drugs
provided with reinforcing properties and abused by hu-
mans. In fact, most drugs of abuse, like nicotine, preferen-
tially stimulate dopamine transmission in the nucleus ac-
cumbens of drug-naive rats (Di Chiara and Imperato,
1988), and in particular, in its shell (Pontieri et al., 1995,
1996; Tanda et al., 1997a,b).
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Fig. 1. The striatal complex, nucleus accumbens subdivisions (shell and core) and the extended amygdala. Reproduced with permission from Heimer et al.

(1991) with modifications.

7.2. Mechanism of the acute dopamine-stimulant effect of
nicotine

The mechanism by which nicotine increases dopamine
transmission in the nucleus accumbens is likely to be a
complex one. The principal mechanism might be a proxi-
mal being related to stimulation of the frequency of spike-
generation (firing) in dopamine neurons and to an increase
in the proportion of burst-firing. This mode is most effi-
cient for transmitter release and synaptic transmission;
dopamine neurons, in contrast to other monoaminergic
neurons, possess this modality, indicative of the ability of
dopamine transmission to respond not only tonically, but
also phasically to stimuli.

Nicotine elicits these changes both in vivo, as shown by
extracellular single-unit recording, as well as in vitro, as
shown by intracellular recording in mesencephalic slices.
Comparative dose-response studies showed A10 neurons
to be more sensitive than A9 neurons to the stimulant
action of nicotine (Mereu et a., 1987), consistent with the
preferential stimulant effects of nicotine in the nucleus
accumbens (innervated by A10 neurons) shown by micro-
dialysis studies (Imperato et a., 1986; Pontieri et 4.,
1996).

In vitro studies have provided evidence on the receptor
mechanism by which the effects of nicotine on dopamine
neurons could take place. Thus, pressure injection of
acetylcholine on ventral tegmental area neurons in vitro

showed two components, a fast one, peaking in about 30
ms, and a slower one, peaking in about 50 ms. These two
components had different pharmacological properties and
resistance to desensitization. Thus, the fast component was
sensitive to a-bungarotoxin and methyllicaconitine-bloc-
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Fig. 2. Effect of chronic infusion of nicotine by osmotic minipumps and
of mecamylamine challenge (1 mg/kg s.c.) on dialysate dopamine in the
nucleus accumbens shell. Values are means+ SEM of the data obtained in
at least six animals expressed in fmol /20 wl sample. Closed symbol:
p < 0.05 from basal. *p < 0.05 from the correspondent value of sham-im-
planted rats; #p < 0.05 from the correspondent value of saline in nico-
tine-implanted rats (modified with permission from Carboni et al., 2000a).
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kade, but not to mecamylamine blockade and more prone
to desensitization than the slower, mecamylamine-sensitive
component. These properties have led to the assignment of
the fast component to «7-containing nicotinic acetyl-
choline receptors and of the slow component to an «3/a4
B2 nicotinic acetylcholine receptor (Pidoplichko et al.,
1997).

These observations suggest the existence of post-syn-
aptic non-a7 as well as a7-containing nicotinic acetyl-
choline receptors mediating the acute stimulant effect of
nicotine on dopamine neurons of the ventral tegmental
area. Indeed, mRNA for most subunits of neuronal nico-
tinic acetylcholine receptors have been shown to be ex-
pressed by dopamine neurons, namely, a2, a3, a4, a5,
a6, 32 and B3 subunits (Deneris et al., 1989; Wada et 4.,
1989, 1990; Dineley-Miller and Patrick, 1992; LeNovere
et al., 1996); moreover, an association of B2 (Swanson et
al., 1987; Hill et d., 1993), a6 (Goldner et al., 1997) and
a4 subunits (Sorenson et a., 1998; Arroyo-Jimenez et d.,
1999) with tyrosine-hydroxylase-positive neurons of the
substantia nigra and ventral tegmental area has been shown
by light and electron microscopic immunohistochemistry;
on the other hand, mMRNA for «7 subunits has been
reported to be expressed by ~ 50% of dopamine neurons
in the rats substantia nigra and ventral tegmental area
(Azam et al., 1999).

Nicotinic receptors might influence the activity of
dopamine neurons also in an indirect manner, by promot-
ing release of an excitatory transmitter (glutamate) onto
dopamine neurons through an action on presynaptic o7-
containing nicotinic receptors. The evidence for this mech-
anism is indirect: thus, the ability of local intra-tegmental
infusion of methyllicaconitine to reduce nicotine-induced
release of dopamine in the nucleus accumbens, implicates
an a7-containing receptor (Schilstrom et al, 1998a,b), not
necessarily a presynaptic receptor; indeed, the a7 recep-
tors demonstrated to date in relation to dopamine neurons
are localized post-synaptically on the dopamine neurons
themselves rather than presynapticaly on terminals im-
pinging on them (see above and Pidoplichko et al., 1997);
similarly, the ability of glutamate antagonists infused in
the ventral tegmentum to impair nicotine-induced release
of dopamine in the nucleus accumbens is not necessarily
indicative of a presynaptic mechanism (Schilstrom et al.,
1998a; Svensson et al., 1998).

Distal mechanisms, related to an action of nicotine in
terminal dopamine areas, have also been implicated in the
mechanism of the stimulant action of nicotine on dopamine
transmission. Two possibilities have been envisioned, a
direct presynaptic action of nicotine on dopamine termi-
nals or an indirect action via nicotinic receptors located on
terminals impinging on dopamine neurons (see Wonnacott,
this volume). Although nicotinic acetylcholine receptors
controlling dopamine release have been demonstrated also
in synaptosomes from the nucleus accumbens, most stud-
ies, for obvious practical reasons, have been performed in

whole striatal preparations; instead, in vivo studies have
been performed mainly in the nucleus accumbens (if not in
its shell subdivision), given the relative insensitivity of
neo-striatal (dorsal striatal) dopamine transmission to sys-
temic nicotine; because of this, the relationship between
the studies made in striatal in vitro preparations and the in
vivo effects of nicotine is obscure; this, in turn, makes it
difficult to utilize in vitro dopamine release studies as a
basis for explaining the mechanism of the in vivo effects
of nicotine on dopamine transmission.

An indirect test of the role of distal mechanisms, how-
ever, is offered by studies on the effect of local infusion of
nicotinic antagonists on the release of dopamine in the
nucleus accumbens after systemic administration of nico-
tine. In these studies, nicotine effects were impaired by
intrartegmental, but not intra-accumbens mecamylamine
(Nisdll et al., 1994b). Recently, it has been reported that
intra-accumbens «-bungarotoxin, a selective blocker of
a7-containing nicotinic acetylcholine receptors, reduces
the release of dopamine stimulated by systemic nicotine in
this area (Fu et al., 1999a,b). This issue, therefore, awaits
clarification.

Among other mechanisms that might contribute to the
effects of nicotine on dopamine transmission in vivo, the
possibility of an impairment of dopamine-reuptake by
nicotine, reported by Izenwasser et al. (1991) in vitro, is
unlikely, given the observation that the clearance of
dopamine in the nucleus accumbens in vivo is increased
rather than decreased by nicotine (Ksir et al., 1995).

In light of the results of studies directly estimating
dopamine transmission in vivo by microdialysis, earlier
reports of stimulation by nicotine of the synthesis,
metabolism and turnover in terminal areas of the mesolim-
bic system (reviewed by Di Chiara, 2000) can be explained
as secondary to stimulation of the exocytotic release of
dopamine from the terminals of mesolimbic dopamine
neurons.

In conclusion, nicotine acutely stimulates the release of
dopamine, estimated by brain microdialysis, specificaly in
the nucleus accumbens shell /extended amygdala at doses
that are well in the range of those self-administered intra-
venously in rats (around 0.05 mg/kg). At higher doses,
dopamine release is increased aso in the dorso-latera
caudate—putamen and in the prefrontal cortex.

The main mechanism of these acute effects appears to
be the activation of non-a7- as well as a7-containing
nicotinic acetylcholine receptors with resulting depolariza-
tion of dopamine neurons and firing of action potentials.
This primary action might be modulated at the somato-
dendritic region by an N-methyl-p-aspartate input on
dopamine neurons, eventually facilitated by a presynaptic
action of nicotine on glutamate terminals (see above),
which promotes burst firing. An action of nicotine on
presynaptic receptors in the terminal regions of dopamine
neurons might further modulate dopamine transmission by
affecting the efficiency of stimulus-secretion coupling
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rather than by directly releasing dopamine. The notion that
the primary action of nicotine on dopamine transmission is
mediated by non-a7 nicotinic acetylcholine receptors is
indirectly confirmed by the observation of Picciotto et al.
(1998) that mutant mice not expressing the B2 subunit of
the nicotinic acetylcholine receptor (which is not known to
associate with o7 subunits) also do not show a stimulatory
dopamine response to nicotine both in vivo, estimated by
microdialysis as well as in vitro, by electrophysiology.

7.3. Tolerance and sensitization

Exposure to nicotine elicits changes in the functional
responsiveness of nicotinic receptors to the agonist (de-
sensitization, inactivation) that are regarded as the sub-
strate of changes in pharmacological effects genericaly
indicated as tolerance since it consists a decrease in the
potency of nicotine in €liciting the same effects. Exposure
to nicotine, however, can also result, depending on the
experimental conditions, in an apparent increase in drug
response (sensitization). The effects of nicotine on
dopamine transmission can similarly undergo tolerance or
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sensitization depending on the schedule of exposure to
nicotine. This complex topic has been recently reviewed
(Di Chiara, 2000) and will be only summarized here.

Single doses of nicotine induce reversible acute toler-
ance to nicotine-induced release in the nucleus accumbens
that is maximal after 1 h and is lost by 3 h after nicotine
(Maisonneuve et d., 1997). This time-course explains the
failure of some studies to observe tolerance between doses
of nicotine repeated over 24 h (Damsma et al., 1989;
Nisell et al., 1996).

Continuous exposure to nicotine for 9 days by adminis-
tration via subcutaneous osmotic minipumps results in
higher than control levels of dopamine in nucleus accum-
bens dialysates; mecamylamine administration reversibly
reduced dopamine levels to control values with a time-
course compatible with mecamylamine kinetics (Blackburn
et al., 1992; Carboni et a., 2000a) (Fig. 3). These results
indicate that, even in the presence of levels of nicotine
well above those sufficient to induce full desensitization of
nicotinic acetylcholine receptors, chronic exposure to nico-
tine does not result in complete tolerance to nicotine-in-
duced stimulation of dopamine release in the nucleus
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Fig. 3. Behaviora and biochemical effects of nicotine challenge (0.4 mg/kg s.c.) in rats pretreated with saline or nicotine. Left panels show the effect of
nicotine on behavior of saine (unfilled bars) and nicotine (hatched bars) pretreated rats. Results are expressed as means + SEM of the percentage of time
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test (modified with permission from Cadoni and Di Chiara, 2000).
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accumbens. These results are apparently at variance with
those of Hildebrand et al. (1997) who, under similar
conditions, did not obtain a significant increase of dialysate
dopamine. However, closer examination of the data reveals
that dopamine levels were actually increased (61% over
control values) not less than in the study of Carboni et al.
(2000a) (51% over control values) although not signifi-
cantly; the smaller size of the sample (N =9) utilized in
the study of Hildebrand et al. (1997) compared to that of
Carboni et al. (2000a) (N =20) could have made the
difference.

Repeated exposure to nicotine by once-a-day adminis-
tration of 0.4 mg/kg for 5 days results in behavioura
sensitization and in sensitization to the dopamine stimu-
lant-effect of nicotine in the nucleus accumbens (Benwell
and Balfour, 1992). It will be recalled (see above) that
these authors consistently failed to observe stimulation of
dopamine release by nicotine in the nucleus accumbens of
control rats and that these observations are at variance with
most studies showing a stimulation of dopamine release in
the nucleus accumbens of nicotine-naive rats. In contrast,
Nisell et al. (1996), using a longer lasting (12 days) single
daily schedule of nicotine exposure have not observed a
sensitization of dopamine release in the nucleus accum-
bens by microdialysis in freely moving rats, and Nisdll et
al. (1997a,b) actually obtained tolerance after the same
schedule both in the shell and in the core of the nucleus
accumbens of rats pretreated with a monoamine-oxidase
inhibitor and monitored by voltammetry.

These discrepancies have been explained as due to
differences in the adaptive changes induced by repeated
nicotine exposure in the two subdivisions of the nucleus
accumbens. Thus, repeated nicotine exposure with the
same schedule utilized by Benwell and Balfour (1992),
results in sensitization in the core and tolerance in the shell
(Cadoni and Di Chiara, 2000). An additional factor in this
process is probably the duration and the schedule of the
exposure to nicotine. Thus, while chronic tolerance is more
likely to be induced by continuous and prolonged exposure
to nicotine, sensitization is normally induced by intermit-
tent exposure to nicotine. Nonetheless, continuous expo-
sure to nicotine at doses that result in tolerance to
nicotine-induced sensitization of dopamine release in the
nucleus accumbens, induces itself a sengtization that is
expressed as soon as chronic tolerance wears off (Benwell
et a., 1995); therefore, tolerance and sensitization of nico-
tine-induced stimulation of dopamine release in the nu-
cleus accumbens are distinct adaptive changes that com-
pete and require different conditions for expression al-
though they can be induced by the same schedule of
nicotine exposure.

7.4. Dependence

The ability of chronic exposure to nicotine to induce
dependence of dopamine transmission is debated. Thus,

Hildebrand et a. (1997) have recently reported that chal-
lenge with mecamylamine of rats implanted with subcuta-
neous osmotic minipumps delivering about 10.27
mg/kg,/day of nicotine tartrate results in a reduction of
dopamine in nucleus accumbens dialysates not only in
comparison with pre-mecamylamine values, but also with
a control group not infused with nicotine. In contrast,
Carboni et al. (2000a) observed a reversible reduction of
dialysate dopamine in the nucleus accumbens compared to
pre-mecamylamine values, but not to saline-infused con-
trols. Failure to observe a reduction of dopamine output
after mecamylamine cannot be due to an insufficient de-
gree of dependence or of withdrawal as mecamylamine
was effective in precipitating a physical withdrawal syn-
drome and increased dopamine in the prefrontal cortex
(Carboni et al., 2000a); the reason for these discrepancies
is unclear.

The negative results obtained by Benwell et al. (1995)
upon removal of nicotine minipumps are not significant
given the fact that this group also obtained negative results
after acute nicotine in naive subjects (see above).

As to other terminal dopamine areas, mecamylamine-
precipitated withdrawal has been reported to be associated
to reduction of dialysate dopamine in the central amygdala,
an area included in the extended amygdala (Svensson et
al., 1998) and in the prefrontal cortex (Carboni et 4.,
2000a). As nicotine does not reduce dopamine release in
the prefrontal cortex in naive subjects, and in view of the
particular sensitivity of dopamine transmission in the pre-
frontal cortex to motivational stimuli, including aversive
one (Di Chiara et al., 1999), these changes should be
viewed as the result of the motivational aversive state of
abstinence rather than of a dependence state of mesocorti-
cal dopamine neurons after chronic nicotine exposure.

8. Commonalities between nicotine and other depen-
dence-producing drugs

Nicotine shares with non-psychostimulant drugs as nar-
cotic analgesics, delta-9-tetrahydrocannabinol and ethanol
the ability of stimulating dopamine transmission preferen-
tialy in the shell of the nucleus accumbens by activating
dopamine neurons that project to this area (Di Chiara,
1995, 1998, 1999). Psychostimulant drugs like am-
phetamine, cocaine and phencyclidine preferentially stimu-
late dopamine transmission in the shell, but reduce the
firing activity of dopamine neurons as a result of an
interference with the dopamine reuptake carrier, accumula
tion of dopamine extracellularly and stimulation of
dopamine autoreceptors.

Nicotine resembles non-psychostimulant drugs aso for
the dependence of its dopamine-stimulant property upon
an endogenous tone on p-opioid receptors (Tanda and Di
Chiara, 1998) and on 5HT,-receptors (Carboni et al.,
1989a).
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Finally, repeated exposure to nicotine induces adaptive
changes such as tolerance, and sensitization, in the level of
dopamine in the shell and in the core of the nucleus
accumbens that resemble those of other drugs of abuse.

8.1. Specificity of the stimulation of dopamine transmission
in the nucleus accumbens shell by addictive drugs

The property of addictive drugs of stimulating dopamine
transmission in the nucleus accumbens shell is specific in
many respects. Thus, caffeine, a drug with psychostimulant
and rewarding properties, but devoid of addictive proper-
ties dose-dependently increases dialysate dopamine in the
prefrontal cortex, but is ineffective on dopamine transmis-
sion in the nucleus accumbens shell or core. The effect of
caffeine on dopamine transmission in the prefrontal cortex
might be secondary to its psychostimulant properties, which
in turn might be the result of blockade of A, and A,
adenosine receptors in limbic areas. Given the lack of
addictive properties of caffeine (American Psychiatric As-
sociation, 1994), its failure to stimulate dopamine trans-
mission in the nucleus accumbens shell is consistent with a
role of nucleus accumbens shell dopamine in the depen-
dence-liability of drugs.

Apart from psychostimulants, addictive drugs do not
increase dopamine transmission in the prefrontal cortex.
Thus, non-psychostimulant drugs including morphine,
ethanol and nicotine, at doses which fully stimulate
dopamine transmission in the nucleus accumbens shell, do
not increase dopamine transmission in the media pre-
frontal cortex where mesocortical dopamine neurons termi-
nate (Bassareo et al., 1996). Cocaine and amphetamine,
however, increase dialysate dopamine in the prefrontal
cortex even more effectively than in the nucleus accum-
bens shell (Tanda et a., 1997b). The increase in extracellu-
lar dopamine in the prefrontal cortex induced by cocaine
and amphetamine, however, is not due to an action on the
dopamine carrier (as in the nucleus accumbens) but to
blockade of the noradrenaline carrier, as shown in vivo by
the concurrent increase of noradrenaline in the prefrontal
cortex (Tanda et al., 1997b). GBR12909, a blocker of the
dopamine carrier devoid of action on the noradrenaline
carrier, while fully increasing dopamine in the nucleus
accumbens, is ineffective in raising extracellular dopamine
in the prefrontal cortex. Moreover, under selective block-
ade of the noradrenaline carrier by desipramine through
reverse dialysis, cocaine fails to increase dopamine in the
prefrontal cortex (Tanda et al., 1997b). These observations
are explained by the 100 times difference in the ratio of
noradrenaline terminals to dopamine terminals in the pre-
frontal cortex as compared to the NAc (Pakovits, 1979)
and by the high efficiency (4 times more than NA itself) of
the noradrenaline carrier as a transporter of dopamine
(Raiteri et a., 1977). Therefore, in the prefronta cortex,
noradrenaline terminals provide a means for the clearance

of dopamine from the extracellular space that is more
efficient than that provided by dopamine terminals.

Although the role of the increase of dopamine in the
prefrontal cortex for the addictive properties of cocaine
and amphetamine is obscure, it is unlikely to be a major
one given the lack of addictive liability or psychostimulant
properties of antidepressants, that increase dopamine in the
prefrontal cortex, but not in the nucleus accumbens (Tanda
et al., 1994).

Finally, a number of aversive-anxiogenic drugs (e.g.
picrotoxin, pentylenetetrazol, B-carbolines) stimulate in
vivo dopamine transmission in the media prefrontal cor-
tex, but fail to affect dopamine transmission in the nucleus
accumbens shell (Bassareo et al., 1996).

9. Dopamine release by motivational stimuli

Major differences do exist among different termina
areas of the dopamine system in the responsiveness of
dopamine transmission to different motivational stimuli.

Primary appetitive stimuli (rewards) consistently in-
crease dopamine transmission in the nucleus accumbens
shell, in the prefrontal cortex and to a lesser extent in the
nucleus accumbens core (Bassareo and Di Chiara, 1997,
1999; Tanda and Di Chiara, 1998). Primary aversive stim-
uli consistently stimulate dopamine transmission in the
prefrontal cortex (Abercrombie et al., 1989), but either do
not activate or even decrease dopamine transmission in the
nucleus accumbens shell (Bassareo et al., 1996 and unpub-
lished).

Secondary appetitive stimuli conditioned to the taste of
a novel, palatable food phasically stimulate dopamine
transmission in the media prefrontal cortex and in the
nucleus accumbens core, but not in the nucleus accumbens
shell (Bassareo and Di Chiara, 1997, 1999); failure of
conditional appetitive stimuli to activate dopamine trans-
mission in the nucleus accumbens has been reported by
various microdialysis studies (Hernandez and Hoebel,
1988; Radhakishun et al., 1988). Conditional aversive
stimuli have been reported to reduce (Marks et al., 1991),
increase or not affect (Young et al., 1993; Saulskaya and
Marsden, 1995) dialysate dopamine in the nucleus accum-
bens. These studies, however, did not differentiate between
nucleus accumbens shell and core.

From microdialysis observations, it appears that pre-
frontal cortex and nucleus accumbens core dopamine is
stimulated by generic motivational stimuli either condi-
tional or unconditional, positive or negative. In contrast,
nucleus accumbens shell dopamine is activated by uncon-
ditional positive stimuli. Therefore, the properties of
dopamine responsiveness in the nucleus accumbens shell
are consistent with a relationship between phasic stimula
tion of dopamine transmission in this area and the action
of rewards, but not of secondary, incentive stimuli.
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9.1. Simulation of dopamine transmission by aversive
stimuli

An argument commonly raised against a specific rela-
tionship between dopamine and reward is that dopamine
transmission in the nucleus accumbens is activated by
aversive stimuli (Salamone, 1994; Gray et al., 1997). It is
unlikely, however, that dopamine mediates the aversive
properties of stimuli; eventualy, it might be unrelated to
the motivational valence of the stimulus being a generic
expression of its arousing/activational properties; it is
possible that dopamine activation is part of an adaptive
response intended to counteract the learning and response
impairing sequelae of aversive stimuli.

A more detailed analysis of this issue shows that aver-
sive stimuli differ from rewards in their pattern of activa
tion of dopamine transmission among different brain areas.
While dopamine in the prefrontal cortex and in the nucleus
accumbens core are monophasically increased by aversive
as well as rewarding stimuli, the response of dopamine
transmission in the nucleus accumbens shell is biphasic or
retarded in the case of aversive stimuli and monophasic in
the case of rewarding ones. Thus, dopamine decreases or
does not change during the action of the aversive stimulus,
increasing only after its termination. This is the case of
forced swim, tail-pinch and aversive tastes (Di Chiara,
2000; Bassareo and Di Chiara, in preparation). It appears
therefore that stimulation of dopamine in the nucleus
accumbens shell is not directly related to the action of
aversive stimuli, but to their termination, i.e. to safety and
avoidance. Again, release of dopamine in the nucleus
accumbens shell is uniquely linked to stimuli and states
provided of primary survival value (rewards).

9.2. Adaptive properties of dopamine responsiveness to
rewards

Stimulation of dopamine transmission habituates after a
single exposure to a palatable food in the nucleus accum-
bens shell, but not in the prefrontal cortex or in the nucleus
accumbens core (Bassareo and Di Chiara, 1997, 1999);
this habituation has properties that differentiate it from
acute tolerance, an adaptive change that has been shown to
take place after repeated nicotine (see above). Thus, while
acute tolerance fades between 2 and 3 h, habituation is still
maximal after 24 h and slowly subsides so that it takes as
long as 5 days for full recovery. Another adaptive change
of dopamine release induced by palatable food is the
inhibition exerted by a 40-min pre-exposure to appetitive
stimuli predictive of food (food smell) on the stimulation
of dopamine transmission in response to food consumption
in the nucleus accumbens shell, but not in the prefrontal
cortex nor in the nucleus accumbens core.

These adaptive changes should be compared with those
obtained by extracellular recording of the firing of putative
dopamine neurons in the ventral tegmentum of monkeys

trained to acquire a delayed response task involving learn-
ing of the reward-predictive properties of a new discrimi-
native stimulus (Schultz et a., 1993, 1997). In this task,
dopamine neurons initially respond to a primary gustatory
or to a secondary tactile stimulus but, as training pro-
gresses, this property is lost to be acquired by the new
stimulus.

However, direct comparison between unit recording and
microdialysis studies is made difficult by the lack of some
essential information. Thus, while microdialysis studies
have demonstrated the properties of dopamine transmis-
sion in specific terminal areas, thisis not the case of single
unit recording studies as those studies did not determine
the site of termination of the recorded units (Schultz et al.,
1997).

10. Role of dopamine in associative stimulus reward
learning

The properties of dopamine responsiveness in the nu-
cleus accumbens shell suggest a role in associative stimu-
lus-reward learning (Di Chiara, 1999). Release of dopamine
in the nucleus accumbens shell by unfamiliar and unpre-
dicted primary appetitive stimuli (rewards) might serve to
associate the discriminative properties of the rewarding
stimulus with its biological outcome. This mechanism
might be, in the case of dopamine in the nucleus accum-
bens shell, specificaly related to feeding behaviour and
responding to unfamiliar, palatable tastes. Thus, release of
dopamine in the nucleus accumbens by an unfamiliar
palatable food might serve to associate the taste of food to
its post-ingestive, biological consequences. In this manner,
depending on its outcome, the same taste can be accepted
or rejected on a further encounter (Bassareo and Di Chiara,
1999).

Experimental studies involving lesions of dopamine
neurons and manipulation of dopamine transmission by
specific dopamine-receptor blockers are consistent with
this hypothesis (Di Chiara, 1999). Early studies showed
that D1 antagonists impair acquisition of conditioned place
aversion (Acquas and Di Chiara, 1994; Acquas et 4.,
1989). Moreover, systemic as well as intra-shell (but not
intra-core) infusion of the D1 antagonists SCH23390 and
SCH39166 impairs conditioned taste aversion learning by
preventing consolidation of the gustatory short-term mem-
ory trace to be associated with the aversive (lithium) state
(Caulliez et al., 1996; Di Chiara et al., in preparation).
Vice versa, systemic amphetamine facilitates taste aversion
learning by facilitating consolidation (Di Chiara et d., in
preparation). Various studies involving post-trial adminis-
tration of dopamine receptor agonists and antagonists indi-
cate that dopamine, plays a role in memory consolidation
(Krivanek and McGaugh, 1969; Carr and White, 1984;
Packard and White, 1991; Packard et a., 1994; White and
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Viaud, 1991; Ploeger et al., 1994; Hitchcott et al, 1997a,b;
Setlow and McGaugh, 1998).

We have hypothesized that the effect of neuroleptics on
primary reinforcement, including the extinction-like effect
which led Wise (1982) to the anhedonia hypothesis, is due
to an action on the associative learning mechanism by
which response-eliciting stimuli acquire and maintain their
motivational value (stimulus-reward learning) (Di Chiara,
1999). Thus, in a straight alley paradigm, dopamine recep-
tor blockade fails to reduce the response-eliciting proper-
ties (running the alley) of a CS + predicting reward avail-
ability (Horvitz and Ettenberg, 1991; McFarland and Et-
tenberg, 1995), but impairs reinforcement by the reward as
shown by reduced responding on a second trial in the
absence of dopamine-receptor blockade (McFarland and
Ettenberg, 1995).

Under some circumstances, however, neuroleptics show
a disrupting action on incentive responding and secondary
reinforcement (see Blockburn et al., 1992, for review).
This effect might be due to an action on sensory-motor
functions typical of the response-competent portions of the
striatum, i.e. the accumbens core and the caudate—putamen
(Salamone, 1992).

11. Drugs of abuse as false neurochemical homologues
of reward

Drug and non-drug rewards (e.g. food) share the prop-
erty of activating dopamine transmission preferentially in
the nucleus accumbens shell (Pontieri et a., 1995; Bas-
sareo and Di Chiara, 1997, 1999; Tanda et al., 1997a).
Non-psychostimulant drugs like nicotine, opiates, ethanol
and cannabinoids also share with a conventiona reinforcer
like palatable food a w-opioid component located in the
ventral tegmentum (Tanda and Di Chiara, 1998). There-
fore, drugs reproduce certain neurochemical effects of
rewards that might be the substrate of their motivational
effects (Di Chiara et al., 1993).

Addictive drugs, however, differ from rewards for the
resistance of their stimulant effects in the nucleus accum-
bens shell dopamine transmission to adaptive modulation.
Thus, in contrast to palatable food, drug-induced stimula-
tion of dopamine transmission in the nucleus accumbens
shell does not undergo long-lasting habituation (Hemby et
al., 1997; Pettit and Justice, 1989, 1991; Wise et 4.,
1995a,b).

The substrate of these differences between drugs and
rewards might be that drugs do not depend as rewards
from stimulation of peripheral sensory receptors for the
induction of their dopamine-stimulant effects; drugs enter
the brain and directly activate the critical central mecha
nism that is only indirectly activated by rewards. As a
result of this direct mechanism, drugs escape habituation
that instead constrains the action of primary rewards.

Freedom from habituation would make addictive drugs
capable of activating dopamine transmission in the nucleus
accumbens shell in a manner that is not limited by previ-
ous drug history, but only by drug availability. Lack of
such adaptive modulation is likely to constitute a major
abnormality for a mechanism like phasic activation of
dopamine transmission in the nucleus accumbens shell that
is meant to subserve reward-related learning. We hypothe-
size that, as a result of the repetitive stimulation of
dopamine transmission by self-administered drug, stimuli
associated to drug-reward acquire excessive motivational
value and become exceedingly effective to be utilized for
instrumental responding, successfully competing with other
stimuli in transfer from pavlovian to instrumental respond-
ing and in associative stimulus-response mechanisms.

Therefore, attribution of excessive motivational proper-
ties to drug-conditional stimuli as a result of non-habituat-
ing release of dopamine in the nucleus accumbens shell
might provide the basis for the exclusive and dominant
control that the drug comes to acquire over the subject’s
behaviour and that constitutes the most salient feature of
addiction.

12. Differences between drugs of abuse and incentives

The acute effects of drugs of abuse on dopamine trans-
mission, while similar to those of rewards, are quite differ-
ent from those of incentive stimuli, stimuli that derive their
motivational properties from learning of their association
(conditioning) with a reward (Bolles, 1972; Bindra, 1974).
Incentive stimuli do not stimulate dopamine transmission
in the shell, but instead they do in the core and in the
prefrontal cortex (Bassareo and Di Chiara, 1997, 1999).

Drugs of abuse and incentive stimuli also differ for the
differential sensitivity of their behavioural effects to exper-
imental impairment of dopamine transmission. Thus, while
drug-induced locomotion and drug-enhanced conditioned
reinforcement as well as psychostimulant self-administra-
tion are readily impaired by dopamine-receptor blockade
and by lesions of dopamine neurons, this is not the case of
spontaneous as well as conditioned locomotion (Beninger,
1983), conditioned reinforcement (Taylor and Robbins,
1986; Wolterink et al., 1993), conditioned approach in a
place preference (Carr et al., 1989) or in a straight aley
paradigm (Horvitz and Ettenberg, 1991; McFarland and
Ettenberg, 1995). It appears that while responding to con-
ditional stimuli is relatively resistant to impairment of
dopamine transmission, unconditional drug-effects are par-
ticularly sensitive to it.

Those instances in which an impairment of responding
for conditioned reinforcers has been obtained after
dopamine receptor blockade (Phillips and Fibiger, 1979;
Gray and Wise, 1980) can be explained as due to a
non-specific performance impairment related to disruption
of dopamine transmission in the dorsal striatum. Indeed,
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this might be also the case of the 6-hydroxydopamine
lesions of Corrigall et a. (1992).

The dopamine-independent nature of the response-elicit-
ing properties of conditional incentive stimuli contradicts a
commonly held view that attributes the incentive proper-
ties of these stimuli to their dopamine-stimulant properties
(Robinson and Berridge, 1993) and further specifies the
nature of the role of dopamine in the expression of motiva
tion. In fact, the relative insensitivity of incentive respond-
ing to impairment of dopamine transmission speaks against
a direct role of phasic dopamine transmission in the pre-
frontal cortex and in the core of the nucleus accumbens
typically activated by incentive stimuli (Bassareo and Di
Chiara, 1999) in actual response emission, favouring in-
stead a role in the learning and maintenance of stimulus—
response association for instrumental responding. There-
fore, phasic dopamine transmission in the core of the
nucleus accumbens and in the prefrontal cortex might be
important for associative aspects of instrumental respond-
ing rather than for performance itself. Performance effects
of dopamine receptor antagonists might be related instead
to impairment of tonic dopamine transmission in the dorsal
striatum.

13. Adaptive changes in dopamine responsiveness to
nicotine and tobacco addiction

Adaptive changes in the responsiveness of dopamine
transmission to drugs of abuse have been attributed to a
role in the mechanism of drug-addiction. Thus, it has been
assumed that drug-addiction is the result of non-associa-
tive, long-lasting, eventually irreversible changes (sensiti-
zation) in the responsiveness of the dopamine system to
drug-conditioned incentive stimuli induced by the repeated
exposure to the drug (Robinson and Berridge, 1993). Di-
rect testing of this prediction, however, has provided nega-
tive results (Neisewander et al., 1996). Thus, operant
presentation of a light cue predictive of cocaine intra-
venous infusion failed to release dopamine in the nucleus
accumbens from the first extinction test (Neisewander et
al., 1996). Moreover, a single non-contingent intravenous
infusion of cocaine, which acts as a powerful incentive of
lever pressing in cocaine-trained, but not in saline-yoked
rats, increases dialysate dopamine in the nucleus accum-
bens to a lesser extent in the cocaine-trained than in the
saline-yoked group (Neisewander et al., 1996). Recently,
release of dopamine by amphetamine-conditioned stimuli
has been observed by chronoamperometry with stearate
electrodes but, due to the uncertainties over the nature of
the signal recorded by this technique, these results require
confirmation by a more reliable technique (Di Ciano et al.,
1998b).

While the evidence that repeated exposure to drugs of
abuse modifies the responsiveness of the dopamine system
is essentially negative or uncertain, it is a matter of fact

that repeated drug exposure induces changes in the respon-
siveness of dopamine transmission to the drug itself. This
is also the case of nicotine. Therefore, if these changes
play any role in drug-addiction, it is more likely that they
do it by changing the dopamine response to the drug (Di
Chiara, 1995) rather than, as postulated by Robinson and
Berridge (1993), by changing the dopamine response to
drug-conditioned stimuli.

It now appears that repeated drug exposure induces
reciprocal changes of dopamine responsiveness to the drug
in the two subdivisions of the nucleus accumbens (Cadoni
and Di Chiara, 1999, 2000; Carboni et al., 2000a,b; Cadoni
et a., 2000). In the case of nicotine, these differences are
rather clear-cut and consist in enhancement of the stimu-
lant effects of nicotine in the core with reduction of the
effect in the shell (Cadoni and Di Chiara, 2000). We
regard this change as potentially important for the evolu-
tion of dependence from an abnormal form of incentive
responding into an abnormal form of habit responding (see
below).

14. Nicotine dependence as dopamine-induced learning
disorder

We regard addiction to tobacco as the final step of a
dependence process resulting from abnormal drug-induced
associative learning.

The initial step in this process is thought to be learning
of the association between the rewarding properties of
nicotine and otherwise neutral stimuli that acquire sec-
ondary positive motivational properties. These stimuli can
be either intrinsic or extrinsic to nicotine itself and include
those arising from substances associated to nicotine in
smoke as well as from the context where nicotine’s action
takes place. Nicotine-associated stimuli thus become pre-
dictive of nicotine's availability and promote nicotine-
seeking behaviour and tobacco smoking. This process of
associative stimulus-reward learning is facilitated by nico-
tine itself through its ability to stimulate dopamine release
in the nucleus accumbens shell.

Nicotine-induced release of dopamine in the nucleus
accumbens undergoes acute tolerance, but this change is
fully reversible in 3 h (Maisonneuve et al., 1997). In
contrast, nucleus accumbens dopamine release by a non-
drug reward like palatable food is strongly depressed
aready 2 h and up to 24 h &fter the first exposure
(Bassareo and Di Chiara, 1997). This differential liability
to habituation of the dopamine stimulant effect of rewards
as compared to drugs of abuse might be critical for the
addictive properties of drugs. In fact, by releasing dopamine
non-decrementaly in the nucleus accumbens shell upon
repeated exposure, addictive drugs including nicotine might
abnormally facilitate stimulus-reward learning, thus pro-
moting the acquisition of excessive motivational properties
by stimuli associated to drug exposure. As a result of this
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mechanism, nicotine would acquire upon repeated adminis-
tration that excessive control over behaviour that is a
landmark of addiction (Di Chiara, 1998, 1999).

Stimuli that have acquired conditional incentive proper-
ties by stimulus-reward learning become, by a process of
transfer from pavlovian to instrumental learning, condi-
tioned reinforcers for instrumental responding (Dickinson,
1994). Stimulation of dopamine transmission facilitates the
transfer from pavlovian to instrumental responding and the
overall expression of instrumental responding (Robbins,
1975; Cador et al., 1989). Thus, dopamine, in addition to
facilitate stimulus-reward learning, might play a role in
stimulus—response association (Bassareo and Di Chiara,
1999). We suggest that these two associative learning
mechanisms are related to dopamine transmission in differ-
ent subdivisions of the nucleus accumbens, the first in the
shell, the second in the core. Although such an action has
not been specifically demonstrated for nicotine, we postu-
late that nicotine, by releasing dopamine in the nucleus
accumbens core, also facilitates transfer from pavlovian to
instrumental responding and learning of stimulus—response
associations.

In the initial phase of training for instrumental respond-
ing, response is reinforced by its outcome (incentive re-
sponding). After extensive training, however, responding
becomes relatively independent from outcome being run
on the basis of action schemata triggered by stimuli pre-
ceding responding (Dickinson, 1994). This form of instru-
mental responding, called habit responding, is utilized in
the most diverse activities of every day life such as driving
a car, writing, typing, playing piano, etc. and might be the
form of instrumental behaviour that takes place in drug
self-administration including nicotine self-administration
in animals and humans (Altman et al., 1996; Di Chiara,
1998). In animals, a typical sign of habit responding
consists in resistance to outcome devaluation (Dickinson
and Balleine, 1995); thisis indeed what is observed in rats
when nicotine is replaced with saline under intermittent
schedules of intravenous self-administration (see Di Chiara,
2000 for discussion).

In humans, tobacco smoking has been viewed as an
abnormal form of habit responding given the fact that
smoking is poorly controlled by consequences such as
amount of nicotine inhaled and is instead automatically run
following triggering by conditional smoking-related cues
(Tiffany, 1990).

The circumstance that tobacco smoking is a form of
habit responding and that, as such, is independent from its
outcome does not mean that nicotine plays a minor role in
tobacco addiction; removal of nicotine from tobacco while
not affecting smoking behaviour in the short run, leads to
extinction of smoking in the long run. The reason for this
might be that conditional stimuli that trigger the habitual
response depend from associative stimulus-reward learning
for maintaining their conditional motivational properties.
This suggests that release of dopamine in the shell, which

is thought to be the substrate of this process, maintains its
critical importance in advanced stages of addiction. It
appears therefore that in chronic smoking, the outcome of
instrumental behaviour, i.e. the rewarding actions of nico-
tine, are simply moved away from responding, but still
retain their role as the final goal of behaviour.

The biological substrate for these behavioural changes
might be provided by the changes in the responsiveness of
dopamine transmission to nicotine that take place during
the course of exposure to tobacco smoke.

Initial acute exposure to nicotine stimulates dopamine
preferentially in the nucleus accumbens shell (Pontieri et
al., 1996). Intermittent discontinuous exposure to nicotine
as in the case of peak smokers (Russell, 1990) results in
rapidly reversible desensitization resulting in acute toler-
ance (Maisonneuve et a., 1994) to nicotine-induced stimu-
lation of dopamine release in the nucleus accumbens shell.
Instead, repeated continuous exposure to nicotine during
the day, as in through smokers, results in a complex
exposure to nicotine characterized by peaks, which corre-
spond to cigarette smoking, on a baseline of nicotine that
builds up in a stepwise fashion at each cigarette smoking
during the day to decrease during the night, when smoking
ceases. The presence of a steady-state level of nicotine,
while eventually insufficient to phasically stimulate
dopamine release in the nucleus accumbens is sufficient to
induce desensitization. However, as a result of a relative
resistance to inactivation of nicotinic acetylcholine recep-
tors containing certain subunits (a;/ag ?) (Olae et d.,
1997), desensitization of dopamine transmission is not
complete even in a chronic smoker; this allows dopamine
release in response to nicotine to take place also after
chronic exposure (Carboni et al., 2000a). Under these
conditions, the extent of phasic dopamine release directly
associated to cigarette smoking should be an inverse func-
tion of the steady-state level of nicotine. Since the steady-
state level of nicotine in a chronic smoker progressively
increases during the day, the phasic response of dopamine
transmission in the nucleus accumbens to smoking should
be minimal at night and maximal in response to the first
morning cigarette (Dani and Heinemann, 1996).

Another adaptive change to repeated nicotine exposure
consists in sensitization.

Schedules of nicotine exposure that induce sensitization
differentialy affect dopamine responsiveness in the shell
and in the core of the nucleus accumbens (Cadoni and Di
Chiara, 2000). Thus, behavioural sensitization to nicotine
is associated to an increased responsiveness in the nucleus
accumbens core and in a reduction in the shell.

We speculate that the reversal of the shell /core ratio of
dopamine release stimulation in the nucleus accumbens by
nicotine might be the basis for learning of an abnormal
form of habit responding. This change would mark a
switch of responding from the explicit, conscious modality
of incentive responding into the compulsive, automatic
mode of abnormal habit responding, typical of addiction
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(Tiffany, 1990). This responding modality, however, should
not be viewed as the sole behavioura repertoire of the
addicted smoker. Depending on the availability of tobacco,
responding can switch between automatic habit respond-
ing, driven by action schemata, and incentive responding
related to subjective effects of smoke and associated to
conscious expectancies termed in common parlace as well
as in more specialized contexts, craving (Tiffany, 1990).
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