ELSEVIER

Pharmacology Biochemistry and Behavior, Vol. 66, No. 1, pp. 47-64, 2000
© 2000 Elsevier Science Inc.

Printed in the USA. All rights reserved

0091-3057/00/$-see front matter

PII S0091-3057(00)00234-3

Alteration of the Behavioral Effects of Nicotine
by Chronic Caffeine Exposure

GIANLUIGI TANDA* AND STEVEN R. GOLDBERGT*

*Department of Pharmacology, Georgetown University School of Medicine, Washington, DC 20007-2195, and
tNational Institutes of Health, National Institute on Drug Abuse, Intramural Research Program,
Preclinical Pharmacology Section, Baltimore, MD 21224

Received 22 October 1999; Revised 31 January 2000; Accepted 02 February 2000

TANDA, G. AND S. R. GOLDBERG. Alteration of the behavioral effects of nicotine by chronic caffeine exposure.
PHARMACOL BIOCHEM BEHAYV 66(1)47-64, 2000.—The prevalence of tobacco smoking and coffee drinking place nic-
otine and caffeine among the most used licit drugs in many societies and their consumption is often characterised by concur-
rent use. The pharmacological basis for any putative interaction between these drugs remains unclear. Some epidemiological
reports support anecdotal evidence, which suggests that smokers consume caffeine to enhance the effects of nicotine. This pa-
per reviews various aspects of the pharmacology of caffeine and nicotine, in humans and experimental animals, important for
the understanding of the interactions between these drugs. In particular, recent experiments are reviewed in which chronic
exposure to caffeine in the drinking water of rats facilitated acquisition of self-adminstration behavior, enhanced nicotine-
induced increases in dopamine levels in the shell of the nucleus accumbens and altered the dopaminergic component of a nic-
otine discrimination. These studies provide evidence that the rewarding and subjective properties of nicotine can be changed
by chronic caffeine exposure and indicate that caffeine exposure may be an important environmental factor in shaping and

maintaining tobacco smoking. © 2000 Elsevier Science Inc.
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CAFFEINE and nicotine are among the most frequently self-
administered licit psychoactive drugs in western countries.
Caffeine is the main psychoactive ingredient of several differ-
ent drinks, foods and over-the-counter drugs. Nicotine is the
main pharmacologically active ingredient in tobacco and its
presence in smoke is recognized as fundamental to the initia-
tion and subsequent persistence of smoking habits and addic-
tion (15,62). Over the past twenty years, a number of epide-
miologic studies have documented a positive correlation
between caffeine consumption and the use of psychomotor
stimulant drugs (30,121,202,217,225). This correlation was
strongest for nicotine in the form of tobacco smoke (30,121)
and supported anecdotal evidence and some human studies
indicating that caffeine can interact with nicotine’s pharmaco-
logic effects and modify the frequency of tobacco smoking
and the subjective reports of positive effects (35,76). In the
present paper different aspects of the pharmacologic effects
of caffeine and nicotine are reviewed, with a focus on recent

findings indicating that long term exposure to caffeine may al-
ter the behavioral and neuropharmacologic effects of nicotine
and other psychomotor stimulant drugs.

CAFFEINE

The major dietary intake of caffeine is from coffee or tea,
but caffeine is also present in a large number of foods, bever-
ages and over-the-counter drugs. Among these products cof-
fee has the highest, although variable, content of caffeine,
which ranges from 21 to 128 mg/150 ml of drink, depending
on the source of coffee and the brewing technique (12,136).
Tea also has a high but variable content of caffeine, ranging
from 8 to 81 mg/150 ml (12). Other important sources of caf-
feine are cocoa and chocolate products (5 to 20 mg/100 g in
chocolate candy), soft drinks, especially cola beverages (15 to
24 mg/180 ml/serving), and both prescription and non-pre-
scription drugs that can contain from 15 to 200 mg per tablet
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or capsule (12). Human consumption of caffeine is variable
among populations; on average it is estimated to be between
70 and 76 mg/person/day worldwide (93,94). The highest con-
sumption of caffeine from all sources is found in the Scandina-
vian countries, about 400 mg/person/day, while in the US it
reaches 210 mg/person/day (12,60,228).

After oral ingestion, caffeine is quickly and completely ab-
sorbed by the gastrointestinal tract (10,24,25) without any sig-
nificant first-pass effect. Plasma levels of caffeine peak 30 to
120 min. after ingestion, depending on dose, the characteris-
tics of the drink (volume, pH, etc.) or the food (fatty or not)
(25,88,133) and on the status of the gastrointestinal tract (i.e.,
empty or not). Ingestion of caffeine from different dietary
products can lead to human plasma levels in the range of 5 to
20 uM concentration that are able to produce pharmacologic
effects in the majority of the population. The plasma half-life
of caffeine in healthy people is in the range of 2.5 to 4.5 h
(54,73,98). The half-life of caffeine is about the same for mon-
keys, but is shorter in rats and mice (10,26).

Caffeine Intake in Children

Caffeine is generally considered a safe drug. For this rea-
son, and due to its widespread and ubiquitous presence in dif-
ferent drinks and foods, caffeine is likely to be the only psy-
chotropic drug easily available to children. Caffeine, moreover,
is the most used psychoactive drug during pregnancy and
breastfeeding. For this reason, humans are exposed to active
concentrations of caffeine during fetal life and all later stages
of life, including breastfeeding, childhood and adulthood.
Caffeine crosses the placenta and enters the fetal circulation;
it is important to recognize that no physiologic barriers limit
the diffusion of caffeine and that a rapid equilibrium is
reached between mother and fetus (31). Moreover, during fe-
tal life and during the first 7 to 9 months after birth, there is a
lack of the enzymes needed to demethylate caffeine (54,73),
so its plasma half-life can range from 32 to 149 h (4,5,135,165).
At least 77% of children ingest caffeine in their diet (10,11)
with a trend toward increases in recent years.

Behavioral Pharmacology

Caffeine’s popularity is likely due to its mild central stimu-
lant properties (42). It is able to increase vigilance, elevate
mood, and delay onset of sleep (139,197). Also, it is easily
available at a low cost. Caffeine ingestion can be viewed as
the most frequent form of drug self-administration behavior
in humans (104). Because there appear to be only minor, if
any, negative health consequences from acute or chronic in-
gestion of regular doses of caffeine (41,124), and because re-
ports of loss of control over caffeine intake in people are in-
frequent compared with the large number of people that
regularly drink caffeine without problems (1), it is generally
viewed as a safe drug with a low dependence potential
(102,103,110,215,216). In fact, there is no government restric-
tion or regulation on the use of caffeine, and the drug is not
classified as a drug of dependence in the DSM-IV (62).
Health concerns with acute or chronic use of caffeine and its
correlation with different diseases that have arisen have not
been clearly demonstrated nor reproduced (41). On the other
hand, over consumption of caffeine is harmful and can lead to
so-called “caffeinism.” Due to the biphasic action of caffeine
on behavior, however, people tend to self-limit its dose in or-
der to obtain the desired stimulant effects and avoid unpleas-
ant symptoms (87). Also, although many effects of caffeine
undergo tolerance with repeated use (117,183), this does not
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appear to be the case with its reinforcing and aversive effects,
when observed, for which tolerance appears to be weak (87).

Behavioral effects of caffeine are biphasic in both humans
and animals (56,57). In humans caffeine elicits pleasurable ef-
fects at low doses, while it produces unpleasant effects at
higher doses (56,57). In rats and mice low doses of caffeine in-
crease locomotor activity and, over the same range of doses,
produce conditioned place-preference (28,40,157), while higher
doses of caffeine are depressant and inhibit motor activity
(40,157). These high doses of caffeine can also produce condi-
tioned-place aversion in rodents (28). Animals and humans
can be trained to discriminate caffeine from saline or placebo
in drug-discrimination studies (101,102,230). Mumford and
Holtzmann (150) showed that if rats are trained to discrimi-
nate a low dose of caffeine (10 mg/kg) from saline, adenosine-
receptor antagonists and dopaminergic compounds, such as
cocaine and amphetamine, produce generalization to the caf-
feine-training stimulus. When rats were trained to discrimi-
nate a higher dose of caffeine (56 mg/kg) from saline, how-
ever, generalization to the caffeine-training stimulus was
found only with theophylline, a nonselective antagonist of the
adenosine receptors (150). Finally, caffeine can function as a
reinforcer of human drug-taking behavior under certain cir-
cumstances (100,104,105), but its reinforcing effects are small
compared to other abused stimulants such as cocaine and am-
phetamine (102,110). Results from animal drug self-adminis-
tration studies have been limited and often inconsistent
(102,105,172).

Pharmacologic effects of caffeine are mediated by its abil-
ity to mobilize intracellular calcium (119,144), inhibit phos-
phodiesterase (14,84), antagonize the effects of adenosine on
adenosine receptors (196), and to interact with GABA, re-
ceptors (55,86). Among these actions, antagonism of adeno-
sine receptors seems the best candidate for mediation of caf-
feine’s effects when caffeine intake is in the dose range of its
regular use, 5 to 20 wM plasma concentration (87). Higher
plasma concentrations of caffeine appear necessary to obtain
the other actions (e.g., inhibition of phosphodiesterase), re-
quiring caffeine doses in the range that can produce toxic ef-
fects (87). Adenosine receptors are divided into several sub-
types, including A;, A,4, Asg, and A; receptors (87). Caffeine
is a non-selective antagonist at the level of A; and A,, recep-
tors, showing a much lower affinity at A,z and A; receptors
(128,56,87).

NICOTINE

Nicotine is the major psychoactive alkaloid present in to-
bacco, and its presence in cigarette smoke is fundamentally
important for the initiation and persistence of smoking behav-
ior in people, which occurs despite abundant evidence of its
harmful effects (15,58,62,199,214). Nicotine is distilled from
burning cigarettes. The smoke contains gaseous and particu-
late phases in which about 3500 different compounds are
present (113). During smoking, nicotine is inhaled and carried
together with tar in the particulate phase. It reaches the alve-
oli of the lung, where it is rapidly absorbed, then enters the ar-
terial circulation and reaches the brain in about 20 s (106,111).
Plasma nicotine levels vary greatly across smokers and de-
pend on the intensity and number of cigarette puffs and on
the nicotine content of the particular cigarette (16,19). During
the day, plasma nicotine values of smokers generally range
between 20 and 40 ng/ml (20,112). Smokers are able to change
their pattern of smoking in order to elevate and then sustain
their levels of nicotine. After absorption nicotine is mainly
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metabolized to cotinine by the liver. Its half-life is about 2 to 4
h, but smokers (compared with nonsmokers) have an average
lower nicotine clearance (16,17,19,134). Non-therapeutic
sources of nicotine, other than cigarette smoke, include moist
snuff and pipe, cigar and chewing tobacco. Nicotine gums are
intended as therapeutic tools for the treatment of nicotine de-
pendence resulting from cigarette smoking [see (20) for a re-
view of pharmacokinetics and pharmacodynamics data for
these products].

Behavioral Pharmacology

The main pharmacologic sites of action of nicotine are nic-
otinic-cholinergic receptors that are present in the brain and
periphery (11,38,46,223). The central actions of nicotine are
mediated by neuronal nicotinic-acetylcholine receptors that
are expressed in different brain regions (46). Eleven nicotinic-
acetylcholine-receptor subunit genes have been identified in
the vertebrate central nervous system (39); eight of them are
« subunit genes and three are B subunits. Each receptor is a
combination of 5 subunits either « or . Because each subunit
has different subtypes, it is possible to have a large number of
different subtypes of these receptors and, effectively, each
brain region possesses nicotine receptors that differ in their
agonist affinity and their electrophysiologic properties (61,
229). Also, nicotinic receptors can exist in different functional
states after being occupied by an agonist (11) and this may
play a role in the addictive properties of nicotine (58).

There is a large body evidence that the mesolimbic dopa-
minergic system plays an important role in mediating the re-
inforcing and rewarding effects of psychoactive drugs abused
by humans (66,68,129). Different types of nicotine-acetylcho-
line receptors are present in mesolimbic pathways (140,143)
and ventral tegmental area (VTA) neurons are excited by ag-
onists for these receptors (32). Stimulation of VT A dopamine
neurons induces the release of dopamine in mesolimbic ter-
minal areas, especially in the shell of the nucleus accumbens
(13,52,147,159,160,175,218) in rats. Moreover, both dopamine
antagonists and lesions of the nucleus accumbens can de-
crease nicotine self-administration behavior in rats (53,214).

In smokers, nicotine produces pharmacologic effects that
can result in reports of pleasurable subjective feelings, such as
increased mental alertness, relaxation or anxiety reduction,
and positive reports of mood. These subjective effects are
thought to be an important factor in maintaining motivation
for smoking (123). We can speculate that, as for the adminis-
tration of nicotine in animals, when a human smoker inhales
nicotine from cigarette smoke, it passes through the arterial
blood, reaches the brain and, after activation of nicotinic-ace-
tylcholine receptors, stimulates the release of dopamine in
mesolimbic terminals (52). Each inhalation of smoke from a
cigarette can contain from about 30 to 250 wg of nicotine [a
cigarette contains on average 8.4 mg of nicotine but only an
average intake of 1.0 mg, ranging from 0.3 to 2.5 mg, per ciga-
rette is described (7,18,20)] which can induce a small increase
in dopamine release in brain areas thought to mediate the re-
inforcing and addictive properties of drugs (52,175).

After contact with an agonist such as nicotine, nicotinic
acetylcholine receptors become inactive for a certain period
of time (48,137). Chronic exposure to low levels of nicotinic
agonists, as in the case of plasma levels of nicotine in smokers,
can lead to inactivation of most of these receptors (137). It has
been shown, moreover, that long-term exposure to a low
steady-state level of a nicotinic agonist can result in an in-
creased number of nicotinic acetylcholine receptors (21,140,
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232), most of which are in the inactive state, as would be the
case with nicotine in smokers (137,166,232,233). An interest-
ing hypothesis for the persistent use of nicotine was proposed
by Dani and Heinemann (58). They suggested that when a
smoker remains abstinent from nicotine, for example, during
the night while sleeping, plasma levels of nicotine decrease
and the receptors can slowly recover their active functional
state. In the morning, a smoker will not only have an in-
creased number of nicotinic-acetylcholine receptors but also
an increased number of these receptors in the active respon-
sive conformation. This might contribute to development of
withdrawal symptoms and, perhaps, craving, that would be al-
leviated by smoking. Thus nicotine could interact with a
larger number of active acetylcholine receptors during the
first part of the day, at a time when craving for a cigarette
would be most intense due to development of withdrawal
symptoms. This would allow nicotine to more efficiently func-
tion as a reinforcer of smoking behavior mediated through the
final pathway of increased dopamine transmission. Thus, a
smoker would repeatedly experience a heightened response
to the subjective effects of nicotine with the first few ciga-
rettes of the day. At the same time, nicotine would relieve un-
pleasant symptoms of withdrawal. Russell (195) found that
smokers report the first few cigarettes as the most pleasurable
of the day.

BEHAVIORAL INTERACTIONS BETWEEN CAFFEINE
AND NICOTINE

Locomotor Activity

As noted above, caffeine’s effects on locomotor activity
are biphasic in nature; it is a stimulant at low doses and a de-
pressant at higher doses (57). The stimulant effects of caffeine
on locomotion rapidly undergo tolerance after chronic admin-
istration (116,117,157). Holtzman (114) found that the toler-
ance that develops in rats to the locomotor stimulant effects
of caffeine was reversed 3 weeks after removal of caffeine
from the drinking water. Stimulant effects of caffeine on loco-
motion are mediated by antagonism at the level of adenosine
receptors (154). After chronic treatment with caffeine, there
is evidence for an increased number of adenosine receptors in
the brain (55) and their sensitization (99,109,151,152). This,
however, does not explain the apparently insurmountable tol-
erance to the stimulant effects of caffeine after chronic treat-
ment (83). Nicodijevic et al. (157) suggest that tolerance to the
stimulant effects of caffeine might be due to an enhanced ac-
tivity of a neurotransmitter that in normal conditions is under
the inhibitory control of adenosine receptors. The increased
release of such a neurotransmitter might result in a down reg-
ulation of the receptors mediating its effects and, in turn, to an
insurmountable tolerance to the stimulatory actions of caf-
feine. Indeed, chronic caffeine exposure is able to modify the
function of different neurotransmitter systems and to change
the density of different receptors in the brain (85,203,204).
Nicodijevic et al. (157) also found that chronic treatment with
caffeine (1.0 mg/kg in the drinking water) led to a depression
of locomotor activity in mice. This depression of locomotor
activity appeared to be due to increased central cholinergic
activity, since scopolamine, an antagonist of muscarinic recep-
tors, was less potent in increasing locomotor activity in caf-
feine-exposed mice than in caffeine-free control mice.

A frequently described effect of the acute administration
of low-to-intermediate doses of nicotine in naive rats is de-
pression of locomotor activity (43,44,45). This effect under-
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goes tolerance with repeated administration of nicotine
(43,44,45). In nicotine-tolerant rats, administration of nicotine
consistently results in stimulation of locomotor activity
(43,44). This stimulant effect of nicotine in rats continues to
be seen with acute injections of the drug for several weeks af-
ter the end of chronic treatment (211,212). In other studies,
however, it has been shown that acute administration of nico-
tine in naive rats can produce stimulation of locomotor activ-
ity (145,167,180). These discrepancies could result from the
different procedures used to test for locomotor activity or
from differences in the baseline levels of locomotor activity in
the animals. Cohen et al. (47) reported that acute administra-
tion of caffeine to naive rats abolished the depressant effect of
a co-administered dose of nicotine. In contrast, when caffeine
and nicotine were coadministered to nicotine-tolerant rats, lo-
comotor activity increased above control levels, whereas,
administration of either caffeine or nicotine alone resulted
in lower and nonsignificant increases in activity. Finally,
Nicodijevic et al. (157) found that chronic treatment of mice
with caffeine abolished the depressant effect of a single acute
dose of nicotine on locomotor activity.

Schedule-Controlled Behavior

Both caffeine and nicotine, when administered alone, pro-
duce biphasic changes in response rates in animals responding
for food under fixed-interval (FI) schedules of food reinforce-
ment (65,230). White (230) found that both nicotine and caf-
feine dose dependently increased rates of FI responding for
food by rats, with maximum increases at a 0.3 mg/kg dose of
nicotine and a 3.0 mg/kg dose of caffeine. Higher doses of ei-
ther drug decreased response rates. In the same report, White
(230) found that co-administration of graded doses of nicotine
with a 3.0 mg/kg dose of caffeine produced increases in FI
rates of responding. Higher doses of caffeine, which were in-
effective in altering FI response rates by themselves, dimin-
ished or eliminated the rate-increasing effects of nicotine on
FI responding. White (230) also noted that even when caf-
feine had little effect on nicotine’s effects on average rates of
FI responding, it appeared to have a considerable effect on
the temporal patterns of responding, suggesting that caffeine
could be used to magnify some effects of nicotine. White
(230) speculated that these interactions could be part of the
pharmacologic basis for the high incidence of coffee drinking
in smokers (121).

Acute interactions between caffeine and nicotine are not
the best way to study the influence of caffeine on the behav-
ioral actions of nicotine. Humans consume caffeine on a daily
basis and regular consumption of pharmacologically active
doses of caffeine results in the development of tolerance to
many of its effects (117,183). With this in mind, Jaszyna et al.
(126) examined the behavioral effects of nicotine and caffeine
under a FI schedule of food reinforcement in rats chronically
exposed to caffeine in their drinking water. Rats were given
access to caffeine only after they developed a characteristic
pattern of responding under the FI schedule of food rein-
forcement (82), which consisted of few responses early in the
interval and gradually increasing responding as the interval
progressed. Once characteristic FI responding was main-
tained, rats were divided into two groups, with one group of
rats receiving caffeine in their drinking water while a control
group of rats continued to drink tap water. With a 3 mg/ml
concentration of caffeine in their drinking water, rats con-
sumed about 90 mg/kg/day of caffeine and this daily intake
did not change significantly over the entire course of the ex-
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periment. After an additional 20 or more daily sessions, to al-
low baseline responding to adjust to chronic caffeine expo-
sure, different doses of caffeine, nicotine, amphetamine and
cocaine were tested.

In water-drinking rats, caffeine produced dose-dependent
biphasic changes in mean response rates, with a maximum in-
crease at a dose of 10 mg/kg and decreases in response rates
at doses of 30 to 56 mg/kg. In caffeine-drinking rats, however,
there was complete tolerance to the rate-increasing, but not
the rate-decreasing, effects of caffeine (see Fig. 1). In con-
trast, nicotine produced dose-dependent biphasic changes in
mean response rates in both water- and caffeine-drinking rats,
with a maximum increase at a dose of 0.17 mg/kg nicotine and
a decrease in response rates at a high dose of 1.0 mg/kg. No
significant differences in response rates after nicotine were
found in caffeine-drinking, as compared to water-drinking
rats. Nicotine also dose-dependently modified the pattern of
FI responding in both water- and caffeine-drinking rats, as
measured by changes in average quarter-life values (ex-
pressed as the percentage of the 5-min interval within which
25% of the total number of responses during the interval had
been emitted). This effect was significant at doses higher than
0.17 mg/kg in water-drinking rats and 0.3 mg/kg in caffeine-
drinking rats. Doses of nicotine of 0.17 mg/kg or higher pro-
duced significant decreases in quarter-life values. As in the
case with rates of responding, no significant differences were
found between water- and caffeine-drinking rats. In the same
study, Jaszyna and coworkers (126) found that there was a
marked and significant enhancement of the rate-increasing
effects of both amphetamine and cocaine in caffeine-drinking
as compared to water-drinking rats. Thus in this study,
chronic caffeine exposure resulted in development of com-
plete tolerance to the stimulant acute effects of caffeine itself,
but there was no cross tolerance to the stimulant effects of
nicotine on FI rates of responding. Finally, potentiation,
rather than cross tolerance, to the stimulant effects of cocaine
and amphetamine on FI responding, was found in caffeine-
drinking rats.

The tolerance observed in these experiments to the acute
effects of caffeine on FI responding for food was likely due to
a change in sensitivity of central adenosine receptors after
long-term blockade by an antagonist such as caffeine (116,
122), but interaction with other neurotransmitter systems or
receptors cannot be excluded (85,203,204). Because chronic
caffeine exposure did not alter the behavioral effects of nico-
tine on FI responding for food (126), neither alterations in the
numbers or sensitivity of adenosine receptors nor modification
of other neurotransmitter systems after long-term administra-
tion of caffeine appear to play an important role in nicotine’s
effects on FI schedule-controlled behavior. On the other hand,
potentiation of the stimulant effects of cocaine and amphet-
amine in caffeine-drinking rats suggests differences in the neu-
rochemical mechanisms underlying the actions of commonly
abused psychomotor stimulant drugs, such as cocaine and am-
phetamine, which act primarily through direct stimulation of
dopamine transmission, and other psychomotor stimulants,
such as nicotine and caffeine (126).

Drug Discrimination

Drug-discrimination procedures in animals are a reliable
tool to study and identify the receptor systems involved in
mediating the subjective effects of various psychoactive drugs
(115). With these procedures, animals and humans are trained
to discriminate a particular drug from saline or placebo and
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FIG. 1. Effects of graded doses of nicotine or caffeine on response rates and quarter-life (QL) values in water- and caffeine-drinking rats. Nic-
otine was injected SC and caffeine IP. Each data point represents mean percentage change (= SEM) from individual baseline levels of respond-
ing in water-drinking rats (@) and caffeine-drinking rats (). The individual baseline level of responding consisted of mean response rates and
QL values recorded during all vehicle sessions that separated treatments with nicotine or caffeine. F-ratios and p-values in each plot represent
the outcome of the between-group comparisons of the effects of nicotine or caffeine upon the rates and patterns of responding in water- and caf-
feine-drinking rats (two-way, random measure ANOVA on one factor). Asterisks represent performance significantly (p < 0.05) different from

vehicle. From (126) with permission.

other drugs, belonging to the same or to other specific phar-
macologic classes, are then tested by substitution. Nicotine has
been frequently studied with drug-discrimination procedures
and has been found to possess well-defined stimulus proper-
ties that can be recognized by animals and humans (167). It
has long been known that rats can be trained to discriminate
nicotine from saline (149,163) and generalization and pretreat-
ment tests can subsequently be performed to determine the
pharmacologic characteristics of the nicotine discriminative
stimulus (190,191,192,213). Drugs that have been reported to
fully generalize to a nicotine discriminative stimulus are usu-
ally nicotinic-acetylcholine receptor agonists (37,89,146,
193,213). Pretreatment with antagonists of these receptors in
appropriate doses fully blocks the nicotine discriminative stim-
ulus (163,190,191,213). Caffeine generally produces no nico-
tine-appropriate responding in rats trained to discriminate nic-
otine from saline (37,149) [in one study performed in human

subjects caffeine produced nicotine-appropriate responses
(75). See the “Interaction of caffeine with nicotine’s effects in
humans” section, below]. In contrast, abused psychomotor
stimulants, such as amphetamine, usually produce some nico-
tine-appropriate responding but do not fully generalize to a
nicotine-training stimulus (36,213). Finally, caffeine is also able
to potentiate the discriminative stimulus effects of cocaine
(92,108) and amphetamine (132,198).

Recently Gasior et al. (91) studied both the rate of acquisi-
tion of a nicotine drug discrimination and the subsequent dis-
criminative-stimulus properties of nicotine, caffeine, amphet-
amine and cocaine, in rats chronically exposed to caffeine in
their drinking water. Rats were first trained to press a lever
under a 10-response fixed-ratio (FR) schedule of food rein-
forcement and were then divided into groups, with one group
of rats receiving caffeine (3 mg/ml) in their drinking water and
the other group continuing to drink plain tap water. After an
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additional two weeks under the FR schedule of food rein-
forcement, rats were trained to discriminate nicotine (0.4 or
0.1 mg/kg) from saline. Rats trained with the highest dose of
nicotine met the criteria for discriminative-stimulus control in
a shorter period of time than rats trained with the lower dose.
The rate of acquisition of the nicotine discrimination in the
caffeine-drinking rats was not significantly different from the
rate of acquisition in the water-drinking rats, although, there
was a non-significant trend for a slower rate of acquisition for
the caffeine-drinking versus water-drinking rats at the lower
nicotine training dose. When graded doses of nicotine were
substituted for the training dose, there was no difference in
the nicotine dose-response curves for generalization in caf-
feine- and water-drinking rats, regardless of the training dose
of nicotine. Caffeine exposure also did not change the effects
of nicotine on response rates. Further, no significant differ-
ences were found in either the potency or efficacy of the nico-
tinic antagonist mecamylamine in blocking the discriminative
stimulus effects of nicotine between caffeine- and water-
drinking rats. However, there was a qualitative change in the
discriminative stimulus effects of nicotine in the caffeine-
drinking rats. Amphetamine, cocaine, apomorphine, and
GBR 12909, all psychomotor stimulants with pronounced
dopaminergic actions, generalized to the nicotine-training
stimulus in the water-drinking rats but not in the caffeine-
drinking rats. For example, a dose of 1.0 or 1.7 mg/kg of
d-amphetamine produced complete generalization to both
the 0.4 and 0.1 mg/kg nicotine training stimuli in the water-
drinking rats but produced only saline-appropriate responding
in the caffeine-drinking rats (Fig. 2). Also, pretreatment with
CGS 10746B, a dopamine-release inhibitor, attenuated nico-
tine-appropriate responding only in the water-drinking rats.
The main finding of the study by Gasior et al. (91) was that
chronic caffeine exposure selectively blunted a dopaminergic
component of the nicotine discriminative stimulus without af-
fecting its nicotinic component. As noted above, nicotinic-
acetylcholine receptors are the main pharmacologic target
through which nicotine exerts its behavioral effects (11,210).
The presence of a dopaminergic component in the discrimina-
tive stimulus of nicotine has been previously reported
(36,213) and might be explained by neuroanatomic studies
showing that nicotinic-acetylcholine receptors can be presyn-
apticly localized on dopamine-containing neurons in brain re-
gions potentially involved in mediating the discriminative
stimulus effect of nicotine (58,129,206,233). Activation of
these receptors can facilitate dopamine release in dopaminer-
gic terminals (159,160,175). Chronic caffeine exposure has
been shown to produce an alteration in the number and func-
tion of central adenosine receptors (55). Adenosine, acting as
an agonist at A; and A, receptors, can modulate in an inhibi-
tory fashion the effects mediated by D, and D, dopamine re-
ceptors (79,80,81). A receptors are colocalized with D, recep-
tors and can antagonize D-induced increases in cAMP levels
in the striatum, while A, receptors are colocalized with D, re-
ceptors in the striatum where they can inhibit the decrease of
cAMP levels induced by dopamine acting on D, receptors
(81,90). Caffeine, acting as a non-selective antagonist at A,
and A, adenosine receptors (56), can reduce or remove the
endogenous inhibitory tone of adenosine on dopaminergic re-
ceptors (81,90). This effect can potentiate dopaminergic neu-
rotransmission. Chronic administration of caffeine may in-
duce an overstimulation of dopaminergic neurotransmission
that might mask the dopaminergic component of training
doses of nicotine during the acquisition of a nicotine discrimi-
nation and throughout the entire course of the experiments. It
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is interesting to note that the effects of chronic caffeine expo-
sure on nicotine’s discriminative stimulus effects were long-
lasting. When the caffeine solution was replaced with tap
water in the caffeine-drinking rats for three weeks, and the
amphetamine dose-response curve was then redetermined,
the rats continued to show no generalization to the nicotine-
training stimulus with d-amphetamine.

Self-Administration

The drug self-administration procedure is an exceptionally
useful tool for evaluating the effectiveness of different psycho-
active drugs as reinforcers of drug-seeking behavior. The abil-
ity of nicotine to function as a reinforcer to maintain drug-tak-
ing behavior was in question until the 1980s because of
difficulties in obtaining consistent nicotine self-administration
behavior in experimental animals. As a result there was con-
tinuing debate about the extent to which nicotine was impor-
tant in initiating and subsequently maintaining self-administra-
tion of tobacco products by humans (184). Reports of powerful
effects of IV nicotine as a reinforcer of self-administration be-
havior by Goldberg and colleagues (96,97,181,209) in squirrel
monkeys and dogs focused attention on tobacco use as a form
of nicotine self-administration. Until recently, however, experi-
ments in rodents had failed to convincingly demonstrate that
nicotine can serve as a reinforcer (107). This was done success-
fully by Corrigal and Coen (51), and since then other investiga-
tors have successfully replicated the findings (74,205,206).

In a recent series of experiments by Shoaib et al. (207), the
effects of chronic exposure to caffeine on intravenous nico-
tine self-administration behavior in rats were investigated.
Rats were divided into two groups with one group being given
access to caffeine in their drinking water (3 mg/ml) for 7 days
before the start of self-administration experiments and the
second group continuing to drink plain tap water. Intake of
caffeine in the caffeine-drinking rats ranged from 150 to 180
mg/kg/day. Daily self-administration sessions lasting 2 h were
then initiated. There were two nose-poke holes with photo-
cells in each experimental chamber, one active and one inac-
tive. Initially, each nose poke in the active hole produced an
IV injection of 0.03 mg/kg nicotine accompanied by a brief
feedback tone and each injection was followed by a 20-s time-
out period. Once the rats showed reliable accuracy in re-
sponding and a stable intake of nicotine for two days, the
number of responses required to produce an injection was in-
creased progressively from two to five (fixed-ratio 5 schedule
of drug injection; FR 5). Significant differences between re-
sponding in the active and inactive hole appeared after 14 ses-
sions. Half of the rats in the water-drinking group were then
changed to caffeine in their drinking water starting on day 15.
Within four sessions this group of rats showed a marked in-
crease in the number of active-hole responses and the number
of nicotine injections self-administered as compared to the
control group of rats that continued to drink tap water (Fig.
3). Rats exposed to caffeine in their drinking water for 7 days
before the start of self-administration sessions showed an ac-
celerated pattern of acquisition over the first 14 days that led
to a 50% increase in their intake of nicotine compared to wa-
ter-drinking rats. Withdrawal of caffeine in half of these rats
on day 15 resulted in a marked decrease in both the number
of active nose-poke responses and the number of injections of
nicotine self- administered. However, responding for nicotine
recovered to pre-withdrawal levels in about 5 sessions (Fig. 3).
These results suggest that chronic exposure to caffeine can
potentiate the reinforcing properties of nicotine, thus acceler-
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Training dose: 0.1 mg/kg nicotine
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FIG. 2. Dose-response functions for the discriminative-stimulus generalization of amphetamine to the
nicotine cue in water- and caffeine-drinking rats. Circles represent water (O)- and caffeine (®)-drinking
rats trained to discriminate 0.4 mg/kg of nicotine from saline. Triangles represent water (V)- and caf-
feine ('V¥)-drinking rats trained to discriminate 0.1 mg/kg of nicotine from saline. Top, mean percentage
of nicotine-appropriate responses (£ SEM; n = 5 to 6 rats) after injections with increasing doses of
amphetamine or control vehicle (IP 10 min before test session). Bottom, mean percentage of change (+
SEM) from the individual baseline rates of responding after different doses of amphetamine. Asterisks
represent performance significantly (p < 0.05) different from vehicle. From (91) with permission.

ating the rate of acquisition of self-administration and mark-
edly increasing the moderate rates of self-administration re-
sponding normally maintained by nicotine in rats. These
findings parallel results from our and other laboratories in
which chronic caffeine exposure potentiated the reinforcing
effects of nicotine in squirrel monkeys (177,235) and of co-
caine in rats (33,49,110,200) and reinstated extinguished co-
caine-taking behavior in rats (201,234).

Neurochemical Correlates

Caffeine, nicotine, amphetamine and cocaine act on differ-
ent pharmacologic targets. Caffeine is an antagonist of ade-
nosine A, and A, receptors (87,196) and its behavioral effects
appear to be mediated mostly by blockade of A; and/or A, re-
ceptors (87). Acute administration of behaviorally active
doses of caffeine selectively and significantly increases dopa
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FIG. 3. Acquisition of nicotine self-administration in Sprague-Dawley rats. The mean * SEM (n = 17 to
20) number of nose pokes in the active and inactive holes for three groups of rats are shown. The bars rep-
resent the total number of nicotine infusions delivered during the 2-h session. The top panel represents
data from rats that had access only to water at all times during the entire 28-day testing period. The middle
panel shows data for rats that had access to water for the first 14 days following by access to caffeine
(shaded region) for the latter 14 days. The bottom panel represents data from rats habituated on caffeine
in their drinking water for 7 days before training and then trained with caffeine in their drinking water for
the first 14 days (shaded region). Caffeine was then removed from the drinking water in this group and the
rats were trained for a further 14 days. Statistical differences are indicated by the appropriate symbols fol-
lowing Tukey-Kramer post hoc procedure analysis. Asterisks represent significant differences (p < 0.05)
in active nose-pokes of caffeine-drinking rats (middle panel) from those of water-drinking control rats (top
panel). The hatch symbols (#) represent significant differences (p<< 0 .05) in the number of nicotine infu-
sions self-administered by caffeine-drinking rats (middle panel) from those of water-drinking control rats
(top panel). The omega (¢) symbol in the bottom panel represents a significant reduction (p < 0.01) in the
number of nose-poke responses and nicotine infusions following the removal of caffeine from the rats’
drinking water (comparison of session 14 versus 15). From (207) with permission.
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mine release in the medial prefrontal cortex of the rat
(71,219). This might be the result of caffeine’s antagonistic ac-
tions at adenosine A, receptors in the VTA (78); these recep-
tors might, in turn, modulate the firing activity of dopaminer-
gic mesocortical neurons projecting also to the medial
prefrontal cortex. Nicotine is an agonist at nicotinic-acetyl-
choline receptors, (11) and its reinforcing and other behav-
ioral effects appear to be mediated by activation of these re-
ceptors, which can, in turn, facilitate dopamine release
preferentially in the shell of the nucleus accumbens, an area
that plays an important role in the motivational properties of
drugs abused by humans (175).

The reinforcing and addictive effects of cocaine and am-
phetamine are mediated by direct actions on mesolimbic
dopaminergic terminals (174), with amphetamine serving as a
dopamine releaser and cocaine as a dopamine-reuptake
blocker (179). Thus nicotine, amphetamine and cocaine share,
with other drugs abused by humans, the property of preferen-
tially increasing dopamine release in the shell of the nucleus
accumbens (174,175, 221). In contrast, intravenous adminis-
tration of caffeine, at doses that are behaviorally active, does
not stimulate dopamine release in the shell or the core of the
nucleus accumbens (71,219). These findings, together with the
inability of caffeine to change the pattern of glucose utiliza-
tion in brain (153), which is a characteristic of almost all drugs
abused by humans (174), suggest that caffeine would be a
weak reinforcer when compared to cocaine and other abused
psychomotor stimulant drugs (102,110).

Cocaine and amphetamine are able to increase dopamine
levels in the medial prefrontal cortex more efficiently than in
the nucleus accumbens shell (220), but this effect seems sec-
ondary to the ability of these drugs to block the noradrenaline
reuptake transporter (179). This transporter is able to take up
dopamine from the extracellular space more efficiently than it
takes up noradrenaline itself (179). Blockade of the noradren-
aline transporter by cocaine and amphetamine in the medial
prefrontal cortex would increase dopamine levels in the extra-
cellular space (220). It is not likely, however, that this effect of
cocaine and amphetamine is related to their abuse liability.
GBR 12909, a selective blocker of the dopamine but not of
the noradrenaline transporter (3), does not significantly in-
crease dopamine output in the prefrontal cortex at doses
which do increase dopamine output in the nucleus accumbens
shell (220). Nonetheless, GBR 12909 is self-adminstered by
rats, although not as consistently as cocaine and amphet-
amine (182,224). Also nicotine, and other nonpsychomotor
stimulant drugs of abuse, such as alcohol and morphine, do
not significantly increase dopamine release in the prefrontal
cortex at doses that are effective in increasing dopamine lev-
els in the shell of the nucleus accumbens (13), whereas caf-
feine increases dopamine release selectively in the prefrontal
cortex (71,219).

The neurochemical mechanisms that mediate alterations in
the behavioral actions of nicotine and psychomotor stimulant
drugs after acute and chronic exposure to caffeine appear to
be complex. Using microdialysis techniques, Horger et al.
(118) found that the elevation in dopamine levels in the ven-
tral striatum induced by cocaine, was enhanced in rats that
had been chronically exposed to caffeine and suggested this
might be due to a “sensitization” of the neurochemical re-
sponse to cocaine. In our laboratory, we have used microdial-
ysis techniques [see Tanda et al. (220,221) and Di Chiara et al.
(72) for details of methods] to compare the effects of subcuta-
neous administration of nicotine (0.2 and 0.4 mg/kg) in rats
that had been chronically exposed to caffeine (3 mg/ml) in
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their drinking water for three weeks and control rats that con-
tinued to drink plain tap water (Fig. 4). In both caffeine-
drinking and water-drinking control rats, nicotine produced a
significant and dose-related increase in dopamine levels in the
shell of the nucleus accumbens. This effect with nicotine, as
was the case with cocaine (118), was significantly enhanced in
caffeine-drinking rats, compared to water-drinking rats. Thus
chronic exposure to caffeine appears to interact with the func-
tional responsivity of the mesolimbic dopamine transmission.
Acute administration of caffeine can facilitate dopamine neu-
rotransmission by antagonizing the inhibitory tone of adenos-
ine acting at presynaptic A, and A, receptors which are colo-
calized with dopamine D; and D, receptors (81,176), thus
allowing more efficient transduction of the dopaminergic sig-
nal. We can speculate, however, that rats might develop toler-
ance to this effect after chronic caffeine exposure. Thus the
effect of chronic caffeine exposure in enhancing nicotine- and
cocaine-induced release of dopamine might be mediated by
an altered, possibly reduced, ability of dopamine receptors to
transduce the dopamine signal. For example, the negative
feedback on dopamine firing, dopamine release, and possibly
dopamine synthesis might be reduced in caffeine-exposed rats
compared to control rats. Additional experiments are needed
to test this possibility. Further studies are also needed to de-
termine whether this effect is specific to the mesolimbic
dopamine system or if it is a more general effect of chronic
caffeine exposure on dopaminergic systems throughout the
brain.

Another possible different explanation for this effect
might be found in the potential anxiogenic effects of caffeine
(22,120,161,197). Caffeine shares with other anxiogenic drugs
the property of selectively increasing dopamine release in the
prefrontal cortex, as compared to the shell of the nucleus ac-
cumbens (13,71,219). The medial prefrontal cortex appears
to be a focus for the influence of stress on dopaminergic sys-
tems (63,64,70,194). In rats, forced to drink water containing
3 mg/ml caffeine, long-term exposure to such active doses of
caffeine might induce a stressful state. Moreover there is evi-
dence suggesting that elevated stress can contribute to indi-
vidual vulnerability to the reinforcing and other behavioral
effects of psychomotor stimulant drugs of abuse (169,170).
For example, glucocorticoid activation by stress appears to
play a direct role in the process of sensitization to the loco-
motor stimulant effects of psychomotor stimulant drugs
(171).

A third possible explanation for the alteration of the be-
havioral and neurochemical effects of nicotine by chronic caf-
feine exposure comes from studies of the prefrontal cortex as
a modulator of the activity of subcortical brain areas
(23,222,227). After chronic caffeine exposure, it is possible
that there is a decreased influence of the prefrontal cortex on
subcortical areas. Because acute administration of caffeine
can increase dopamine release in the prefrontal cortex,
(71,219), thus decreasing the activity of subcortical areas, we
can speculate that chronic exposure to caffeine might result in
the development of tolerance to this effect, with a subsequent
facilitation of dopaminergic subcortical functioning. This
might contribute to increased dopamine output in subcortical
mesolimbic areas after administration of psychomotor stimu-
lant drugs, such as nicotine, amphetamine, or cocaine, in caf-
feine-drinking rats.

Although the prefrontal cortex does not appear to play a
major role in the addictive properties of psychomotor stimu-
lant drugs and opiates (13,60,220), it may provide attentional
and motor resources for active responding to drug-related
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FIG. 4. Effects of administration of nicotine, 0.2 and 0.4 mg/kg (free base) SC, on dopamine output
from dialysates of the nucleus accumbens (NAc) shell, in caffeine-drinking (3.0 mg/ml) rats (O) or
water-drinking ([J) rats. Results are means = SEM (n = 4) of the amount of dopamine in a 20-min dialy-
sate sample, expressed as percent of basal values. Basal values of dopamine were not significantly differ-
ent between groups and were as follows (means = SEM, fmoles/sample): water drinking, 73 = 9, 0.2 mg/
kg, 0.2 mg/kg nicotine-treated group; 78 = 11, 0.4 mg/kg nicotine-treated group; caffeine drinking, 77 *
8, 0.2 mg/kg 0.2 mg/kg nicotine-treated group; 80 = 10, 0.4 mg/kg nicotine-treated group. Filled symbols
p < 0.05 compared with basal values. Asterisks: p < 0.05 as compared to the corresponding value

obtained in water-drinking control rats. Methods and statistical analysis as described (72,220,221).

stimuli. Thus the mesolimbic dopaminergic system, whose
major terminal area, the nucleus accumbens shell, is an inte-
gral part of the so-called “extended amygdala” and the meso-
cortical dopaminergic system, whose major terminal area is
the prefrontal cortex, may interact to integrate responses to
emotional stimuli and learned strategies acquired from past
experience so that the resulting behavior is directed toward
obtaining the desired reinforcing event.

INTERACTION OF CAFFEINE WITH NICOTINE’S EFFECTS
IN HUMANS

In a number of different studies positive correlations in the
concurrent use of nicotine and caffeine have been found. There
have been reports that heavy smokers tend to drink more caf-
feine than nonsmokers (30,121,188,131). Also, anecdotal and
scientific reports show that smokers smoke more cigarettes
while drinking coffee (76,121,141,156,164). Emurian and co-
workers (76) found that a cigarette-smoking event occurred
more often during the 20 min after drinking a cup of coffee
than in the 20 min before. On the other hand, there have been
other reports that the administration of caffeine had no or a
small effect on smoking behavior or nicotine consumption. For
example, Kozlowsky (130) reported that coffee-drinking smok-
ers took in more nicotine during periods of no-caffeine drink-
ing than during drinking of beverages containing 75 to 300 mg

of caffeine. Chait and Griffiths (35) found that caffeine did not
increase the number of cigarettes smoked or the amount of
smoke inhaled by smokers who smoked cigarettes ad libitum in
a naturalistic laboratory environment. Brown and Benowitz
(29) tested the hypothesis that increasing the duration of expo-
sure to caffeine in relation to its dose, could modify the intake
of nicotine from cigarette smoking in smokers. They suggested
that results from previous studies might not be relevant for cof-
fee and nicotine consumption because the behavior was exam-
ined only over brief intervals. As a result their study was con-
ducted over a 4-day interval. Brown and Benowitz (29) found a
trend toward an increase in cigarette consumption during caf-
feine consumption. They also found a tendency toward higher
plasma nicotine levels in the lower dose caffeine group com-
pared to the no-caffeine group. Marshall et al. (141,142) also re-
ported that caffeine consumption, in the form of coffee drink-
ing, increased the number of cigarettes smoked, but they found
this effect did not appear to be entirely due to the pharmaco-
logic effects caffeine, because water and Postum (a noncaffein-
ated beverage) drinking influenced the cigarettes smoked.
Because there are epidemiologic as well as clinical studies
suggesting that coffee drinking and cigarette smoking are not
causually related (30,76,121,156,217), it is possible that other
internal or external factors can link the consumption of these
two drugs, with consumption of one drug functioning as a
trigger to elicit consumption of the other. One of these factors
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is that both caffeine drinking and smoking are behaviors that
often occur during breaks from worktime or as habits after
lunch or during breakfast. Nicotine can function as a calming
drug during stressful situations (125) while caffeine can in-
crease anxiety levels in humans (120,161,197) and trigger the
consumption of nicotine to relieve this unpleasant state. In
this respect, Conway and coworkers (50) investigated the im-
pact of occupational stress on the consumption of alcohol,
caffeine and nicotine in a longitudinal field study performed
in 34 men over an 8-month period. They reported that during
periods of high stress there was more cigarette smoking and,
interestingly, more caffeine drinking but less alcohol con-
sumption than during periods without stress.

In another series of studies, Rose (185) and Rose and
Behm (187) reported no interaction between caffeine and nic-
otine on anxiety levels, while they found a significant effect of
nicotine in decreasing the arousal induced by caffeine. Prit-
chard and coworkers (178) also found no interaction between
caffeine and nicotine on anxiety levels. In contrast, Perkins et
al. (168) found that the combined effect of both caffeine and
nicotine was additive, or greater than additive, for anxiety and
the same additive effect was found with arousal levels. How-
ever, with studies of cognitive performance there were no
clear interactive effects of combined administration of nico-
tine and caffeine (127,178,208). Perkins et al. (168) explained
differences between their study and other studies on the basis
of differences in the baseline of subjective and activity states
of subjects during the tests. It should be noted that Perkins et
al. (168) used controlled nasal-spay doses of nicotine in their
study instead of cigarette smoking nicotine as in the previ-
ously cited studies.

In a drug discrimination study by Duka et al. (75) with 20
human subjects, the discriminative-stimulus properties of low
doses of nicotine (0.25, 0.75, and 1.0 mg) in the form of chew-
ing gum were evaluated when given in combination with 50
mg oral caffeine tablets or placebo tablets. Caffeine produced
nicotine-appropriate responses in human subjects trained to
discriminate nicotine from placebo, suggesting that in humans
this dose of caffeine shares with 1.0 mg of nicotine common
interoceptive stimulus properties. Another finding was that
subjects reported that significant factors in their discrimina-
tion of nicotine were “sensation in mouth” and “taste,” which
further supports the importance of peripheral sensory stimuli
in nicotine’s subjective effects in humans.

GENERAL SUMMARY AND CONCLUSIONS

The findings reviewed in this paper demonstrate that both
acute and chronic exposure to caffeine can modify some, but
not all, of the pharmacologic and behavioral actions of nico-
tine. In particular, caffeine appears able to alter the behav-
ioral actions of nicotine, not simply in terms of nicotine’s ac-
tions as a stimulant or depressant of motor activity, but more
importantly in terms of nicotine’s subjective and reinforcing
effects and, thus, its addictive potential. This is an important
issue, not only because caffeine is the most widely consumed
psychotropic drug, but because it is generally considered safe
and is the only licit drug regularly ingested by children and by
women during pregnancy and breastfeeding. In humans, caf-
feine exerts positive feelings of alertness, increased perfor-
mance and enhanced cognitive functioning at lower doses, but
at very high doses it can have unpleasant, anxiogenic effects
(56,101,104,120). Tolerance develops readily to some behav-
ioral effects of caffeine after chronic ingestion (117) and with-
drawal symptoms that ensue after cessation of chronic caf-
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feine consumption are well recognized (77,105). Dependence
on caffeine, both physical and psychologic, has also been de-
scribed (105), but the small number of people involved in such
effects with documented deleterious consequences, as com-
pared to the hundreds of million individuals that drink coffee
regularly without showing significant problems, allows caf-
feine to stay free of the regulatory control for drugs with
DMS-IV abuse liability (2). Caffeine does not share with
other psychomotor stimulant drugs the property of selectively
or preferentially increasing dopamine release and cerebral
glucose utilization in the shell of the nucleus accumbens at
doses that have stimulant effects on behavior (71,153,155,
175,218,219), but over this range of doses there is increased
dopamine release in the medial prefrontal cortex. This is con-
sistent with the modest reinforcing properties of caffeine re-
ported in humans and animals (87,102,110,112). In a recent re-
view on the animal and human data on caffeine dependence,
Nehlig (155) concluded that although caffeine fulfilled some
criteria for drug dependence, the risk of addiction is not only
relatively low, but the lowest in the drug classes considered.

Although caffeine alone does not appear to resemble
other psychomotor stimulants in terms of addictive potential
(71,155,218), it does appear able to alter the reinforcing and
addictive properties of other psychoactive drugs as shown by
Shoaib et al. (207) with nicotine and Horger et al. (118) with
cocaine. However, in an epidemiologic study of a cocaine-
user population, ingestion of caffeine was not correlated with
heavy use of cocaine. It appeared, instead, that cocaine users
that drank caffeinated beverages showed a lower intake of co-
caine than users that did not consume caffeine (30). Alcohol
consumption is correlated with caffeine intake, but this corre-
lation is robust only if either drug is used heavily (121). It is
possible that heavy alcohol users drink more caffeine only to
counteract behavioral depressant effects of alcohol or to an-
tagonize an increased level of adenosine in the brain induced
by alcohol ingestion (59,121). Epidemiologic studies do indi-
cate a strong positive correlation between caffeine consump-
tion and smoking habits (121,217). Interestingly, coffee con-
sumption has been noted as an important factor in prediction
of plasma nicotine and cotinine levels in smokers by Bridges
et al. (27). In other studies, however, caffeine intake did not
correlate with an increase in cigarette smoking or to increases
in plasma levels of nicotine (34,130,158,162). In contrast, Ko-
zlowski (130) found that in a population of coffee-drinking
smokers, abstinence from caffeine produced an increase in
smoking behavior (nicotine consumption).

The studies of Shoaib et al. (207) and Horger et al. (118)
indicate that caffeine exposure can increase the rate of acqui-
sition of nicotine and cocaine self-administration in rats.
These findings suggest that caffeine might serve as an envi-
ronmental factor capable of influencing the behavior of rats
during the initial stage of drug use. The neurochemical mech-
anism underlying such an effect needs to be clarified. Our
preliminary data, and that of Horger (118), suggest an in-
creased sensitivity of mesolimbic dopamine transmission after
chronic exposure to caffeine. To better understand and clarify
this important issue, it would be helpful to have more exten-
sive epidemiologic data on environmental factors, such as caf-
feine, that can contribute to the acquisition of smoking habits
and nicotine addiction (62) or other forms of drug use. For
example, from the available data it is not known if people that
start smoking tend to have an intake of caffeine greater than
the average, or if they increase their drinking of caffeine after
starting to smoke. The importance of this issue can be under-
stood in terms of prevention, due to the high percentage of
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children and adolescents that consume caffeine on a regular
basis (138,148, 226). If caffeine is an important environmental
factor in animals for the initiation and subsequent mainte-
nance of drug-taking behavior with nicotine (and other drugs
abused by humans), its heavy use in youth might play a role in
the high incidence of cigarette smoking in youth and its fre-
quent correlation with the use of other drugs.

There are important differences between experimental
studies in animals, such as these by Shoaib et al. (207), and the
human situation. In the rat studies, caffeine was given only
one or few weeks before the first nicotine exposure. In hu-
mans caffeine is considered a safe drug and for this reason it is
possible that the majority of the population is exposed to caf-
feine from their birth and very often also during prenatal life.
Such differences should be studied and addressed. Also, the
forced drinking of caffeine solution in rats might have a stron-
ger impact on subsequent behaviors and neurochemical re-
sponses than voluntary drinking by humans. Moreover, in
preliminary studies in our laboratory on the ability of caffeine
to potentiate the discriminative stimulus properties of meth-
amphetamine and the increase in dopamine output produced
by methamphetamine in dialysates from the nucleus accum-
bens shell (Munzar, Tanda and Goldberg, unpublished obser-
vations) we found that tolerance appears to develop to these
effects after 12 to 15 weeks of exposure to caffeine in the
drinking water. It is possible that longer (e.g., 12 to 15 weeks)
exposure to caffeine in the drinking water would result in tol-
erance to the potentiation of nicotine’s effects on self-admin-
stration and dopamine transmission by caffeine.

It should also be noted that although chronic exposure to
caffeine in the drinking water facilitated the acquisition of nic-
otine self-administration behavior and altered the qualitative
nature of the nicotine discriminative stimulus in the experi-
ments reviewed (91,207), it was ineffective in changing the
rate of acquisition of nicotine-discrimination performance
(91) and did not alter the rate-increasing effect of nicotine on
food-maintained responding under a FI schedule (126). An
explanation for these discrepancies might be found in the dif-
ferent brain regions that are involved in the discriminative
and reinforcing properties of nicotine (206). Nicotine’s dis-
criminative-stimulus effects appear to be mediated by the dor-
sal hippocampus, while its effects as a reinforcer appear to be
mediated by the mesolimbic dopamine system (52,175, 206). It
is likely that chronic caffeine exposure differentially affects
different brain areas, thus resulting in different interactions
depending on the function of these particular areas and on the
transmitter systems innervating these brain areas. Moreover,
recent preliminary data obtained by Goldberg et al. (95)
showed that a lower concentration of caffeine in the drinking
water (0.25 mg/kg caffeine) did increase the rate of acquisi-
tion of a nicotine discrimination in caffeine-drinking com-
pared with water-drinking rats.

From data obtained in human studies it seems that the pos-
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itive correlation between caffeine and nicotine described in
epidemiologic studies is more complex than a simple pharma-
cologic interaction between drugs. Many other factors appear
to be involved in such an interaction, starting from an interac-
tion between the sensory stimuli produced by beverages con-
taining caffeine (for example: taste, smell and, possibly, tem-
perature of the drink) and the pleasurable sensations induced
by cigarette smoke. Moreover sensory stimuli appear to have
an important role in the maintenance of smoking behavior in
humans (186,188,189). In this respect, the pharmacologic ef-
fects of nicotine, that elicit increased levels of dopamine in the
nucleus accumbens shell, are repeatedly associated with the
sensory properties of nicotine, and might induce a kind of as-
sociative learning. In this situation, sensory stimuli surround-
ing nicotine self-administration via tobacco smoking can ac-
quire motivational values, an effect that is typical of
conventional reinforcers (69,71). In the case of nicotine, as
with other drugs abused by humans, it is possible that the non-
decremental increase in dopamine output in the shell, subse-
quent to intake of active doses of the drug, can pathologically
strengthen this association. Thus, the sensory stimuli associ-
ated to cigarette smoking may acquire excessive motivational
value and became able to facilitate the occurrence of smoking
and retard attempts at cessation of smoking.

In conclusion, the experiments reviewed demonstrate that
caffeine can alter some of the behavioral and pharmacologic
effects of nicotine. These interactions appear complex, since
caffeine is able to magnify some important aspects of nico-
tine’s actions, as in the case of self-administration or dopa-
mine release in the shell of the nucleus accumbens, while
within the same time period caffeine exposure appeared to be
either ineffective or decreased the effects of nicotine in other
behavioral tests. Thus the end result of caffeine-nicotine in-
teractions can be qualitatively different depending on the par-
ticular aspects of behavior taken into consideration. From this
point of view, self-administration data are strongly in agree-
ment with epidemiologic data and give a pharmacologic coun-
terpart to the strong correlation between caffeine and nico-
tine consumption in humans.
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