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The present study was focused on evaluation of locomotor cross-
sensitization between nicotine and ethanol in mice. First, we demonstrated
that, after 5 daily injections, nicotine (0.5 mg/kg, ip) produced sensitization
to its own locomotor stimulant effect. Moreover, nicotine-experienced mice
manifested an enhanced response to ethanol challenge (2 g/kg, ip) indicating
the development of cross-sensitization between nicotine and ethanol in mice.
Additionally, the L-type voltage-dependent calcium channel antagonists:
verapamil and diltiazem, but not nimodipine, at the dose of 20 mg/kg, in-
jected before the ethanol challenge, blocked the expression of this cross-
sensitization. These findings support the hypothesis that similar neural
calcium-dependent mechanisms are involved in the sensitization to locomo-
tor stimulant effects of nicotine and ethanol and point to certain differences
in acute behavioral effects of various classes of calcium channel inhibitors.
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INTRODUCTION

A large proportion of drug abusers and drug-
dependent subjects use more than one drug, which
is called “multi-drug” abuse. One of the most
prevalent drug combinations is the concurrent use
of ethanol and nicotine. Reports show that nearly
70% of alcoholics smoke more than 1.5 packs of
cigarettes every day, while only 10% of non-alco-
holics are so heavy smokers [2]. It has been con-
firmed that concurrent smokers and nicotine-
dependent subjects had a greater severity of alcohol
dependence [13].

It is often assumed that ethanol produces cogni-
tive deficits, and it is possible that the ability of
nicotine to improve some aspects of cognition such
as alertness and speed of decision-making will en-
able to reverse those deficits. Such an effect might
constitute a reason for the combined use of the two
substances [6, 22].

Drug addiction is a complex behavioral phe-
nomenon dependent on several neuronal systems.
There is considerable evidence that the rewarding
properties of drugs may be due to their common
properties of facilitating (directly or indirectly) do-
paminergic transmission, especially in the mesolim-
bic and corticostriatal pathways [16]. For instance,
nicotine is thought to increase dopamine transmis-
sion in the nucleus accumbens (NAC) by stimulating
the nicotinic cholinergic receptors (nAChRs) located
on the dopaminergic neurons in this area [15]. The
reinforcing effects of ethanol are mediated by acti-
vation of GABA-A receptors, release of opioid
peptides or inhibition of N-methyl-D-aspartate
(NMDA) receptors [20].

It is well known that systemic and local admini-
stration of nicotine increases extracellular dopa-
mine concentration in the NAC as well as dopa-
mine cell body firing in the ventral tegmental area
(VTA) [20]. These effects of ethanol observed in
the limbic forebrain are completely antagonized in
rats by mecamylamine, a blood-brain barrier pene-
trating nAChRs antagonist. Moreover, in mice,
ethanol-induced enhancements of locomotor activ-
ity and brain dopamine turnover were partially
counteracted by mecamylamine [8].

It has been suggested that nicotine exerts modu-
latory effects on ethanol drinking behavior and
ethanol-induced brain damage through its choliner-
gic action [28]. Both chronic nicotine and chronic
ethanol treatments have been shown to increase the

number of brain nicotinic receptors [30]. These re-
ceptors could modulate release of dopamine from
neurons in the mesolimbic system, which contrib-
utes to the reinforcing effects of drugs of abuse. It
has also been shown that nicotinic receptor binding
is altered in specific brain regions in ethanol-
dependent animals [28].

Behavioral experiments in animals showed that
alcohol and nicotine produced similar effects in
several behavioral models, i.e. sensitization, place
preference or self-administration [4, 17, 31, 34]. In
addition, several reports demonstrated cross-tole-
rance to alcohol and nicotine-induced hypothermia
in mice [11]. Other reports revealed behavioral in-
teractions between these drugs in tests of motor ac-
tivity, alcohol self-administration, learning/mem-
ory and anxiety [10, 24, 27, 30].

An alternative characteristic implicated in the
addictive behavior is a phenomenon termed sensiti-
zation or reverse tolerance. Evidence suggests for
example that most drugs enhance progressively lo-
comotor activity when given repeatedly. Behav-
ioral sensitization is the progressive and enduring
enhancement of certain drug-induced effects which
develop following repeated, intermittent treatment
with psychostimulants or opioids. This phenomenon
represents a model of long-lasting adaptive changes
after chronic drug treatment and is directly related to
drug seeking and reinstatement behavior [32].

Although behavioral sensitization induced by
the psychostimulants has been widely described,
relatively less is known about the behavioral conse-
quences of repeated exposure to other drugs includ-
ing nicotine, and particularly whether cross-sensitiza-
tion to some effects of the various psychoactive sub-
stances may develop. Based on the finding that
similar neural substrates are involved in the psy-
chomotor and rewarding actions of nicotine and
ethanol, the present studies were undertaken to in-
vestigate behavioral sensitization and cross-sen-
sitization to their locomotor effects. We examined
if nicotine-experienced mice develop sensitization
to locomotor stimulating effect of ethanol. That
paradigm is a traditional procedure often used in
studies examining the addictive properties of drugs.
Additionally, in accordance with the findings sug-
gesting that calcium ions and L-type voltage-
dependent calcium channels (VDCCs) may be im-
portant to several aspects of drug reward and addic-
tion [5], we investigated the influence of some
structurally distinct calcium channel antagonists
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(CCAs) on the expression of this cross-sensi-
tization. The results are discussed in the context of
long-lasting neural and behavioral changes induced
by chronic drug treatment that ultimately lead to
addiction, especially in connection with neural cal-
cium ions and calcium channels.

MATERIALS and METHODS

Animals

The experiments were carried out on naive male
Swiss mice (Farm of Laboratory Animals, War-
szawa, Poland) weighing 20–25 g at the beginning
of the experiments. The animals were kept under
standard laboratory conditions (12/12 h light/dark
cycle) with free access to tap water and lab chow
(Bacutil, Motycz, Poland) and adapted to the labo-
ratory conditions for at least one week. Each ex-
perimental group consisted of 8–12 animals. The
experiments were performed between 9.00 and
12.00 a.m.

All experiments were carried out according to
the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals and to the
European Community Council Directive for Care
and Use of Laboratory Animals.

Drugs

The compounds tested were: (-)-nicotine hydro-
gen tartrate (Sigma, St. Louis, MO, USA), nimo-
dipine (RBI, Natick, MA, USA), verapamil (Knoll,
Germany), diltiazem hydrochloride (RBI, Natick,
MA, USA) and ethanol (Polmos, Poland). Ethanol
was prepared for injections by diluting 95% etha-
nol to obtain a concentration of 10% (v/v). Verapa-
mil was diluted to an adequate concentration. Other
drugs were dissolved in saline (0.9% NaCl). All
agents were administered intraperitoneally (ip) in
a volume of 10 ml/kg. Control groups received ve-
hicle injections.

Apparatus

Locomotor activity in mice was measured in
round actometer cages (32 cm in diameter; Multi-
serv, Poland) kept in a sound-attenuated experi-
mental room. Two photocell beams located across
the axis measured the animal’s displacements.

Procedure

During the pairing phase (day 1–5), the mice re-
ceived the following daily injections: saline + sali-
ne or saline + nicotine (0.5 mg/kg, ip). This dose of
nicotine is often used in order to produce robust
conditioned hyperactivity. Immediately after saline
or nicotine injection, mice were confined to the ap-
paratus and their locomotor activity was recorded
for 30 min. Subsequently, animals remained drug
free for one week and, on day 13, the distinct saline-
or nicotine-pretreated groups were challenged with
one of the following injections: nicotine (0.5 mg/kg,
ip) or ethanol (2 g/kg, ip). Locomotor activity was
also recorded for 30 min. The second experiment
was designed to investigate whether pretreatment
with some of the CCAs modifies the expression of
the locomotor cross-sensitization to the effects of
nicotine and ethanol. For this purpose, on the chal-
lenge day the mice were injected with nimodipine
(20 mg/kg, ip), verapamil (20 mg/kg, ip) or dilti-
azem (20 mg/kg, ip) 15 min before ethanol injec-
tion. This dose was chosen accordingly to our re-
cent data indicating that, at the dose of 20 mg/kg,
all the used CCAs attenuated the expression of
nicotine sensitization in mice under our experimen-
tal conditions described above [3].

Statistics

The data were analyzed by the analysis of vari-
ance (ANOVA). Post-hoc comparison of means
was carried out with the Tukey test, when appropri-
ate. The confidence limit of p < 0.05 was consid-
ered as statistically significant. Locomotor activity
was expressed as a number of photocell beam
breaks (means ± SEM).

RESULTS

Analysis of the locomotor response to daily ad-
ministration of nicotine (0.5 mg/kg, ip) or vehicle
during the pairing phase (day 1 and 5) revealed
a treatment effect [F (1,64) = 37.61, p < 0.001], a day
effect [F (2,64) = 12.42, p < 0.001] but not treatment
× day interactions [F (2,64) = 7.59]. After the last
nicotine injection (day 5), a significant difference in
the response to this drug was observed as compared
to the first injection of nicotine (p < 0.001) or to the
response of animals treated repeatedly with saline
(p < 0.001) (Fig. 1). The locomotor activity of
saline-treated mice did not change significantly
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over time. After 5 days of nicotine administration
and following its 7-day withdrawal, a challenge
dose of nicotine (0.5 mg/kg, ip) induced marked
behavioral sensitization in mice observed as an in-
crease in locomotor activity compared with that
seen after first injection of nicotine in the same ani-
mal (p < 0.001) or with the response to acute nico-
tine challenge in animals treated repeatedly with
saline (p < 0.01, Tukey test) (Fig. 1). On day 13,
when one of the nicotine-pretreated group of mice
received ethanol challenge (2 g/kg, ip), a signifi-
cant difference in the response was observed as
compared to first injection of nicotine (p < 0.001)
or with the response to acute ethanol challenge in
animals pretreated repeatedly with saline (p < 0.001,
Tukey test) (Fig 2). These findings indicated that
pre-exposure to nicotine resulted in locomotor sen-
sitization to nicotine itself as well as in sensitiza-
tion to ethanol challenge.

Verapamil and diltiazem, but not nimodipine, at
the dose of 20 mg/kg, were effective in blocking
the expression of nicotine sensitization, since when
injected before the challenge dose of ethanol, they
attenuated the increase in locomotion, i.e. the ex-
pression of cross-sensitization between nicotine
and ethanol (Fig. 2). ANOVA revealed a significant
treatment effect on day 13 vs. the group treated re-
peatedly with nicotine and challenged with ethanol
[F (3,32) = 10.98, p < 0.001]. None of the CCAs,
given acutely or repeatedly, significantly affected
basal locomotor activity of mice (data not shown).

DISCUSSION

The present study was focused on evaluation of
behavioral sensitization and cross-sensitization be-
tween locomotor stimulant effects of nicotine and
ethanol in mice. We also investigated the effects of
some L-type voltage-dependent CCAs on this sen-
sitization. In accordance with a previous study, we
first revealed that repeated daily injections of nico-
tine produced progressive large increases in loco-
motor activity in mice. This effect is referred to as
behavioral sensitization. One of the main findings of
the present study is that locomotor cross-sensitization
was evident between nicotine and ethanol. We dem-
onstrated that nicotine-experienced mice mani-
fested an enhanced response to ethanol challenge
compared with the first pairing day and with the re-
sponse to acute ethanol challenge in animals pre-
treated with saline. These results support the hy-
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Fig. 1. Effect of a challenge with ethanol (2 g/kg) injection on
locomotor activity of mice pretreated with saline or nicotine
(0.5 mg/kg). Nicotine or saline were injected to animals daily
for 5 days; on day 13, saline- and nicotine-experienced mice
were given a challenge dose of ethanol (2 g/kg) or nicotine
(0.5 mg/kg). Data represent means ± SEM; ***p < 0.001 vs. the
first pairing day; ##p < 0.01, ###p < 0.001 vs. saline-treated and
nicotine-challenged mice (Tukey test)
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Fig. 2. Effects of nimodipine (20 mg/kg), verapamil (20 mg/kg)
or diltiazem (20 mg/kg) on the expression of locomotor
cross-sensitization between nicotine (0.5 mg/kg) and ethanol
(2 g/kg) in mice. Nicotine (0.5 mg/kg) or saline were injected to
animals daily for 5 days; on day 13 (a test for expression of
sensitization) they were given ethanol (2 g/kg) or a calcium
channel antagonist + ethanol. Data represent means ± SEM;
�p < 0.05, ��p < 0.01 vs. nicotine-treated and ethanol-chal-
lenged mice; ***p < 0.001 vs. the first pairing day; ###p < 0.001
vs. saline-treated and ethanol-challenged mice (Tukey test)



pothesis that similar neural substrates, probably in
the mesolimbic dopamine system, can be involved
in the psychomotor and rewarding effects of nico-
tine and ethanol and this mechanism may be
calcium-dependent.

A variety of drugs of abuse appear to exert their
rewarding effect via activation of a common neu-
ronal substrate. Although psychostimulants and other
drugs of abuse (e.g. nicotine, opioids and ethanol)
exert their initial effects at different binding sites in
the brain, they produce similar changes in the
mesolimbic dopaminergic pathway by increasing
dopamine transmission in the neurons projecting to
the NAC [16]. There is evidence suggesting that
nicotine increases this dopaminergic system indi-
rectly through the presynaptics nAChRs located on
dopaminergic neurons and that such an activation
underlies the reinforcing and locomotor stimulant
effect of this drug [14]. It is worth noting that nico-
tine acts preferentially at nAChRs in the VTA to
promote long-term activation of the dopamine sys-
tem. While nicotine shares most of the characteris-
tics of other addictive drugs, its motivational ef-
fects in the behavioral paradigms are quite difficult
to demonstrate. For example, nicotine-induced re-
inforcing effects measured in intravenous self-ad-
ministration model are modest when compared
with psychostimulants. In the conditioned place
preference (CPP) paradigm, some reports show ni-
cotine-induced conditioned place aversion or a lack
of place conditioning [31]. However, in spite of
these negative results, place preference has also
been reported with nicotine under biased condi-
tions [9]. Moreover, repeated daily exposure to
nicotine results in behavioral sensitization mani-
fested by a progressive increase in locomotor activ-
ity after repeated administration [34]. Such an ef-
fect was also confirmed by our study.

In a set of our experiments, we evaluated cross-
sensitization to the locomotor stimulant effects of
nicotine and ethanol. We have demonstrated that
nicotine-experienced mice showed an increase in
locomotor activity after ethanol challenge. These
data support the notion that similar mechanism
may underlie the development of sensitization to
both nicotine and ethanol, which can suggest com-
mon mechanisms of expression of this phenome-
non. The neuronal mechanisms related to the loco-
motor stimulatory effects of ethanol may be sensi-
tized by preexposure to nicotine [18].

Many studies have demonstrated neurochemi-
cal and behavioral commonalities between the two
drugs. For example, it has already been suggested
that both nicotine and ethanol share sites of action
probably by interfering with central nAChRs lo-
cated on the mesolimbic dopamine neurons [7, 8].
It is important to note that ethanol-induced increase
in the mesolimbic dopamine release is blocked by
mecamylamine, a nAChRs antagonist [8]. Accord-
ingly, it has been shown that repeated nicotine ad-
ministration increases ethanol consumption and op-
erant self-administration of ethanol in rats [10].
Moreover, subchronic intermittent nicotine pre-
treatment enhanced ethanol-induced locomotor
stimulation and dopamine turnover in mice [18].
These findings support the hypothesis that ethanol
and nicotine share sites of action. The common abil-
ity of stimulating dopamine transmission in the shell
of the NAC by nicotine and ethanol may provide
a basis for the often observed joint use of these
drugs of abuse.

Our results were also performed to further exam-
ine the role of calcium ions and calcium-mediated
second messenger system in the reinforcing and
stimulant effects of psychoactive drugs, including
cross-sensitization described above. We have
shown that pretreatment with some chosen CCAs,
like verapamil and diltiazem, but not nimodipine,
attenuated the expression of cross-sensitization to
the locomotor stimulant effects between nicotine
and ethanol. It is worth noting that in our recent ex-
periments this dose of CCAs was also effective in
blocking locomotor sensitization to nicotine in
mice [3]. Nimodipine, verapamil and diltiazem
were chosen as representatives of three major clini-
cally available subclasses of VDCCs blockers (i.e.
dihydropyridines, phenylalkylamines and benzothi-
azepines, respectively). It is important to note that
none of the CCAs, given acutely or repeatedly at
the used doses, had any effects in naive animals
(data not shown).

There exists considerable evidence that central
calcium channels are involved in at least some of
the effects of drugs commonly abused by humans.
Some studies demonstrate the antireinforcing prop-
erties of the CCAs acting at the L-type VDCCs. For
example, it has been reported that CCAs decreased
the induction and expression of behavioral sensiti-
zation and place conditioning induced by ampheta-
mine [19] as well as cocaine- and morphine-
induced self-administration [23]. In the context of
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addiction, it has been shown that administration of
some CCAs decreased the signs of naloxone-
precipitated morphine withdrawal syndrome in rats
[1] and ethanol-induced hyperexcitability [21].
Some studies suggested the influence of CCAs on
the behavioral effects of nicotine. Pretreatment
with CCAs reduced nicotine antinociception and
discrimination in rats [33]. The changes in extracel-
lular calcium seem to modulate activity of neuronal
AChRs and cholinergic synapses. Taking into ac-
count the reinforcing effects of nicotine, it is worth
mentioning that the CCAs are known to modulate
the nicotine-induced release of dopamine from the
rat striatal synaptosomes, thus, this effect seems to
be calcium-dependent [21]. In the context of our
experiments, it is important to note that calcium
channels play a role in both acute and chronic ef-
fects of ethanol. An acute effect of ethanol involves
an inhibition of VDCCs, but during ethanol with-
drawal an elevation of calcium conductance through
the calcium channels was observed [25, 26]. In-
deed, several CCAs diminished the signs of ethanol
withdrawal, like tremor and seizures in rodents
[29]. In the context of our results, it is worth noting
that various classes of calcium antagonists can dif-
fer in their interactions with the effects of ethanol
in the central nervous system. Interestingly, it has
been described that verapamil, but not nifedipine
prevented the development of tolerance to hypnotic
action of ethanol. Moreover, acute, but not chronic
doses of nifedipine, even potentiated central effects
of ethanol in mice [12].

The mechanisms by which the CCAs affect be-
havioral sensitization and cross-sensitization is not
fully understood. Considering the dopamine hy-
pothesis of sensitization, we may suggest that these
abuse-related effects of nicotine and ethanol are
mediated by a common neural substrate, specifi-
cally in the mesolimbic dopamine system. CCAs
acting at L-type calcium channels may be capable
of eliminating the sensitized increase in accumbal
and striatal dopamine by blocking the fusion of the
synaptic vesicles and the releasing of neurotrans-
mitters or impairing the activation of calcium-
mediated second messengers.

Drugs with addictive potential are often co-
abused by humans. Many drugs of abuse have
a high probability of co-administration in many ad-
dicts. It is well known that ethanol users are more
likely to smoke cigarettes than non-ethanol users.

Approximately 90% of alcoholics smoke ciga-
rettes. The present experiments were designed to
further evaluate the possible mechanisms of behav-
ioral sensitization to locomotor stimulant effect of
drugs. Firstly, it has been confirmed that nicotine is
capable of producing sensitization to its own loco-
motor stimulating effect in mice. Secondly, cross-
sensitization to the locomotor effect was observed
between nicotine and ethanol. Moreover, our re-
sults showed that pretreatment with some L-type
voltage-gated calcium channel antagonists, verapa-
mil and diltiazem, prevented completely the ex-
pression of this locomotor cross-sensitization. The-
se findings may indicate a common neuronal path-
way and similar calcium-dependent mechanisms
involved in the development of behavioral sensiti-
zation to the locomotor stimulant effects of nicotine
and ethanol. Since the voltage-dependent CCAs
can diminish the rewarding and stimulant proper-
ties of addictive drugs, this class of compounds
could offer an interesting approach to the pharma-
cotherapy of addiction including alcoholism and
dependence on the combination of ethanol and
nicotine.
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