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The effect of nicotine exposure on the subsequent self-administration of amphetamine, extinction of this behavior, and amphetamine-

induced reinstatement of drug seeking was assessed with particular attention to the contribution of contextual stimuli paired or

unpaired with nicotine during exposure. Rats were exposed to five injections, one injection every third day, of either saline or nicotine

(0.4 mg/kg, IP, base) in three experiments. In one, exposure injections were administered in the home cage. In another, they were

administered in the self-administration chambers with the levers retracted. In a third, nicotine was administered either explicitly paired

or unpaired with the self-administration chambers using a discrimination learning procedure. Starting 13–15 days later, rats were trained

to self-administer amphetamine (100mg/kg/infusion, IV), tested under a progressive ratio (PR) schedule for 6 days, subjected to up to

20 days of extinction training, and were then tested for reinstatement by non-contingent injections of amphetamine (0, 0.2, 0.4,

and 0.75 mg/kg, IP). Nicotine enhanced the self-administration of amphetamine under the PR schedule and amphetamine-induced

reinstatement but only when rats were tested in the chamber in which they were previously exposed to nicotine. These effects were not

observed in rats exposed to nicotine in the home cage or in rats exposed to nicotine explicitly unpaired with the self-administration

chambers. Exposure to nicotine also rendered rats resistant to extinction when amphetamine was withheld but this effect was

observed regardless of nicotine exposure context, suggesting a separate consequence of drug exposure. Together, these results

show that previous exposure to nicotine can enhance the incentive motivational effects of other psychostimulants like amphetamine

and indicate a critical role for nicotine-associated contextual stimuli in the mediation of this effect. These findings have important

implications for the treatment of addictions in humans.
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INTRODUCTION

Nicotine and other psychomotor stimulants produce their
behavioral effects, including self-administration, by activat-
ing the mesoaccumbens dopamine (DA) system. Nicotine
acts at nicotine acetylcholine receptors (nAChRs) in the
midbrain ventral tegmental area to increase locomotion and
DA overflow in the nucleus accumbens and to support its
self-administration (Vezina et al, 2007). Activation of
nAChRs has also been implicated in the self-administration
of other psychostimulants including cocaine and metham-
phetamine (Becktholt and Mark, 2002; Glick et al, 2002;
Levin et al, 2000) as well as in cue-induced craving of
cocaine in humans (Reid et al, 1999). These results suggest

not only a common neuronal pathway for the reinforcing
actions of nicotine and other psychomotor stimulants, but
also a critical role for nAChRs in the effects of other drugs.

As with other psychomotor stimulants (Vezina, 2004),
rats repeatedly exposed to nicotine develop sensitization to
its locomotor and nucleus accumbens DA-activating effects
(Iyaniwura et al, 2001; Ksir et al, 1985; Schoffelmeer et al,
2002; Shim et al, 2001) as well as locomotor cross-
sensitization to amphetamine (Birrell and Balfour, 1998;
Schoffelmeer et al, 2002). Again, nAChR activation is
critical for the development of locomotor and dopaminergic
sensitization by amphetamine and cocaine (Schoffelmeer
et al, 2002) as well as cocaine-induced conditioned place
preference (Zachariou et al, 2001). These results together
with those from a number of epidemiological studies
(Kandel, 2002; Kandel et al, 1992) have lent support to
proposals that nicotine may serve as a gateway drug leading
to the pursuit of other psychostimulants (Levine et al,
2011; Weinberger and Sofuoglu, 2009). Surprisingly few
preclinical studies have investigated this possibility directlyReceived 4 April 2012; revised 24 April 2012; accepted 25 April 2012
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and to date, such studies have provided weak support for
this view. Rats exposed to nicotine as adults subsequently
showed enhanced acquisition of cocaine self-administration
in one study (Horger et al, 1992) but no effects in another
(McQuown et al, 2007). In two other studies assessing the
effect of nicotine exposure on subsequent nicotine self-
administration, one reported modest effects limited to the
first few days of acquisition under a fixed ratio 1 (FR1)
schedule of reinforcement (Adriani et al, 2003) and another
found mixed trends for enhancement and disruption
(Shoaib et al, 1997). Multiple factors can influence the
extent to which previous exposure to nicotine can affect
subsequent drug-induced responding. These include the
intensity of the exposure regimen and the withdrawal
period between exposure and testing (Schoffelmeer et al,
2002; Vezina et al, 2007) as well as sex and age of the
organism at the time of exposure and testing (Adriani et al,
2003; Collins et al, 2004; McQuown et al, 2007). A factor less
often considered is the additional potential influence of
drug-associated stimuli.

In the above experiments, adult rats exposed to nicotine in
the self-administration chamber subsequently showed en-
hanced drug self-administration (Horger et al, 1992) while
those exposed to nicotine in the home cage did not (Adriani
et al, 2003; McQuown et al, 2007; Shoaib et al, 1997),
suggesting that nicotine-paired contextual stimuli may have
enabled the expression of enhanced drug self-administration
resulting from previous exposure to nicotine. The ability of
contextual stimuli to control the expression of sensitization
to stimulant drugs is well established. As demonstrated in
experiments with amphetamine, the presence of drug-paired
or drug-unpaired stimuli during testing can regulate the
intensity of the sensitized responses observed and in some
cases determine whether sensitization is expressed at all
(Anagnostaras and Robinson, 1996; Stewart and Vezina, 1988;
Vezina and Leyton, 2009). Such stimuli have been shown to
regulate the expression of locomotor and nucleus accumbens
DA sensitization by nicotine as well (Reid et al, 1996, 1998).
Given the demonstrated importance of drug-paired cues for
the self-administration of low doses of cocaine (Schenk and
Partridge, 2001) or a relatively weak primary reinforcer like
nicotine (Caggiula et al, 2001), it is reasonable to expect that
stimuli previously paired or unpaired with nicotine during
exposure to the drug should also influence the subsequent self-
administration of nicotine and other psychostimulants. This
possibility remains untested, although results consistent with
this outcome have been reported. For example, contextual
stimuli paired with nicotine self-administration have been
shown to slow extinction of responding and reinstate drug
seeking in animals (Diergaarde et al, 2008; Wing and Shoaib,
2008) and, in humans, to elicit craving to smoke (Conklin,
2006). The present preclinical experiments assessed the ability
of contextual stimuli paired or unpaired with nicotine
exposure injections to subsequently enable or inhibit en-
hanced responding for amphetamine.

MATERIALS AND METHODS

Animals

Male Long–Evans rats (Harlan Teklad, Madison, WI) weighing
250–275 g upon arrival were housed individually in a 12-h

light/12-h dark reverse cycle room (lights off at 0700 hours
and on at 1900 hours) with food and water freely available
throughout the experiments. All procedures were conducted
during the dark cycle according to protocols approved by
the University of Chicago Institutional Animal Care and
Use Committee. Drug injections were initiated at least 1 h
into the dark cycle and administered at the same time of day
throughout the experiments. All experiments were conducted
in accordance with the Declaration of Helsinki and the Guide
for the Care and Use of Laboratory Animals as adopted and
promulgated by the National Institutes of Health.

Apparatus

Experimental sessions were conducted in 16 operant
chambers (model H10-11R-TC, Coulbourn Instruments,
Whitehall, PA) measuring 31� 25� 30 cm. A single retract-
able lever (6 cm above the floor) and a cue light (13 cm
above the lever) were positioned on the right side wall of
each chamber. Each operant chamber was contained within
a sound-attenuating chamber outfitted with an exhaust fan
that shielded animals from extraneous disturbances. Each
chamber was equipped with a counterbalanced arm, a steel-
spring tether, and an infusion pump (model PHM-100, Med
Associates, St Albans, VT) that permitted free movement
of the animal in the chamber and delivery of drug upon
depression of the lever. Lever presses and drug infusions
were recorded and controlled via an electrical interface by
a computer using Med-Associates software.

Drugs

(�) Nicotine tartrate and S ( + )-amphetamine sulfate were
obtained from Sigma (St Louis, MO). Drugs were dissolved
in sterile saline (0.9% w/v). The pH of the nicotine solution
was adjusted to 7.0 with NaOH.

Surgery

At the appropriate point in the experiments, rats were
anesthetized with a mix of ketamine (100 mg/kg, IP) and
xylazine (6 mg/kg, IP) and surgically implanted with an IV
catheter into the right external jugular vein using proce-
dures described previously (Pierre and Vezina, 1997).
Catheters were made of silastic tubing (Dow Corning,
Midland, MI) connected to a custom-designed L-shaped 20
gauge guide cannula (Plastics One, Roanoke, VA) that was
passed subcutaneously to a small incision on the head and
secured in place with dental cement anchored to skull
screws. Catheters were subsequently flushed daily with a
sterile 0.9% saline solution containing 30 IU/ml heparin and
250 mg/ml ampicillin in order to maintain patency.

Design and Procedures

As illustrated in Figure 1, experiments consisted of six phases:
nicotine exposure, withdrawal and surgical preparation of
rats, amphetamine self-administration training, ampheta-
mine self-administration testing, extinction, and testing for
amphetamine-primed reinstatement.
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Exposure. Starting 3–5 days after arrival, rats were
administered a total of five injections, one injection every
third day, of either nicotine (0.4 mg/kg, IP; dose refers to
the weight of the base) or saline. This injection regimen
is known to sensitize rats to nicotine’s locomotor and
DA-activating effects (Vezina et al, 2007). In the present
experiments, it was tested for its ability to enhance the
subsequent self-administration of amphetamine. In order to
assess the potential additional contribution of contextual
stimuli paired or unpaired with nicotine during exposure on
the subsequent self-administration of amphetamine, ex-
posure injections were administered in different environ-
ments to rats in different groups. In one case, nicotine and
saline injections were administered to rats in different
groups in the home cage (NIC HOME CAGE; SAL HOME
CAGE). In another, injections were administered in the self-
administration chambers with the levers retracted (NIC SA
CHAMBER; SAL SA CHAMBER). In this case, rats remained
in the self-administration chambers for 2 h following each
injection. For rats administered nicotine, the cue light was
illuminated for the entire 2 h. Finally, rats in two addi-
tional groups were administered nicotine either Paired
or Unpaired with the self-administration chambers (NIC
PAIRED; NIC UNPAIRED). Paired rats were administered
nicotine in the self-administration chambers on 1 day,
saline in the home cage on the following day, and were
left undisturbed in their home cage on the third day. This
3-day block was repeated five times. Unpaired rats were
administered these injections in the reverse order: saline in
the self-administration chambers and nicotine in the home
cage. Injections made in the self-administration chambers
were as described above. This discrimination learning
procedure is known to establish a contextual stimulus
complex (ie, the self-administration chamber) not only as
an excitatory conditioned stimulus (CS + ) when it is
explicitly paired with the drug in the case of the Paired
rats but also as a conditioned inhibitor (CI) when it is
explicitly unpaired with the drug in the case of Unpaired
rats (Mackintosh, 1974; Vezina and Leyton, 2009).

Withdrawal. Following the 13–15 day drug exposure phase,
rats were afforded a 2-week procedure and drug-free period.
During this time, they were surgically prepared with an IV
catheter and left to recover for at least 5 days before self-
administration training.

Amphetamine self-administration training. Amphetamine
self-administration sessions were held daily and lasted for
a maximum of 3 h. In all cases, reinforced lever presses
delivered an infusion of amphetamine through the IV
catheter (100 mg/kg/infusion; dose refers to weight of the
salt) delivered in a volume of 0.09–0.11 ml/infusion at a rate
of 1.065 ml/min. For 10 s immediately following a reinforced

lever press, the cue light above the lever was lit and lever
presses were recorded but without consequence. An
experimenter-delivered priming infusion of amphetamine
(100 mg/kg, IV) was given at the beginning of each session.
The initial schedule used was an FR1 schedule of reinforce-
ment and it was increased to an FR2 schedule once animals
successfully administered an additional nine infusions
within the 3-h session. Animals were then again required
to self-administer an additional nine infusions within a 3-h
session under the FR2 schedule. This procedure kept
exposure to amphetamine during self-administration train-
ing to a minimum so as not to compromise existing group
differences in nicotine exposure history (Table 1; Vezina,
2004; Vezina et al, 2002). Animals that did not satisfy each
of the FR1 and the FR2 criteria within 5 days were excluded
from the study. Six rats were thus excluded (NIC HOME
CAGE, 1; SAL HOME CAGE, 1; NIC SA CHAMBER, 1; NIC
PAIRED, 1; NIC UNPAIRED, 2). Days to satisfaction of the
training criteria were recorded.

Amphetamine self-administration testing. Upon satisfac-
tory completion of self-administration training under the
FR schedules, rats were tested daily under a progressive
ratio (PR) schedule of reinforcement for 6 days as described
previously (Vezina et al, 2002). Under this schedule, the
number of responses required to obtain each successive
infusion of amphetamine was determined by ROUND(5-
XEXP(0.25� infusion number)–5) to produce the following
sequence of required lever presses: 1, 3, 6, 9, 12, 17, 24, 32,
42, 56, 73, 95, 124, 161, 208, and so on (Richardson and
Roberts, 1996). In preliminary experiments using this
exponential function with the dose of amphetamine self-
administered in the present experiments (100 mg/kg/infu-
sion, IV), it was found that the time of the last infusion

Exposure →    IV catheter → Self-Admin → PR Self-Admin → → Reinstatement

Nicotine Withdrawal Amphetamine Amphetamine Extinction Amphetamine-Primed

Implant Training Testing
(1 day)(up to 20 days)(6 days)(2-6 days)(14 days)(13-15 days)

Figure 1 Outline of the experimental design showing the six different phases.

Table 1 Mean±SEM Days to Criterion for Amphetamine Self-
Administration Training

Exposure group Days to criterion

SAL HOME CAGE (n¼ 16) 2.75±0.28

NIC HOME CAGE (n¼ 13) 2.77±0.34 t(27)¼ 0.14, NS

SAL SA CHAMBER (n¼ 9) 2.56±0.29

NIC SA CHAMBER (n¼ 8) 3.38±0.53 t(15)¼ 1.31, NS

NIC UNPAIRED (n¼ 9) 2.56±0.29

NIC PAIRED (n¼ 8) 2.50±0.38 t(15)¼ 0.12, NS

Abbreviation: NS, not statistically significant.
Minimum possible days to criterion was 2 (FR1¼ 1 and FR2¼ 1); maximum was
10 (FR1¼ 5 and FR2¼ 5).
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occurred on average in o2 h. The daily PR sessions were
thus terminated after 3-h or after 1-h elapsed without a drug
infusion. Priming amphetamine infusions were not given
during these sessions. The number of lever presses and
infusions obtained in each PR session was recorded.

Extinction. Starting the day after the amphetamine self-
administration testing phase, all rats were subjected to daily
extinction sessions during which amphetamine was with-
held and the cue light alone was presented under the PR
schedule. Each session lasted 3-h or less if 1-h elapsed
without presentation of the cue light. The extinction
criterion was set at 10 or fewer lever presses in each of
two consecutive sessions. After meeting this criterion or
after undergoing 20 daily extinction sessions, rats were
moved on to the final phase of the experiment, testing for
amphetamine-primed reinstatement. The number of lever
presses emitted during each session and the number of
sessions required to meet the extinction criterion were
recorded. Nine rats were excluded because of illness or
dislocated head mounts during this phase (NIC HOME
CAGE, 3; SAL HOME CAGE, 3; NIC SA CHAMBER, 1; SAL
SA CHAMBER, 1; NIC UNPAIRED, 1).

Test for amphetamine-primed reinstatement. This test was
conducted on the day following the last extinction session.
On this test, rats were first subjected to a 3-h extinction
session in which both amphetamine and cue light
presentations were withheld. They were then tested for
reinstatement primed by amphetamine injections (0, 0.20,
0.40, and 0.75 mg/kg, IP) during four 1-h sessions each
separated by 5 min. Saline and amphetamine injections
were administered just before the 1-h test sessions in
an ascending order to minimize carry-over effects of
residual amphetamine. All lever presses on this test were
without consequence. The number of lever presses on the
third hour of the extinction session and during each
subsequent 1-h priming session was recorded. Three final
rats were excluded because of illness or dislocated head
mounts during this phase (SAL SA CHAMBER, 2; NIC
UNPAIRED, 1).

Data Analyses

The data obtained in the three different experiments
(HOME CAGE exposure; SA CHAMBER exposure;
PAIRED/UNPAIRED exposure) were analyzed separately.
Independent samples t-tests were used to analyze days to
satisfaction of the training criteria during amphetamine
self-administration training as well as number of days to
meet the extinction criterion and number of lever presses
emitted on the last day of extinction. Between-within
ANOVA with exposure (two levels: nicotine and saline or
nicotine paired and unpaired) as the between factor and test
days (6 days) as the within factor were used to analyze the
number of infusions obtained on the six amphetamine self-
administration test days. Similarly, between-within ANOVA
with exposure (two levels: nicotine and saline or nicotine
paired and unpaired) as the between factor and hours of
testing (5 h) as the within factor were used to analyze the
number of lever presses emitted on the 5-h test for

amphetamine-primed reinstatement. When required, post-
hoc comparisons were made using the Scheffé test according
to Kirk (1968). Finally, the proportion of rats that failed to
meet the extinction criterion after 20 sessions was calculated
for the different exposure groups and compared in each
experiment using the w2 test for two independent samples.

RESULTS

Amphetamine Self-Administration Training

In agreement with previous results obtained following
amphetamine exposure (Lorrain et al, 2000; Vezina et al,
2002), rats exposed to nicotine either in the home cage or
the self-administration chambers did not differ from their
saline-exposed counterparts in days to criterion during
amphetamine self-administration training. Similarly, rats
exposed to nicotine either paired or unpaired with the self-
administration chambers did not differ from one another
(Table 1).

Amphetamine Self-Administration Testing

Exposure to nicotine enhanced the subsequent self-admin-
istration of amphetamine under the PR schedule of
reinforcement but only when rats were tested in the
chamber they were previously exposed to nicotine in. In
addition, rats exposed to nicotine explicitly unpaired with
these chambers failed to show enhanced amphetamine self-
administration (Figure 2). Analysis by ANOVA of the
number of amphetamine infusions obtained over the 6-test
days revealed no significant effects when rats were
administered their exposure injections in the home cage
(Figure 2a). When exposure injections were administered
in the self-administration chambers (Figure 2b), nicotine-
exposed rats obtained significantly more amphetamine
infusions over the 6 days of testing than their saline-
exposed counterparts (F(1, 15)¼ 8.93, po0.01). Finally, rats
exposed to nicotine explicitly unpaired with the self-
administration chambers (Figure 2c) obtained significantly
fewer infusions compared with rats exposed to nicotine
paired with the chambers (F(1, 15)¼ 6.06, po0.05) and
showed levels of responding comparable to rats exposed to
saline either in the home cage or the self-administration
chambers (Figures 2a and b).

Extinction

Figure 3 illustrates the effects of previous exposure to
nicotine on the extinction of amphetamine self-administra-
tion. Consistent with the effects observed during ampheta-
mine self-administration testing under the PR schedule,
nicotine exposure rendered rats resistant to extinction.
Unlike the above findings, however, this effect was observed
regardless of nicotine exposure context. Relative to their
saline-exposed controls, rats exposed to nicotine in the
home cage (Figures 3a and d) showed a greater number of
days to meet the extinction criterion (t(21)¼ 1.98, po0.05)
and a greater number of lever presses on the last day of
extinction (t(21)¼ 2.40, po0.05). Rats exposed to nicotine
in the self-administration chambers (Figures 3b and e)
exhibited similar effects relative to their saline-exposed
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controls, showing a nonsignificant trend for more days to
extinction (t(13)¼ 1.57, p¼ 0.071) and significantly more
lever presses on the last day of extinction (t(13)¼ 1.99,
po0.05). No significant group differences were observed
in either measure in rats exposed to nicotine paired or
unpaired with the self-administration chambers (Figures 3c
and f). Rats in these groups showed levels of responding
similar to the above nicotine-exposed rats. w2 analyses of
the proportion of rats failing to meet the extinction criterion
in the different groups revealed a significantly greater
number of failures in nicotine (4/10) relative to saline (1/13)
exposed rats (po0.05) in the home cage exposure condi-
tion. Similarly, relative to their saline exposure controls

(2/8), significantly more nicotine-exposed rats (5/7) failed
to meet this criterion (po0.01) in the self-administration
chamber exposure condition. Rats in the Paired and
Unpaired nicotine exposure groups did not differ from
each other in this measure.

Test for Amphetamine-Primed Reinstatement

Similar to what was observed during amphetamine self-
administration testing, exposure to nicotine enhanced the
ability of amphetamine priming injections to reinstate drug
seeking but only when rats were tested in the environment
in which they were previously exposed to nicotine. Again,
amphetamine-induced reinstatement was not enhanced
when rats were tested in chambers explicitly unpaired with
nicotine during exposure (Figure 4). Analysis by ANOVA of
the number of lever presses emitted on this test showed a
significant effect of priming injections under all context
exposure conditions: home cage (F(4, 84)¼ 4.54, po0.01),
self-administration chamber (F(4, 44)¼ 4.76, po0.01),
and paired/unpaired (F(4, 52)¼ 10.71, po0.001). Post-hoc
Scheffé comparisons revealed that compared with levels
observed in the last hour of extinction, the amphetamine
priming injections significantly increased lever pressing
in rats exposed to nicotine in the self-administration
chambers (po0.05) but not in the home cage. This effect
was also observed in rats exposed to nicotine paired
(po0.01) but not in rats exposed to nicotine unpaired
with the chambers.

DISCUSSION

In the present experiments, exposure to nicotine enhanced
the subsequent self-administration of amphetamine under a
PR schedule, rendered rats resistant to extinction when
amphetamine was withheld, and enhanced the reinstate-
ment of amphetamine-primed drug seeking. These results
show that previous exposure to nicotine can enhance the
incentive motivational effects of other psychostimulants like
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amphetamine. The finding that amphetamine self-adminis-
tration and reinstatement were enhanced only when rats
were tested in the chamber in which they were previously
exposed to nicotine indicates a critical role for nicotine-
paired contextual stimuli in the mediation of these effects.

Repeated intermittent exposure to nicotine, a pattern
often associated with initial exposure to tobacco, leads to
sensitization of its locomotor and nucleus accumbens DA-
activating effects (Iyaniwura et al, 2001; Ksir et al, 1985;
Schoffelmeer et al, 2002; Shim et al, 2001) and has been
shown to produce locomotor cross-sensitization to amphe-
tamine (Birrell and Balfour, 1998; Schoffelmeer et al, 2002).
The present results extend these findings to include the
enhancement of amphetamine self-administration by pre-
vious nicotine exposure. They are consistent with incentive
motivational views of enhanced drug taking (Robinson and
Berridge, 1993; Stewart et al, 1984) and with a number of
reports showing that exposure to a regimen of drug
injections known to sensitize midbrain DA neuron reactiv-
ity leads to a long-lasting increase in the predisposition to
pursue these and other drugs (Vezina, 2004; Vezina et al,
2007). Importantly, exposure to a drug like D9-THC that
does not alter subsequent nucleus accumbens DA overflow
in response to amphetamine does not enhance the
subsequent self-administration of amphetamine (Cortright
et al, 2011). Together, these results support suggestions by
some that exposure to nicotine may induce changes in the
mesoaccumbens DA system (Kandel et al, 1994) that
increase individuals’ predisposition to pursue it and other
drugs (Kandel, 2002; Kandel et al, 1992; Levine et al, 2011;
Weinberger and Sofuoglu, 2009).

The ability of contextual stimuli previously associated
with a drug to regulate the expression of sensitized
locomotion and nucleus accumbens DA overflow by
nicotine (Reid et al, 1996, 1998) and amphetamine
(Anagnostaras and Robinson, 1996; Guillory et al, 2006;
Stewart and Vezina, 1988; Vezina and Leyton, 2009), and
locomotor cross-sensitization from one drug to another
(Stewart and Vezina, 1987; Vezina et al, 1989) is well
established. The present findings show that such contextual
stimuli can also regulate the expression of enhanced drug
self-administration and the reinstatement of drug seeking.

They are consistent with those of Horger et al (1992) who
reported that rats exposed to nicotine in the self-adminis-
tration chamber subsequently show enhanced drug self-
administration in this environment and provide an
explanation for the failure of others to observe this effect
(Adriani et al, 2003; McQuown et al, 2007; Shoaib et al,
1997). In these latter reports, rats were exposed to nicotine
in their home cage and were subsequently tested in the self-
administration chambers where they did not show en-
hanced drug self-administration. Together, these results
suggest that contextual stimuli previously paired with
nicotine can enhance the incentive motivational effects of
other psychostimulants and thus promote enhanced drug
self-administration and reinstatement of drug seeking.
Indeed, such contextual stimuli are well known to increase
craving to smoke in humans (Conklin, 2006). As noted
earlier, multiple factors can influence the extent to which
previous exposure to nicotine can affect subsequent drug-
induced responding. The different nicotine exposure regi-
mens and withdrawal times used in the present experiments
and above reports likely contributed in different ways. The
present findings indicate that nicotine-paired contextual
stimuli can be critical determinants of the effects ultimately
observed.

The prevailing evidence suggests that contextual stimuli
paired or unpaired with drug exposure can regulate the
expression of sensitization by respectively acting as
facilitators to enable it (Anagnostaras and Robinson,
1996) or as CIs to suppress it (Stewart, 1992; Stewart and
Vezina, 1988; see Vezina and Leyton, 2009). Our results
suggest that both mechanisms may have participated in the
present experiments. The self-administration chambers
clearly enabled the expression of enhanced amphetamine
self-administration and reinstatement in rats previously
exposed to nicotine in this context (NIC SA CHAMBER);
these effects were not observed when the nicotine-paired
stimuli were not present (in rats exposed to nicotine in the
home cage; NIC HOME CAGE). It is unlikely that the
enhanced responding observed was due to the accrual of
excitatory contextual conditioning of drug-taking responses
by nicotine and their summation with the amphetamine-
induced behaviors. Rats were trained to emit a novel
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Figure 4 Previous exposure to nicotine in the drug-taking environment dose-dependently enhances subsequent amphetamine (AMPH)-primed
reinstatement. Data are shown as mean (±SEM) number of lever presses during each 1-h segment of the 5-h reinstatement test. Nicotine exposure
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response (lever press) to self-administer amphetamine and
this was done 2 weeks after exposure to nicotine. In
addition, there was no evidence that prior exposure to
nicotine or nicotine-paired stimuli enhanced conditioning
of the lever press response (Olausson et al, 2003) as no
group differences were detected in its acquisition. The
discrimination learning procedure used in the NIC
PAIRED/UNPAIRED experiment is known to establish
a contextual stimulus complex (the self-administration
chamber) not only as a conditioned facilitator when it is
explicitly paired with the drug in the case of the Paired rats
but also as a CI when it is explicitly unpaired with the drug
in the case of Unpaired rats (Mackintosh, 1974; Vezina and
Leyton, 2009). The lack of enhanced amphetamine self-
administration and reinstatement observed in rats exposed
to nicotine explicitly unpaired with the self-administration
chambers in the present experiment could thus also have
resulted from inhibition of these effects by the CI properties
of these contextual stimuli. This possibility is supported by
reports showing that removal of this inhibition allows the
expression of sensitized responding in rats tested in the
previously drug unpaired environment (Anagnostaras et al,
2002; Stewart and Vezina, 1991). Together, these results
show powerful excitatory and inhibitory associative control
over the expression of enhanced drug taking and seeking
with important implications for the treatment of addictions
in humans.

Repeated intermittent drug exposure provides many
opportunities for the formation of associations between
the drug and multiple environmental stimuli. The present
findings stress the need to identify the relevant associations,
determine how they interact with other factors, and
decipher how they can subsequently regulate behavior.
Drug-context associations may be particularly important
regulators of drug-taking and -seeking behaviors. For
example, while locomotor sensitization by nicotine and its
cross-sensitization to amphetamine can be expressed in a
context-independent manner (Schoffelmeer et al, 2002),
nicotine-associated contextual stimuli were found to be
necessary for the expression of enhanced amphetamine self-
administration and amphetamine-primed reinstatement in
the present experiments. This does not preclude the
possibility that nicotine also influences self-administration
behaviors in a manner independent of contextual con-
ditioning. Indeed, the ability of nicotine to interact
associatively and non-associatively with non-pharmacolo-
gical stimuli has been described (Caggiula et al, 2009) and
exposure to nicotine in the home cage has been shown to
enhance lever pressing for a tone-light conditioned
reinforcer (Olausson et al, 2004). Consistent with these
results, previous exposure to nicotine enhanced responding
for the amphetamine-paired cue light during extinction in
the present experiments regardless of nicotine exposure
context. Although these non-associative effects clearly
provide an important mechanism by which nicotine
exposure can affect motivated behaviors, it remains to be
determined how they relate to the associative effects regu-
lating drug self-administration and reinstatement observed
in the present experiments, what potentially independent
substrates underlie the two types of effects, and how these
are differentially recruited. Interestingly, unlike what is seen
in adults, rats exposed to nicotine as adolescents appear

more sensitive to the drug but less sensitive to contextual
stimuli when subsequently tested for drug self-administra-
tion (Adriani et al, 2003; McQuown et al, 2007). This may
reflect a critical developmental factor putting younger
individuals at greater risk for later unregulated vulnerability
for addiction. In individuals exposed to nicotine as adults,
drug-paired and -unpaired contextual stimuli may thus
have a more important role to enable or inhibit enhanced
responding for nicotine and other drugs.
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