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Abstract
Rationale Epidemiological evidence of early adolescent
tobacco use, prior to that of marijuana and other illicit
drugs, has led to the hypothesis that nicotine is a “gateway”
drug that sensitizes reward pathways to the addictive effects
of other psychostimulants.
Objective To test this hypothesis, we have compared the
effect of a brief, low-dose nicotine pretreatment of
adolescent and adult rats on subsequent locomotor response
to acute and chronic cocaine.
Materials and methods Adolescents, aged postnatal day
(P) 28, and adults, aged P86, were given four daily
injections of saline or nicotine (0.06 mg/kg, i.v.). At P32
and P90, rats were given acute injections of cocaine (0,
0.4 or 1.0 mg/kg, i.v.) and monitored for locomotor
activity in either a habituated or novel test environment.
To examine cocaine sensitization, rats were treated for
3 days with saline or cocaine (0.4 mg/kg, i.v.), and, after
1 day of withdrawal, were given a challenge dose of
cocaine (0.4 mg/kg, i.v.).
Results Nicotine pretreatment did not affect acute, drug-
induced locomotor activity at either age. However, age
differences in cocaine response were observed, with
adolescent animals showing enhanced locomotor activity
in the novel environment. Adolescent controls did not

exhibit cocaine-induced locomotor sensitization, whereas
adults did. Nicotine pretreatment during adolescence
promoted the development and expression of a sensitized
response to repeated cocaine exposure similar to that
observed in saline-pretreated adult controls.
Conclusions These findings show that brief pretreatment
with nicotine, in a low dose comparable to that inhaled in
2–4 cigarettes, enhances cocaine-induced behavioral plas-
ticity in adolescent rats.
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Introduction

Initiation of alcohol and tobacco use often occurs during
the early teens, whereas first use of illicit substances
arise later (Kandel and Logan 1984; Chen and Kandel
1995). Early use of tobacco or alcohol is associated with
increased likelihood of progressing to harder drugs.
Individuals who smoke cigarettes before the age of 15
are estimated to be 80 times more likely to use illegal
drugs, such as cocaine, than those who do not (Lai et al.
2000). Such findings have led to the hypothesis that early
teenage tobacco use may be a “gateway” to later illegal
drug use (Kandel et al. 1992).

Adolescence is the final developmental period leading
to adulthood, defined as 12 to 20 years in humans and
postnatal days 28 to 42 in rodents (Spear 2000).
Characteristic behaviors of this period such as risk-
taking, novelty-seeking, and increased social interactions
are conserved across species (Spear 2000). During this
period, there is marked neural maturation of the meso-
corticolimbic dopamine system and its targets, which are
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ultimately responsible for the integration of the external
environment with internal drives to produce motivated
behavior (Benes et al. 2000; Chambers et al. 2003). Fiber
density of amygdalocortical (Cunningham et al. 2002) and
corticoaccumbens connections (Brenhouse et al. 2008)
continue to increase into early adulthood. Dopaminergic
innervations of the prefrontal cortex increases in density
(Benes et al. 2000), and its control of prefrontal inter-
neurons and pyramidal firing states matures during
adolescence (Tseng and O'Donnell 2005). Nicotinic
acetylcholine receptors are expressed on the dopamine
cell bodies in the ventral tegmental area and terminals of
this actively maturing circuitry (Azam et al. 2007;
Wonnacott et al. 2005), and thus, nicotine exposure in
adolescence may have distinct behavioral effects.

Both clinical and animal studies have shown that
adolescents exhibit unique responses to addictive drugs.
In animals, nicotine is more rewarding and less aversive
during adolescence than at later ages (Adriani et al. 2002;
Belluzzi et al. 2004; O'Dell et al. 2006). Human studies
show that teenage tobacco use is more likely to produce
life-long addiction and greater difficulty quitting (Breslau
and Peterson 1996; Chen and Millar 1998). Animal models
have clearly demonstrated that nicotine administration
during adolescence causes distinct long-term neural adap-
tations compared to treatment in adults (Adriani et al. 2003,
2004; Abreu-Villaca et al. 2003). Together, these findings
suggest that adolescents are particularly vulnerable to the
addictive effects of nicotine.

Most animal studies evaluating nicotine’s effects
during adolescence use moderate to high doses and
treatment for an extended duration. However, smokers
aged 12 to 17 consume an average of 5.2 cigarettes per
day (SAMHSA 2003) and progress to nicotine depen-
dence even before daily smoking habits form (Chen and
Millar 1998; Colby et al. 2000). These findings suggest
that adolescents are vulnerable to persisting behavioral
and neurochemical changes from even a brief, low-dose
exposure to nicotine. Recent animal studies have provided
significant evidence in support of this conclusion. A single
pairing with nicotine can elicit a conditioned place
preference in early adolescent, but not adult rats (Belluzzi
et al. 2004; Brielmaier et al. 2007). We have also recently
shown that brief treatment with nicotine, using an
intravenous dosing procedure that simulates the effect of
smoking 3–4 cigarettes per day, enhances subsequent
acquisition of cocaine self-administration in adolescence,
but not adulthood, thus supporting the “gateway” hypoth-
esis (McQuown et al. 2007). Such low doses of nicotine
stimulate nicotinic acetylcholine receptors which are
found within reward circuitry, possibly altering develop-
ment of the late-maturing mesolimbic dopamine system
(Leslie et al. 2004; Wonnacott et al. 2005).

It is widely accepted that cocaine dependence results
from drug-induced neural adaptations in mesocorticolimbic
dopamine pathways and associated glutamatergic circuitry
(Thomas et al. 2008). Locomotor sensitization, a form of
behavioral plasticity induced by repeated exposure to many
classes of abused drugs, has been shown in rodents to be
associated with augmented drug reward and increased
vulnerability to relapse (Robinson and Berridge 1993; De
Vries et al. 1998). Given prior evidence that the mecha-
nisms underlying this form of neural plasticity have not
fully matured by adolescence (Laviola et al. 1995; Collins
and Izenwasser 2002; Frantz et al. 2007), the aim of the
present study was to determine whether adolescents might
be uniquely sensitive to the effect of brief, low-dose
nicotine exposure on subsequent locomotor response to
acute and repeated cocaine.

Methods

Animals

Male Sprague Dawley rats were obtained from Charles
River (Wilmington, MA, USA) at postnatal day (P) 17 or
74. Animals delivered at P17 arrived with dams and
were housed as litters of ten male pups until weaning
(P21). Young rats, after weaning, and adult rats were
group housed 3–4 per cage in temperature (21°C) and
humidity (50%) controlled rooms, on a 12-hour light–
dark cycle (lights on at 0700 hours) with food and water
available ad libitum. Twenty-eight litters provided adoles-
cent rats with only one animal per litter used for each
experimental group to minimize possible confounds due to
litter effects. All tests were performed during the light part
of the light–dark cycle. The animals used in this study
were housed in a vivarium, accredited by The Association
for Assessment and Accreditation of Laboratory Animal
Care International, maintained by the University of
California, Irvine (UCI) Laboratory Animal Resources
personnel. All experimental procedures were performed in
compliance with the National Institutes of Health (NIH)
Guide for Care and Use of Laboratory Animals (NIH No
85–23, rev. 1985), and were approved by the UCI
Institutional Animal Care and Use Committee.

Drugs

The drugs used in these experiments were (−) nicotine
ditartrate and cocaine hydrochloride (Sigma–Aldrich, St.
Louis, MO, USA) dissolved in sterile saline. Nicotine solution
was pH adjusted to 7.0–7.4 with NaOH. The concentrations of
nicotine are expressed as nicotine base. Propofol was obtained
from Abbott Laboratories (North Chicago, IL, USA).
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Catheter implant and surgical procedure

Prior to treatment, rats were surgically prepared with a
chronic catheter implanted into the right external jugular
vein, as described by Belluzzi et al. (2005). Animals were
anesthetized with Equithesin (0.3 ml/100 g, composition as
described in Tagerud and Cuello 1979), and a small area on
both their back and lower neck was shaved. The catheter
was passed subcutaneously from the animals’ back to the
jugular vein where it was implanted. The cannula was
flushed daily with sterile heparinized saline solution (0.6 ml
of 1,000 units/ml heparin in 30 ml saline) to maintain
catheter patency. All animals were given 3 days to recover
before beginning experiments. At the end of the experi-
ment, catheters were tested for patency with propofol, a
rapid anesthetic. Data were discarded from any animal not
demonstrating immediate anesthesia.

Nicotine pretreatment

The same design was used as described in McQuown et al.
(2007). Two intravenous injections, spaced 1 min apart, of
nicotine (2×0.03 mg/kg/0.1 ml) or saline were administered
daily for four consecutive days during early adolescence
(P28–31) or adulthood (P86–89). Dividing the daily
0.06 mg/kg drug dose into two injections was designed to
reduce both toxic effects and nicotinic receptor desensitiza-
tion. The injection interval is equivalent to the standard time-
out interval used in nicotine self-administration experiments
(Belluzzi et al. 2005). The daily 60 μg/kg dose of nicotine
used is comparable to the amount of nicotine inhaled in 3–4
cigarettes (Benowitz and Jacob 1990).

Locomotor apparatus

Locomotion was measured using four identical open field
activity chambers (43.2×43.2×30.5 cm) connected to a
common interface and computer (MED Associates Inc., St.
Albans, VT, USA). Horizontal movement was recorded by
16 photo beams per side evenly spaced along each wall of
two adjacent sides. Ambulatory counts equaled the number
of horizontal beam breaks recorded during the test period
normalized to the length of the rat in order to make
unbiased comparisons between ages.

Experiment 1: Nicotine pretreatment-induced locomotion

Adolescent and adult animals were pretreated with
nicotine or saline, as described above, for 3 days. On the
fourth day, rats were given two intravenous injections,
spaced 1 min apart, of nicotine (2 × 0.03 mg/kg/0.1 ml) or
saline, and were then placed in a novel locomotor chamber
where activity was recorded at 5 min intervals during the
subsequent 30-min test period.

Experiment 2: Nicotine pretreatment on cocaine response

Acute cocaine-induced locomotion

Group 1—Novel environment On P32 or P90, animals were
given two intravenous injections, spaced 1 min apart, of
cocaine (2 × 0.2 or 2 × 0.5 mg/kg/0.1 ml) or saline, and
were then placed in a novel locomotor chamber where
activity was recorded at 5 min intervals during the
subsequent 30 min test period. The two intravenous
injection procedure is similar to that used in earlier studies
(Cao et al. 2007b; Franke et al. 2008), and is designed to
model the initial phase of self-administration.

Group 2—Habituated environment This group of animals
was treated similarly to group 1 except that they were
habituated in the locomotor chamber 30 min prior to
cocaine infusions.

Experiment 3: Nicotine pretreatment on cocaine sensitization

Animals were habituated to the locomotor chamber for
30 min prior to drug administration and activity was
recorded (contextual conditioning). For three consecutive
days beginning on P32 or P90, rats were given cocaine
(2 × 0.2 mg/kg, i.v.) or saline as described above, and were
then returned to the locomotor chamber (induction phase).
After 1 day without treatment, rats were given a cocaine
(2 × 0.2 mg/kg, i.v.) challenge to test for the expression of a
sensitized response.

Statistics

For nicotine-induced locomotion, data were analyzed using
three-way analysis of variance (ANOVA; age [adolescent,
adult]×nicotine pretreatment [saline, nicotine] × nicotine
challenge [saline, nicotine]). Acute cocaine-induced loco-
motion data were analyzed using four-way ANOVA (age
[adolescent, adult] × nicotine pretreatment [saline, nico-
tine]×cocaine dose [0, 0.4, 1 mg/kg]×environment [novel,
habituated]). For induction of locomotor sensitization, data
were analyzed using four-way ANOVA (age [adolescent,
adult]×nicotine pretreatment [saline, nicotine]×cocaine
dose [0, 0.4 mg/kg]×days), with repeated measures on
days. For expression of cocaine sensitization on challenge
day, data were analyzed using three-way ANOVA (age
[adolescent, adult]×nicotine pretreatment [saline, nico-
tine]×cocaine dose [0, 0.4 mg/kg]). The habituation
period prior to cocaine data was analyzed using four-way
ANOVA (age [adolescent, adult]×nicotine pretreatment
[saline, nicotine]×cocaine dose [0, 0.4 mg/kg]×days),
with repeated measures on days. For the expression of
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contextual conditioning, data on challenge day were
analyzed using three-way ANOVA (age [adolescent,
adult]×nicotine pretreatment [saline, nicotine]×cocaine
dose [0, 0.4 mg/kg]).

Significant main effects or interactions were tested
separately with ANOVAs and Bonferroni’s or Dunnett's
corrected post-hoc comparisons. Following significant
effects of day, Bonferroni-corrected t tests were used for
within the groups’ comparison of day 3 vs. day 1. All
statistical analyses were performed using SYSTAT 10
statistical software. Statistical significance was set at p≤0.05.

Results

Experiment 1: Nicotine pretreatment-induced locomotion

Three days of prior nicotine pretreatment in adolescent
and adult rats did not enhance the response to nicotine
challenge compared to those receiving a single injection
(Fig. 1). For horizontal activity, there was a significant
effect of age [F(1.66)]=31.52; p<0.001] and nicotine
challenge [F(1.66)=47.77; p<0.001], but no effect of
nicotine pretreatment [F(1.66)=0.88; p=0.35]. Adolescents
displayed significantly increased locomotion in response to
nicotine challenge [F(1.35)=91.27; p<0.001], whereas
adult animals did not [F(1.31)=0.30; p=0.59].

Experiment 2: Acute cocaine-induced locomotion

Cocaine-induced locomotion was measured in both
habituated and nonhabituated conditions in order to
examine the interaction of novelty with age and nicotine
pretreatment. Whereas acute cocaine administration in-
duced a dose-dependent increase in ambulatory activity
(Fig. 2), there was no effect of nicotine pretreatment. An
overall four-way ANOVA (age×pretreatment×cocaine

dose×environment) showed an effect of age [F(1.213)=
43.04; p<0.0001], cocaine dose [F(2.213)=76.45; p<
0.0001], and environment [F(1.213)=283.64; p<0.0001]
and an interaction between these three variables [F(2.213)=
8.28; p=0.0003], but no significant effect of nicotine
pretreatment [F(1.213)=0.87; p=0.35]. Rats receiving drug
in the novel environment had greater locomotor activity at
all three doses compared to those that had been previously
habituated to the test apparatus [F(1.235)=127.93, p<
0.0001]. Age differences were seen when cocaine was
given in a novel environment, with adolescents exhibiting
greater activity in response to 0.4 mg/kg and 1 mg/kg
cocaine doses than adults (Fig. 2).

Experiment 3: Cocaine sensitization

Consistent with earlier reports (Collins and Izenwasser
2002; Frantz et al. 2007), age differences were observed in
cocaine-induced locomotor sensitization. Furthermore, nic-
otine pretreatment during adolescence promoted the devel-
opment and expression of a sensitized response in
ambulatory activity (Fig. 3), similar to that seen in adult
controls.

Induction phase Since an overall four-way ANOVA (age×
pretreatment×cocaine dose×days) analysis showed an
effect of cocaine dose [F(1. 88)=32.28; p<0.001], days
[F(2.176)=9.32; p<0.001], cocaine dose by day interaction
[F(2.176)=4.04; p=0.02], and age [F(1.88)=11.08; p=
0.001], groups were divided by age. In adolescent rats, a
three-way ANOVA (pretreatment×cocaine dose×day)
revealed an effect of cocaine dose [F(1.45)=15.86; p=
0.0002] and day [F(2.90)=4.04; p=0.02], with a significant
interaction between nicotine pretreatment and cocaine dose
[F(1.45)=4.45; p=0.04]. Nicotine-pretreated adolescents,
but not saline-pretreated controls, showed a significant
increase in cocaine-induced locomotion on day 3 as
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Fig. 1 Effects of age and nicotine pretreatment on nicotine-induced
locomotion. Mean±SEM ambulatory counts are graphed for pre-
treated (3 DayTxt, 3 days i.v. 0.03 mg/kg nicotine or saline)
adolescent (P31, a) and adult (P89, b) rats after i.v. nicotine (Nic,
0.03 mg/kg) or saline (Sal) injection (Test). There was no effect of

pretreatment at either age. Adolescents showed a significant nicotine-
induced increase in ambulatory (a); **p<0.001) activity compared to
saline-challenged controls. Adult animals did not have significant
nicotine-induced locomotor behavior (b). n=8–12/group
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compared to day 1 (p= 0.04); thus, nicotine pretreatment
during adolescence promoted the induction of cocaine
locomotor sensitization (Fig. 3b). In adults, an overall
three-way ANOVA (pretreatment×cocaine dose×day)
revealed an effect of cocaine dose [F(1.43)=16.56; p=
0.0002] and day [F(2.86)=6.81; p=0.002] and a significant
interaction of cocaine dose×day [F(2.86)=5.66; p=0.005],
but no significant effect of nicotine pretreatment [F(1.43)=
0.29; p=0.59]. Although no significant effect of pretreatment
was observed, data are shown separately for consistency.
Saline-pretreated adults showed significant locomotor sensi-
tization, in that cocaine-induced ambulatory activity was
significantly higher on day 3 than day 1; nicotine-pretreated
adults showed a strong trend towards sensitization (p=0.059).
There was insufficient statistical power to allow firm
conclusions to be made about treatment-related statistical
differences in these adult groups.

Expression On challenge day, a three-way ANOVA
(age×nicotine pretreatment×cocaine dose) showed an
effect of age [F(1.88)=7.63; p=0.007], cocaine dose
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cocaine (0.4 mg/kg) on day 5 (challenge). Nicotine pretreatment
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significant differences were observed. Nicotine-pretreated adoles-

cents (b) and saline-pretreated adults (c) developed a sensitized
response to cocaine on day 3 whereas nicotine-pretreated adults (d)
showed a strong trend (±p=0.06, +p<0.05, day 3 vs. day 1). On
challenge day, expression of a sensitized response was observed in
nicotine-pretreated adolescents (b) and saline-pretreated adults (c),
while a strong trend was observed in nicotine-pretreated adults (d).
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[F(1.88)=32.31; p<0.0001], and an interaction of all three
variables [F(1.88)=5.45; p<0.02]. In adolescents, there
was an effect of cocaine dose [F(1.45)=12.11; p=0.001]
and an interaction of nicotine pretreatment and cocaine
dose [F(1.45)=4.12; p=0.05]. Saline-pretreated adolescent
controls did not exhibit increased locomotor activity in
response to the challenge dose of cocaine (p=0.39),
whereas nicotine-pretreated animals did (p<0.0001); thus,
nicotine pretreatment during adolescence promoted the
expression of cocaine locomotor sensitization. In adults, a
two-way ANOVA (pretreatment×cocaine dose) showed an
effect of cocaine dose [F(1.43)=21.65; p<0.001], but not
nicotine pretreatment [F(1.43)=0.005; p=0.94]. There was
a significant effect of prior cocaine exposure on cocaine-
induced ambulatory activity in adult controls (p<0.001),
and a strong trend toward significance in nicotine-
pretreated adults (p=0.06).

Cocaine contextual conditioning

The effect of repeated cocaine on habituation to a novel
environment and contextual conditioning is shown in
Fig. 4. Prior to the daily cocaine injections, animals were
habituated to the chamber for 30 min. Analysis of
spontaneous activity during the habituation period over the
first 3 days, using four-way ANOVA (age×pretreatment×
cocaine dose×days), revealed a significant effect of age
[F(1.88)=29.96; p<0.0001], day [F(2.176)=27.33; p<

0.0001], and an interaction of these variables [F(2.176)=
6.60; p=0.002], but no effect of nicotine pretreatment
[F(1.88)=0.91; p=0.34]. Adolescent animals had greater
activity than adults on all days (day 1, t(94)=6.15, p<0.001;
day 2, t(94)=4.46, p<0.001; day 3, t(94)=3.91, p<0.001;
day 5, t(94)=3.20, p=0.002), and showed habituation across
days with significantly greater locomotion on day 1 than day
3 (P32 Sal, p<0.001; P32 Nic, p=0.006). Adult rats had less
locomotor activity on the first day than adolescents and did
not show any further habituation (day 1 vs. day 3, p>0.05).
Although age differences were apparent in the 30-min
period, there were no significant differences in the level of
activity during the last 5-min period immediately prior to
injection (data not shown). Thus, basal differences in activity
likely did not influence cocaine-induced behavior.

On challenge day, context-drug associations were deter-
mined. A three-way ANOVA (age×nicotine pretreatment×
cocaine dose) showed a significant effect of age [F(1.88)=
9.56; p=0.003] and an interaction of all three variables [F
(1.88)=5.30; p=0.02]. Adult saline-pretreated controls
exhibited contextual conditioning, as shown by a signifi-
cant increase in the activity of rats that had previously
received repeated cocaine in the locomotor test environ-
ment (context-drug paired) as compared to those that
received saline (context-no drug paired, p = 0.01). This
contextual conditioning of ambulatory activity was not
observed in nicotine pretreated adults, or in either adoles-
cent treatment group (p>0.05).
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tine pretreatment on contextual
conditioning. Mean±SEM ambu-
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Discussion

The present study documents unique effects of nicotine on
adolescent behavioral plasticity. Whereas adolescent con-
trols did not exhibit cocaine-induced locomotor sensitiza-
tion, this form of behavioral plasticity was induced by brief,
four-day pretreatment with a low dose of nicotine,
equivalent to that found in 3–4 cigarettes. Since cocaine-
induced locomotor sensitization is a well established
experimental model for drug dependence and relapse
(Robinson and Berridge 2003), these findings provide
further evidence for nicotine as a “gateway” drug which
enhances adolescent susceptibility to other drugs of abuse
(McQuown et al. 2007). Conversely, nicotine pretreatment
in adulthood reduced cocaine-induced sensitization and
contextual conditioning that were seen in saline-pretreated
controls. Thus, nicotine has differing effects on behavioral
plasticity in adolescents and adults.

Nicotine sensitization

The brief, low-dose nicotine treatment used in this model of
early smoking does not result in sensitization to nicotine-
induced ambulation in adolescent or adult rats. Adolescents
display significantly increased locomotion in response to
nicotine challenge, but not adult animals. This age
difference is in accord with the literature and illustrates
the sensitivity of the adolescent period to the effects of
nicotine (Belluzzi et al. 2004; Cao et al. 2007a). These
findings demonstrate that the four-day nicotine pretreatment
regimen does not sensitize locomotor activity, although it
leads to significant alterations in subsequent cocaine-
induced behavioral plasticity.

Acute cocaine-induced locomotion

Nicotine pretreatment did not influence spontaneous activ-
ity or acute cocaine-induced locomotion in either age
group. This finding contrasts with that of prior studies in
which cross-sensitization of nicotine and cocaine-induced
locomotion have been observed (Kelley and Rowan 2004;
Jutkiewicz et al. 2008). However, these prior effects were
seen to be dose-dependent and were observed at nicotine
doses much higher than that currently used. Thus, low
doses of nicotine appear to selectively influence processes
relating to cocaine-induced behavioral plasticity in both
adolescents and adults.

In contrast to previous studies, we found adolescents to
demonstrate similar or greater response to the acute
locomotor effects of cocaine compared to adults (Spear
and Brick 1979; Spear and Brake 1983; Cao et al. 2007b).
This may result from the extensive prior handling of the
animals, which has previously been shown to result in

robust cocaine responses in adolescents (Maldonado and
Kirstein 2005). We did find an interaction between age and
test environment, in that adolescent animals exhibited
greater cocaine-induced locomotion than adults in a novel
apparatus. In habituated groups, no age differences were
observed. Thus, prior handling enhances adolescent re-
sponse to cocaine, and novelty may synergistically increase
cocaine-induced activity in adolescents above adult levels.

During induction of sensitization, we also observed
increased spontaneous activity of adolescents in the novel
environment, and prolonged habituation over the three test
days, in contrast to the adults which had consistently low
activity over the same period. These findings are consistent
with earlier reports that adolescents have an enhanced
sensitivity to novelty, as characterized by novelty-induced
hyperlocomotion, increased time spent in a novel environ-
ment, and decreased latency to approach a novel object
(Adriani et al. 1998; Douglas et al. 2003; Stansfield and
Kirstein 2006).

Cocaine sensitization

In adults, repeated exposure to cocaine causes a progres-
sive sensitization to the locomotor activating effects and
incentive motivational effects of the drug (for review,
Robinson and Berridge 2003). Locomotor sensitization can
be separated into two components: induction and expres-
sion. Induction of sensitization is the progressive increase
in locomotor activity during drug treatment, and requires
both dopamine and glutamate receptor activation of the
ventral tegmental area (Kalivas and Alesdatter 1993; Dunn
et al. 2005). Glutamatergic input from the prefrontal cortex
and amygdala are important for this phase (Wolf et al.
1995; Pierce and Kalivas 1997). Expression of sensitization
is demonstrated following challenge with cocaine after a
drug-free period, and is primarily attributed to neurochemical
changes in the nucleus accumbens (Vanderschuren and
Kalivas 2000). Such changes include increased day 1
receptor responsiveness, as well as cocaine-induced in-
crease in dopamine and glutamate release in the nucleus
accumbens core (Pierce et al. 1996; Reid and Berger 1996;
Li et al. 1999). Both induction and expression of cocaine-
induced locomotor sensitization were observed in adult
animals.

In contrast, we have confirmed prior observations of a
lack of sensitized locomotor response to repeated adminis-
tration of a low dose of cocaine in adolescent controls
(Collins and Izenwasser 2002; Frantz et al. 2007). This may
result from immaturity in the dopaminergic mesocortico-
limbic circuitry that is critical for mediating this response.
Corticolimbic systems and their monoamine projections
have not yet fully developed by adolescence (Chambers et
al. 2003). In particular, the structural and neurochemical
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maturation of the prefrontal cortex and its connection with
the nucleus accumbens is not complete (Benes et al. 2000;
Tseng and O'Donnell 2005; Benoit-Marand and O'Donnell
2008; Brenhouse et al. 2008). Projections from the
prefrontal cortex regulate activity of the nucleus accumbens
and its dopaminergic afferents (Carr and Sesack 1999,
2000), and this circuitry is vital for the development of
sensitization to psychostimulants (for review, Pierce and
Kalivas 1997).

In nicotine-pretreated adolescents, however, both induc-
tion and expression of cocaine-induced locomotor sensiti-
zation were evident. Since nicotinic receptor stimulation
has been demonstrated to regulate brain plasticity during
sensitive developmental periods (Dwyer et al. 2009),
repeated stimulation by nicotine may promote maturation
and facilitate cocaine-induced plasticity of the mesocorti-
colimbic system. Nicotine has been shown to preferentially
activate activity-regulated cytoskeletal-associated protein
messenger RNA (mRNA), a marker of synaptic plasticity,
in the prefrontal cortex of adolescents (Schochet et al.
2005). Another marker of neuronal activation, c-fos
mRNA, shows adolescent-specific induction in the nucleus
accumbens shell, ventral tegmental area, and basolateral
amygdala after nicotine treatment (Shram et al. 2007;
unpublished findings). These immature neural circuits
activated by nicotine in adolescence are the same as those
underlying behavioral sensitization, and connections among
these regions are late to mature as discussed above. In
addition, chronic nicotine during adolescence can cause
greater long-term changes in dendritic morphology in the
nucleus accumbens (McDonald et al. 2005, 2007) and
different structural effects in the prelimbic cortex than does
treatment in adulthood (Bergstrom et al. 2008). Psychosti-
mulant locomotor sensitization is tightly associated with
structural plasticity, such that increase in dendritic spine
density in the nucleus accumbens core correlates with
degree of cocaine-induced sensitization (Li et al. 2004).
Taken together, these studies suggest that adolescent
exposure to nicotine can cause unique changes in plasticity
of the prefrontal cortex and nucleus accumbens which
result in an adult-like sensitized response to cocaine.

Contextual conditioning

In adults, the positive effects of cocaine can quickly
become associated with contextual cues in the salient
environment, which gain secondary reinforcing properties
(Stewart 1992). This environment-specific conditioning
elicits neural activation and an increased locomotor
response. Different neural circuits may underlie the uncon-
ditioned and conditioned effects of cocaine (Brown et al.
1992). Contextual conditioning requires activation of
prefrontal cortex and basolateral amygdala, connections

that are still maturing during adolescence (Cunningham
et al. 2002, 2008). Consistent with a previous report
(Schochet et al. 2004), we have found that adolescents are
less sensitive than adults to contextual cues paired with a
psychostimulant. Whereas adult controls demonstrated an
increased locomotor response to the drug-paired environ-
ment on challenge day prior to receiving cocaine, this was
not evident in adolescents. Even though they show
enhanced development of locomotor sensitization in
response to repeated cocaine administration, nicotine-
pretreated adolescents did not exhibit contextual condi-
tioning. In contrast, nicotine pretreatment attenuated
contextual conditioning in adults. These findings are
consistent with the view that different neural circuits
mediate the conditioned and unconditioned effects of
repeated cocaine treatment in adolescents and adults
(Brown et al. 1992).

Clinical implications

Our present findings further support the “gateway” hypoth-
esis that nicotine sensitizes adolescent reward pathways to
other drugs of abuse, such as cocaine. Previously, we have
shown that the same brief nicotine pretreatment enhances
cocaine self-administration in adolescent, but not adult rats
(McQuown et al. 2007). Nicotine-treated adolescents
demonstrated heightened acquisition for the task, as well
as increased cocaine intake, on the first day of self-
administration testing. Our current findings provide evi-
dence that this initial enhancement is not due to greater
cocaine-induced locomotion but, rather, results from in-
creased behavioral plasticity of the reward system.

Several epidemiological studies support the concept that
brief exposure of adolescents to nicotine can have long-term
consequences. A recent study showed that students who
have tried a single cigarette by age 11 remain susceptible to
future smoking up to 3 years later (Fidler et al. 2006).
Another group found that individuals smoking only two to
four cigarettes per week in adolescence were at risk of
becoming addicted in early adulthood (Riggs et al. 2007). A
higher proportion of early initiating marijuana smokers have
reported prior cigarette smoking than those who start
marijuana use after the age of 15 (Gfroerer et al. 2002).
Indeed, an earlier age of onset of tobacco use predicts an
increased risk to progress to illicit drugs and likelihood of
becoming a heavy user (Lai et al. 2000; Kandel et al. 1992).

Thus, early nicotine exposure may increase the rate of
maturation of the adolescent reward system which results
greater sensitivity to cocaine-induced reward and behavior-
al plasticity. These findings further emphasize the impor-
tance of tobacco prevention programs directed towards
adolescents and the need for additional study of neuro-
chemical vulnerabilities during this developmental period.
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