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Abstract
Rationale—Repeated nicotine exposure causes neuroadaptations in limbic cortico-striatal
circuits involved in learning and motivation. Such alterations are relevant to addiction because
they are suggested to mediate the ability of smoking-associated stimuli to control behavior and to
enhance nicotine-seeking and -taking behaviors. Female smokers report higher cue reactivity
relative to their male counter parts, yet little is known about putative gender-specific effects of
adolescent nicotine exposure on reward-related learning. Prior repeated nicotine exposure in adult
male rats enhances Pavlovian approach behavior and conditioned reinforcement

Objective—Given that smoking is typically initiated during adolescence, here we assessed the
extent to which adolescent nicotine exposure impacts Pavlovian approach and conditioned
reinforcement in male and female rats.

Methods—Rats were injected with nicotine on postnatal days 31–45 prior to training on
Pavlovian approach behavior starting on day 51. They were trained to associate a conditioned
stimulus (CS), illumination of a magazine light, and tone, with an unconditioned stimulus (US),
the delivery of water, for 10-daily sessions, and then were tested on the acquisition of responding
with conditioned reinforcement.

Results—Adolescent nicotine exposure selectively increased approach to the magazine during
the CS in males but decreased approach to the magazine during the CS in female rats. Vehicle-
exposed female rats, however, showed greater magazine approach during the CS than did male
control rats. Prior nicotine exposure also enhanced conditioned reinforcement in both male and
female rats.

Conclusions—Repeated exposure to nicotine during adolescence had opposite effects on
Pavlovian approach behavior in male and female rats but produced enhancement of increases in
acquisition of a new response with conditioned reinforcement. Novel information on how nicotine
exposure influences reward-related learning during adolescence may increase our understanding of
neurobiological mechanisms involved in the initiation of smoking behavior.
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1. INTRODUCTION
Reward-related learning plays an important role in drug addiction because stimuli and
events associated with drugs can come to support and elicit drug-seeking and -taking
behavior (Torregrossa et al., 2011). The external and sensory cues associated with tobacco
regulate smoking behavior in multiple ways, and indeed, compulsive drug use is commonly
associated with cue-dependent drug-seeking and –taking behaviors (Tiffany and Carter,
1998, Caggiula et al., 2001). In human smokers, nicotine-associated cues can elicit craving
(Mucha et al., 1999, Dols et al., 2000, Brody et al., 2002, Due et al., 2002) and region-
specific activation of limbic cortico-striatal regions (Mucha et al., 1999, Dols et al., 2000,
Brody et al., 2002, Due et al., 2002). In animals, drug-associated stimuli support nicotine
self-administration (Caggiula et al., 2001, Donny et al., 2011), produce reinstatement of
drug-seeking (Grimm et al., 2001, See, 2002, Feltenstein et al., 2012) and elicit conditioned
responses, such as approach to a location associated with delivery of an unconditioned
stimulus (US) following onset of a conditioned stimulus (CS) (Everitt et al., 1999, Cardinal
et al., 2002), which parallels aspects of smoking behaviors in humans (Donny et al., 2011).
Recent work also suggests that pharmacological treatments, such as Olanzapine, a dopamine
and serotonin antagonist, may exert therapeutic actions by reducing both cue-elicited
craving and the neurobiological responses to smoking cues (Hutchison et al., 2004)
Therefore, it is necessary to further investigate the mechanisms by which nicotine impacts
reactivity to cues.

Reward-associated stimuli acquire their reinforcing properties through Pavlovian learning.
The acquisition of appetitive Pavlovian approach behavior reflects the ability of a neutral
stimulus to gain salience by virtue of its association with a reinforcer. Prior repeated
exposure to nicotine or psychostimulants in adult rats facilitates the subsequent acquisition
of cue-elicited Pavlovian approach behavior (Harmer and Phillips, 1998, Taylor and Jentsch,
2001, Olausson et al., 2003, 2004a) effects attributed to persistent alterations in neural
systems involved in incentive learning, and behavioral control (Robinson and Berridge,
1993, Jentsch and Taylor, 1999, Berke and Hyman, 2000, Robinson and Berridge, 2000,
Everitt et al., 2001). Nicotine has been shown to establish and enhance the incentive
motivational properties of other reinforcers, including reward-associated cues (Balfour et al.,
2000, Caggiula et al., 2001, Olausson et al., 2004b, a). Significantly, responding with
conditioned reinforcement is potently enhanced following prior repeated nicotine exposure
(Olausson et al., 2004b), as are other psychostimulants given acutely or chronically
(Robbins, 1977, Taylor and Robbins, 1984, Taylor and Horger, 1999). Furthermore,
enhancement of reward occurs following repeated exposure to nicotine and not in response
to acute exposure to nicotine alone (Barrett and Odum, 2011). Together these observations
argue that nicotine, like other drugs, can facilitate the incentive salience of reward-
associated stimuli and that nicotine-induced alterations in cue-elicited behaviors and
incentive motivational processes may be relevant to clinical aspects of smoking.

Importantly, the emotional and neuronal responses to smoking cues may differ in males and
females. For example, female smokers experienced greater craving in response to nicotine
cues than male smokers (Heishman et al., 2010) and gender differences in cue reactivity
have been correlated with differential activation of craving- and reward-related regions of
the brain (McClernon et al., 2008). Sex differences in the ability of nicotine-paired stimuli to
enhance instrumental behavior also have been reported in rats. Female rats respond more for
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nicotine infusions when the infusion is accompanied by a visual stimulus than male rats
(Chaudhri et al., 2005). This difference does not appear to be dependent on baseline levels
of nicotine self-administration or cue-induced reinstatement (Feltenstein et al., 2012). Thus,
it is necessary to further investigate sex-differences in nicotine modulated cue reactivity.

The initiation of smoking and other compulsive forms of drug use typically occurs during
adolescence. Individuals that initiate smoking during adolescence have a high probability of
developing a pattern of regular smoking a in adulthood (Patton et al., 1998). Indeed,
adolescence has been argued to be a predisposing factor for addiction (Chambers et al.,
2003). Here, we examined the impact of daily nicotine administration for 15 days during
adolescence (postnatal days 31–45) on cue reactivity measured by Pavlovian discriminative
approach behavior and conditioned reinforcement. We hypothesized that the behavioral
consequences of adolescent nicotine exposure would be similar to our studies with adult-
exposed animals but that this exposure would enhance cue reactivity to a greater extent in
female rats than in male rats.

2. MATERIALS AND METHODS
2.1. Animals

Male and female Sprague-Dawley rats (n=40; male n=20, female n=20), aged 31 days at the
start of the experiments, were supplied by Charles River (Portage, ME, motivation USA).
The rats were housed in pairs under constant cage temperature (20–21°C), humidity (40–
50%) and a controlled 12/12 h light-dark cycle (light on at 7 a.m. and off at 7 p.m.) and were
initially allowed 7 days to adjust to the housing facilities. The rats had free access to food at
all times. Water was available ad libitum until three days prior to the first day of training,
and immediately after the 15 day training phase was completed. During the three days prior
to the start of training, animals were restricted to 30 min access to water per day. During the
testing period, water was intermittently available in the operant chambers according to the
behavioral task protocol (see below) as well as in the home cage for 30 min, beginning 30
min after the daily testing session. The experiments in the present study were approved by
the Yale University Animal Care and Use Committee and followed the NIH Guide for the
Care and Use of Laboratory Animals.

2.2. Drugs
(−)-Nicotine ditartrate (Sigma, USA) was dissolved in a sterile 0.9% sodium chloride
solution, and the pH of the nicotine solution was neutralized with sodium bicarbonate.
Nicotine was injected subcutaneously (s.c.) at 2 ml/kg. The dose of nicotine is expressed as
the weight of the free-base of nicotine.

2.3. Experimental techniques
Locomotor activity—Locomotor activity was measured using automated activity meters
(Digiscan animal activity monitor, Omnitech Electronics, USA). The activity meters were
equipped with two parallel rows of infrared photosensors, each row consisting of 16 sensors
placed 2.5 cm apart. The activity meters were controlled by and data from the activity
meters collected by a PC using the Micropro software (Omnitech Electronics, USA).

Rats were placed in transparent plastic boxes that were fitted into the activity meters. The
rats were initially allowed to habituate to the locomotor activity recording equipment for 30
min, after which they were taken out, injected with nicotine or vehicle, and placed back into
the boxes. Locomotor activity was then recorded for 60 min starting 5 min after drug
injection. All experiments were performed between 8 a.m. and 6 p.m.
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Pavlovian discriminative approach behavior—Standard aluminum operant chambers
with grid floors (MedAssociates Inc., USA) were used to study the acquisition of Pavlovian
discriminative approach behavior and responding with conditioned reinforcement. Each
operant chamber was housed in a sound attenuating outer box equipped with a white noise
generator and a fan to reduce external noise. A liquid dipper (0.06 ml) delivered water as the
reinforcer into the magazine. Head entries were detected by a photocell mounted within the
magazine, above the reinforcer receptacle. Above the magazine was a 2.5 W, 24 V light.
The operant chamber was illuminated by house light mounted on the back wall. A Sonalert
tone (10 kHz) generator was mounted above the magazine. A PC with interface and the
MedPC software (MedAssociates Inc., USA) controlled the boxes.

On the first day, rats were familiarized with water availability (the unconditioned stimulus
[US]). Water dippers (0.06 ml) were presented for 5 sec on a fixed time 15-sec (FT-15)
schedule and the session ended after the delivery of 100 USs. Pavlovian discrimination
training sessions began on the second day. Rats received 30 pairings of a 5 sec compound
conditioned stimulus (CS; light+tone) followed immediately by 5 sec access to 0.06 ml of
water. The CS+US pairings were delivered on a random time 30 sec (RT-30) schedule. Head
entries during the RT-30 interval resulted in a 3 sec delay during which time no
reinforcement was given, and the RT-30 schedule was restarted. Training on this schedule
results in a discriminated pattern of approach of the magazine during CS+US, but not during
inter-CS+US, periods.

Acquisition of a New Response with Conditioned Reinforcement—After training
on the Pavlovian approach behavior, animals were tested on responding with conditioned
reinforcement. In this test, which was performed in the absence of primary reinforcement
(i.e. extinction), two novel levers were introduced in the operant chambers. Testing utilized
the behaviorally stringent acquisition of a new response with conditioned reinforcement
(Taylor and Robbins, 1984). Responding on one lever (‘active’ or CR lever) resulted in the
presentation of a 5-sec CS and elevation of the liquid dipper (without water). Responding on
the other (‘inactive’ or NCR lever) had no programmed consequences and controlled for
non-specific alterations in responding. The first three responses on the active lever elicited
presentation of the CS, following which the CS was presented on a variable ratio (VR3)
schedule. The session lasted for 30 min following the first response on the CR lever. The
position of the CR and NCR levers (left/right) was balanced for all exposure groups.

2.4. Experimental design
Male and female rats were randomly divided into four experimental groups (n=10/group).
Two groups (one male, one female) received daily injections (15 consecutive days) with
nicotine (0.35 mg/kg s.c.) and the control groups (one male, one female) received the equal
volume of a sterile 0.9% sodium chloride solution. The exposures were thus administered
between postnatal day 31–45. Locomotor activity was recorded on exposure days 1 and 15
for 8 of the 10 rats in each group. After 5 days of withdrawal from the nicotine exposure, all
rats were subjected to the Pavlovian discriminatory approach behavior task described above
for 10 consecutive days, starting on postnatal day 51. Following completion of training, all
animals were tested on the acquisition of responding with conditioned reinforcement.

2.5. Statistics
The data from the present experiments were evaluated using a two- or three-way analysis of
variance (ANOVA) for repeated measures where appropriate. Follow-up comparisons were
performed using paired t-test or one-way repeated measure ANOVA where appropriate.
Training day or Lever [CR/NCR] was used as repeated measures and Exposure (vehicle/
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nicotine) and Sex [male/female] were the dependent factors. A probability value (p) equal to
or less than 0.05 was considered statistically significant.

3. RESULTS
3.1. Locomotor activity studies

To evaluate the sensitivity to nicotine following the nicotine exposure paradigm in
adolescence, we first examined locomotor activity. Here, there was a statistically significant
interaction of Timepoint and Exposure (F2,56=10.105; p•0.01; Fig. 1) as well as a significant
main effect of Timepoint. Follow-up paired samples t-tests indicate that for vehicle-treated
rats locomotor activity was significantly lower in the first thirty minutes (t15=4.122: p<.01)
and second thirty minutes (t15=5.302: p<.001) as compared to habituation in the vehicle
treated rats and activity was greater in the first thirty minutes following an injection than in
the second in the thirty minutes (p<.01). In nicotine-treated rats locomotor activity was
equivalent during habituation and the first thirty minutes following nicotine (t15=−1.740:
p=n.s.) and then decreased in the second thirty minutes (t15=6.743: p<.01). There was,
however, no significant effect of Sex on nicotine-induced locomotor activity (F1,28=0.434;
p=n.s.; Fig. 1). Importantly, there was not a statistical difference in locomotor activity
between male and female rats overall (F1,28=1.014; p=n.s.; Fig. 1). Thus, on the final day of
repeated nicotine exposure (0.35 mg/kg s.c.) during adolescence both male and female rats
exhibited enhanced locomotor activity.

3.2. Appetitive Pavlovian approach behavior
We next examined the effects of prior repeated nicotine exposure during adolescence on
appetitive Pavlovian approach. Prior nicotine exposure did not alter the approach of the
magazine during the initial magazine training session, and there was no difference between
male and female rats (data not shown). Thus, the repeated drug exposure does not appear to
affect primary motivation for water or ability to obtain water from the dipper, and,
importantly, there are no significant sex-differences in performing the baseline behavior.

We next performed a 2-way repeated measures ANOVA on magazine approach during the
CS period (see Fig. 2A) to probe effects of Exposure and Sex across days of training (i.e.
Training Day). There was a significant Exposure X Sex X Training day (F9,324=2.0473,
p<0.05) interaction. The analysis also identified significant interactions between Exposure X
Sex (F1,36=11.300, p<0.01) and Exposure X Training day (F9,324=1.972, p<0.05) along with
a main effect of Training day (F9,324=104.556; p•0.001) that confirmed that CS-evoked
magazine approach progressively increased as a function of training. In male rats, follow-up
one way repeated measures ANOVA revealed a non-significant Training day X Exposure
interaction (F9,162=.308, p= n.s.) and significant main effects of both Exposure
(F1,18=5.587, p<.05) and Training day (F9,162=55.316, p<.001). In female rats, follow-up
one way repeated measures ANOVA revealed a significant Training day X Exposure
interaction (F9,162=3.269, p<.05) and significant main effects of both Exposure
(F1,18=5.570, p<.05) and Training day (F9,162=50.744, p<.001). Therefore as illustrated in
Fig. 2A, magazine approach during CS presentation in male rats was greater in adolescent
nicotine treated rats than in vehicle treated rats. In contrast, in female rats magazine
approach during CS presentation in male rats was lesser in nicotine treated rats than in
vehicle treated rats. Of the vehicle-treated animals, female rats displayed increased
Pavlovian approach compared to male rats (F1,18=10.810, p<.05)

There was a significant Exposure X Sex X Training day interaction (F9,324=2.625, p<0.05;
Fig. 2B) in approach to the US, which suggests that nicotine exposure also impacted
approach to the US depending on Sex across training days. There was also a main effect of
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Training day on approach of the magazine during US presentation (F9,324=151.524;
p•0.001), and a significant Exposure X Sex interaction (F1,36=5.396; p•0.05). This
interaction was driven primarily by a significant Exposure X Training day interaction in
male rats (F1,18=3.556; p<.001).

In the present experiments there was also a main effect of Training day on non-specific
approach to the magazine during the inter-CS+US period ((F9,324=85.824; p•0.001; Fig 2C)
that was not affected by Exposure (F1,36=1.344; p= n.s.) or by Sex (F1,36=0.029; p= n.s.) in
both cases suggestive that all groups were learning the CS-US association.

3.3. Conditioned reinforcement
In this experiment, the ANOVA analysis revealed an Exposure X Lever interaction
(F1,36=5.837; p•0.05, Fig 3) as well as main effects of Exposure (F1,36=10.699; p•0.01) and
Lever (F1,36=55.661; p•0.0001), but not Sex (F1,36=0.402; p=n.s.). Therefore, the basic
conditioned reinforcement effect was observed in both the vehicle- and nicotine-treated rats:
animals made significantly more responses on the CR lever (eliciting the presentation of the
CS) compared to the NCR lever (that had no programmed consequences) during the test.
This indicates that the Pavlovian training sessions successfully established the CS as a
conditioned reinforcer. Furthermore, prior repeated nicotine (0.35 mg/kg sc) exposure
during adolescence significantly increased responding on the CR lever, but not the NCR
lever, compared to saline-exposed vehicle-control rats. This was true for both male and
female rats. Prior repeated nicotine exposure produced an increase in the responding with
conditioned reinforcement that was selective for the CR lever and, thus, behaviorally
specific.

4. DISCUSSION
The present study investigated the ability of repeated nicotine exposure given during
adolescence to augment subsequent Pavlovian discriminative approach behavior and
responding with conditioned reinforcement in male and female rats. These experiments
demonstrate that daily nicotine exposure in adolescent male rats, prior to training on
Pavlovian approach during adulthood, selectively increased head entries into the magazine
during CS presentation. These findings confirm previous observations made in adult male
rats after prior repeated administration of nicotine or the psychostimulants cocaine or
amphetamine (Harmer and Phillips, 1998, Taylor and Jentsch, 2001, Olausson et al., 2003).
The current findings support the hypothesis that repeated nicotine exposure produces long-
lasting alterations in neurobiological functions that facilitate reward-related learning.
Interestingly, the opposite pattern was observed in female rats. Here, adolescent nicotine
exposure to female rats reduced Pavlovian CS approach behavior compared to vehicle-
exposed controls. The reason for this sex difference is unknown but it occurred against a
baseline where nicotine-naïve animals displayed accelerated Pavlovian conditioning and
enhanced baseline performance in the task compared to their male counterparts. These
differences are unlikely due to alterations in locomotor simulation as activity rates were
equivalent in both male and female rats and there were no other behavioral differences.
Nicotine exposure to females brought the number of magazine approach during CS
presentations to the same level exhibited by vehicle-exposed male rats. It is possible that
repeated exposure to nicotine during adolescence interferes with the processes that normally
underlie this enhancement in female rats. For example, estrogen has been demonstrated to
facilitate neuroplasticity and learning and chronic nicotine exposure markedly inhibits
estrogen-response element binding in rats (Shingo et al., 2000). Presently we can only
speculate about the possible mechanisms involved, but there are several testable hypotheses
for future experiments to study the involvement of adolescent gonadal hormones in response
to nicotine.
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While many previous studies have shown augmented cognitive abilities in female rats and a
positive effect of estrogen in models of learning and memory (Luine, 2008), we are not
aware of a previous study demonstrating enhanced appetitive Pavlovian conditioning. Our
laboratory has previously used a mouse model to dissociate the consequences of genetic and
gonadal sex on reward-related learning processes. In our study by Quinn et al. (Quinn et al.,
2007), female sex chromosome complement was associated with accelerated habit formation
regardless of gonadal status. In a more recent study, the opposite was observed when alcohol
habits were tested where chromosomal male rats displayed more habitual responding
(Barker et al., 2010). The results in our present work add to our current understanding
regarding the role of sex differences in learning and memory. While the precise
neurobiological mechanisms that underlie these sex differences remain to be tested the
availability of this models provides us with a model to examine these questions in detail.

Pavlovian approach behavior is dependent on limbic-striatal circuits, including the NAc core
and the central nucleus of the amygdala (Everitt et al., 1999, Cardinal et al., 2002). Both of
these brain regions receive dense afferent dopaminergic input originating from the ventral
tegmental area. It is well established that repeated nicotine exposure produces long-lasting
neuroadaptations in this pathway. These neuroadaptations have multiple consequences for
the normal functioning of the mesolimbic dopamine system including alterations in
dopamine receptors and reward processing in human smokers (Dagher et al., 2001, David et
al., 2005, McBride et al., 2006, Rose et al., 2012). Previous studies have demonstrated that
dopamine activation in both the NAc and the amygdala is implicated in Pavlovian approach
behavior (Hitchcott and Phillips, 1998, Everitt et al., 1999, Parkinson et al., 1999, Cardinal
et al., 2002, Phillips et al., 2002). Changes in dopamine neurotransmission have been argued
to mediate the actions of repeated psychostimulant exposure on Pavlovian discriminative
approach behavior (Harmer and Phillips, 1999, Jentsch and Taylor, 1999). The nicotine-
induced alterations in dopamine-regulated signaling within these circuits likely contribute to
the altered CS approach observed here. In support of this hypothesis we have previously
reported that direct activation of cAMP/PKA signaling in the amygdala also facilitates CS
approach behavior as does prior cocaine exposures in male rats (Taylor and Jentsch, 2001,
Jentsch et al., 2002). Taken together with the observation that withdrawal from chronic
nicotine treatment upregulates cAMP signaling in the amygdala (Tzavara et al., 2002), it is
likely that these nicotine-induced enhancements are primarily attributed to drug-induced
alterations in dopamine-regulated signaling pathways in male rats.

Nicotine exposure also augments the ability of cues to increase instrumental behavior and
cues profoundly regulate smoking behavior. We have previously reported that acute and
prior repeated nicotine exposure enhances the ability of cues to motivate responding thereby
acting as conditioned reinforcers (Olausson et al., 2004b, a). Nicotine-associated increased
responding with conditioned reinforcement can be blocked by mecamylamine, a general
nicotinic acetylcholine receptor (nAChR) antagonist (Olausson et al., 2004a). We also found
that in mice, the 2-subunit of the nAChR was required for this nicotine-induced
enhancement (Brunzell et al., 2006). We have subsequently demonstrated that nAChR
signaling is required for the conditioned reinforcing and dopamine-activating effects of both
sucrose- or alcohol-associated cues in nicotine-naïve rats (Lof et al., 2007, Lof et al., 2010).
Specifically, these experiments implicated 7 and/or 6/ 3 2 3* nAChRs as important
mediators of both the dopamine-activating and behavioral effects of sucrose cues (Lof et al.,
2010). Together, our prior and current results demonstrate that both nicotine exposure and
underlying nAChR mechanisms modulate the ability of reward-associated conditioned
stimuli to exert powerful control over behavior in both adult male and female rats during
adolescence. There was, however, no effect of sex on enhanced responding with conditioned
reinforcement that depends on dopamine and the NAc but not the amygdala (Taylor and
Robbins, 1986, Cador et al., 1989, Robbins et al., 1989, Cador et al., 1991), and notably the
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amygdala is a highly sexually dimorphic nuclei. Our observed sex difference in CS approach
behavior, but not conditioned reinforcement, suggests dissociable mechanisms that subserve
appetitive Pavlovian approach behavior and responding with conditioned reinforcement
(Everitt et al., 1999), and are in line with the lack of sex differences in nicotine self-
administration or reinstatement in animals initiating self-administration in adulthood
(Feltenstein et al., 2012). Human data also support these observations, as there were no
differences in cue reactivity and craving to smoking-related cues shown to male and female
smokers (Saladin et al., 2012). Thus, the gender differences in smoking may be more related
to other components and drivers of smoking behaviors, such as stress, and negative affect,
that are augmented in female smokers (Saladin et al., 2012).

The consequence of acute and repeated nicotine exposure on learning and cognitive
functions has been extensively examined (Levin et al., 2006). Nevertheless, few preclinical
studies have demonstrated a long-lasting facilitation of learning processes after withdrawal
from repeated or sub-chronic nicotine administration as shown here. We, and others, have
hypothesized that drug-induced changes in limbic-striatal function are causally involved in
the ability of cues to acquire heightened abilities to control behavior, and in combination
with reduced cortical inhibitory modulation of motivational impulses may contribute to
compulsive and chronically relapsing patterns of drug use (Jentsch and Taylor, 1999, Everitt
et al., 2001, Taylor and Jentsch, 2001, Jentsch et al., 2002, Everitt and Robbins, 2005,
Everitt et al., 2008, Flagel et al., 2009, Taylor et al., 2009) – including in adolescence
(Chambers et al., 2003). These present data support such hypothesis and extends previous
research by the demonstration that repeated nicotine exposure during adolescence also
enhances responding for conditioned reinforcement, and highlights some sex differences in
Pavlovian approach behavior. These current results are relevant to nicotine abuse since
smoking-related cues possess the ability to elicit craving and support smoking behavior in
humans, and such cues can precipitate relapse to smoking after nicotine abstinence (Mucha
et al., 1999, Dols et al., 2000, Mucha et al., 2000, Rose and Behm, 2004). Novel methods
aimed at reducing the behavioral impact of cues should be a promising therapeutic target for
smoking cessation (Franklin et al., 2011) and other addictions (for review, see (Taylor et al.,
2009, Torregrossa et al., 2011)). Additional preclinical research is warranted to examine
how sex differences in adolescent nicotine exposure contributes to compulsive behavior.
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Research Highlights

• Repeated nicotine exposure during adolescence enhances reward-associated
learning in males

• Repeated nicotine exposure during adolescence reduces reward-associated
learning in females

• Female animals display enhanced acquisition of appetitive Pavlovian approach
learning at baseline

• Repeated nicotine exposure during adolescence augments responding with
conditioned reinforement

• The ability of nicotine to enhance responding with conditioned reinforcement is
not influenced by sex
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Fig. 1.
Effects of repeated nicotine exposure (0.35 mg/kg sc; 15 days) during adolescence (PD 35–
50) on nicotine-induced locomotor activity following an acute nicotine (0.35 mg/kg sc)
injection on exposure day 15. Statistics: ANOVA for repeated measures with follow-up t-
tests for each timepoint comparison; n=8, all groups. There was a significant effect of
nicotine exposure (p•0.001). * significant difference compared to habituation, # significant
difference compared to the first thirty minutes after injection.
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Fig. 2.
Effects of prior repeated nicotine exposure (0.35 mg/kg sc; 15 days) during adolescence (PD
36–50) on magazine entries during A) CS, B) US and C) non-CS+US periods.: ANOVA for
repeated measures; n=10, all groups. There were significant effects of training day (p•0.001)
but no significant effect of nicotine exposure.
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Fig. 3.
Effects of repeated daily nicotine exposure (0.35 mg/kg sc; 15 days) during adolescence (PD
36–50) on responding with conditioned reinforcement. Prior repeated nicotine exposure
increased responding on the active (i.e., CR) lever but had no effect on responding on the
inactive (NCR) lever. Statistics: ANOVA for repeated measures; n=10, all groups. In this
experiment, there was a significant effect of lever (p•0.001) and a lever X nicotine exposure
interaction (p•0.05). * p•0.05
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