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tine and learning could contribute to nicotine addiction. Although previous
research indicates that nicotine withdrawal disrupts contextual learning, the effects of nicotine withdrawal
on contextual memories acquired before withdrawal are unknown. The present study investigated whether
nicotine withdrawal disrupted recall of prior contextual memories by examining the effects of nicotine
withdrawal on recall of nicotine conditioned place preference (CPP) and contextual fear conditioning.
C57BL/6J mice trained in CPP exhibited a significant preference for an initially non-preferred chamber that
was paired with 0.35 mg/kg nicotine. Following CPP, mice were implanted with mini-osmotic pumps
containing 6.3 mg/kg/d nicotine or saline. Pumps were removed twelve days later and nicotine CPP was
retested 24 h later. Mice withdrawn from chronic nicotine exhibited CPP, suggesting that older drug-context
associations are not disrupted by nicotine withdrawal. One hour later, the same mice were trained in
contextual and cued fear conditioning; nicotine withdrawal disrupted contextual but not cued fear
conditioning. A subsequent experiment demonstrated that nicotine withdrawal did not disrupt recall of
contextual or cued fear conditioning when acquisition occurred before nicotine withdrawal. These data
suggest that nicotine withdrawal disrupts new contextual learning, but does not alter contextual learning
that occurred before withdrawal.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction
Investigations into the neurobiologyof addictionhave revealed that
drugs of abuse can alter learning and memory and that many of the
neural substrates disrupted by drug addiction also play an important
role in learning and memory (Davis and Gould, 2008; Gould, 2006;
Hyman, 2005; Kelley, 2004). However, the overlap between the
neurobiology of nicotine addiction and learning and memory is only
beginning to be understood. Several studies have reported that the
effects of nicotine can be associated with contextual or discrete cues.
Lazev et al. (1999) found that neutral environmental cues can be
associated with cigarette smoking and will elicit cravings when
presented alone. Furthermore, smoking-related stimuli can produce
increases in cravings in both withdrawn smokers and non-withdrawn
smokers and are associated with changes in the function of brain
regions previously implicated in both addiction and learning, such as
the hippocampus, amygdala, and the ventral tegmental area (Due et al.,
2002; Franklin et al., 2007; Geier et al., 2000). In addition, contextual
cues that indicate smoking availability increase cravings for smoking
(Dols et al., 2002, 2000; Thewissen et al., 2005). Together, these studies
suggest that maladaptive associations between the effects of nicotine
and contextual stimuli may contribute to cravings that facilitate the
development and maintenance of nicotine addiction.
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Further support for the link between nicotine-induced changes to
learning and memory and nicotine addiction comes from studies
investigating nicotine conditioned place preference (CPP) in rodents,
and the effects of nicotine on contextual fear conditioning in mice. In
the nicotine CPP procedure, rodents develop a preference for a
chamber that is consistently paired with nicotine (Calcagnetti and
Schechter, 1994; Fudala et al., 1985; Risinger and Oakes, 1995), which
suggests that an association is made between the rewarding proper-
ties of nicotine and contextual stimuli. Thus, environmental/con-
textual stimuli associated with nicotine may facilitate drug seeking/
taking behavior. In support, nicotine self-administration can be
enhanced or reinstated by the presentation of environmental stimuli
that were previously associated with nicotine self-administration
(Caggiula et al., 2001, 2002; LeSage et al., 2004). In addition to nicotine
being able to enter into associations with contextual features, nicotine
may also enhance contextual learning (Davis et al., 2005; Gould, 2003;
Gould and Higgins, 2003; Gould and Wehner, 1999; Kenney and
Gould, 2008). Thus, nicotine can facilitate contextual learning which
may lead to the formation of strong but maladaptive drug-context
associations that could evoke cravings.

The ability of nicotine to facilitate contextual learning may not be
the only way in which the effects of nicotine on learning contribute to
nicotine addiction; nicotinewithdrawal could disrupt learning-related
processes and smokers may relapse in order to ameliorate the deficits
(Gould, 2006). Nicotine withdrawal produces numerous symptoms in
humans that include disruption of cognitive processes such as
attention (Jacobsen et al., 2005; Rukstalis et al., 2005), concentration
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(Hughes et al., 1991, 1994), and learning and memory (Jacobsen et al.,
2005, 2007; Mendrek et al., 2006). In fact, changes in cognition during
abstinence from tobacco predict relapse (Rukstalis et al., 2005). Con-
sistent with these data, withdrawal from chronic nicotine produces
deficits in contextual fear conditioning in mice (André et al., 2008;
Davis et al., 2005; Portugal and Gould, 2007; Portugal et al., 2008), and
these deficits are ameliorated by drugs that are efficacious in treating
nicotine addiction (Portugal and Gould, 2007; Raybuck et al., 2008).
Thus, the aversive effects of nicotine withdrawal on cognitive pro-
cesses may contribute to maintenance of nicotine addiction. However,
these studies withdrew nicotine prior to training; therefore, it is
unknown if withdrawal from chronic nicotine treatment disrupts
acquisition and/or recall of contextual memories.

The effects of nicotine and nicotine withdrawal on learning may
work together to promote nicotine addiction. As reviewed, nicotine
could facilitate the formation of maladaptive drug-context associa-
tions that could lead to drug-seeking behavior when re-exposed to the
associated contexts, and nicotine withdrawal-related disruption of
cognitive processes could trigger relapse. If maladaptive drug-context
associations acquired before nicotine withdrawal are intact during
withdrawal, then cravings elicited by contextual stimuli during
withdrawal may act in combination with withdrawal-related learning
impairments to further facilitate relapse. Although contextual fear
conditioning that occurs during nicotine withdrawal is disrupted, the
effects of nicotine withdrawal on contextual memories acquired prior
to withdrawal remain unknown. The present study examined the
effects of nicotine withdrawal on contextual learning that occurred
prior to withdrawal and learning that occurred during nicotine
withdrawal.

2. Methods

2.1. Subjects

C57BL/6J mice were trained at 8–12 weeks of age, with 8 mice per
condition in each experiment. Mice were housed in groups of four per
cage and were maintained on a 12 hour light–dark cycle (lights on
from 7:00 am–7:00 pm) with unrestricted access to food and water.
Experiments took place during the light phase of the cycle. All
behavioral and surgical procedures were approved by the Temple
University Institutional Animal Care and Use Committee.

2.2. Apparatus

The training and testing of nicotine CPP occurred in four identical
boxes (41.4 cm×21.6 cm×21.6 cm); each box contained two distinct
chambers that measure 19.7 cm×20.3 cm×18.3 cm and were modeled
after those used byWalters et al. (2005). In one chamber, thewalls and
floor were composed of gray Plexiglas, whereas the other chamber
had gray Plexiglas walls with 1.3 cm-widewhite stripes and a stainless
steel mesh floor. Both chambers had clear Plexiglas lids. The wall that
separated the chambers had an opening (5.1 cm×5.1 cm) so that mice
could access both sides; this wall was replaced during conditioning
trials with another wall that prevented mice from moving between
chambers. Data were collected with a ceiling-mounted video camera
that was connected to a television and VCR. All sessions were recorded
onto VHS and the preference for each chamber was scored manually.

The training and testing of contextual fear conditioning occurred in
four identical chambers (17.78 cm×19.05 cm×38.10 cm) that were
housed in sound attenuating boxes (Med-Associates, St. Albans, VT). The
front, back, and top chamber walls of the conditioning chambers were
made of clear Plexiglas, and sidewalls were made of stainless steel. The
floors of the chambers were composed of 18 stainless steel bars that
were connected to a shock generator and scrambler. Ventilation fans
mounted on the right wall of the sound attenuating boxes provided air
exchange and background noise (69 dB), and speakers attached to the
right wall of each chamber were used to administer the white noise
conditioned stimulus (CS). The chamberswere connected to a computer
that used Med-PC software (Med-Associates, St. Albans, VT) to control
stimulus administration. Mice were tested for cued fear conditioning in
four identical altered chambers (20.32×22.86×17.78 cm) that were
housed in sound attenuating boxes and located in a different room from
the training chambers. The front, back, and top walls of these chambers
were comprised of clear Plexiglas, and the side walls of the chambers
were made of aluminum. The chamber floors were made of white
plastic. Speakers were mounted on the left wall of each chamber and
were used to administer the white noise CS. A vanilla extract olfactory
cue was added to further distinguish these chambers from the training
chambers.

2.3. Drugs and administration

Nicotine hydrogen tartrate salt (Sigma, St. Louis, MO) was
dissolved in saline at 0.35 mg/kg (all doses reported in freebase
nicotine weight), and was administered subcutaneously with an
injection volume of 10 ml/kg. This dose of nicotine was based on prior
research with C57BL/6J mice demonstrating that 0.3 and 0.5 mg/kg
nicotine will produce nicotine CPP (Grabus et al., 2006; Walters et al.,
2006). In order to investigate the effects of nicotine withdrawal on
nicotine CPP and fear conditioning, nicotine hydrogen tartrate salt
(Sigma, St. Louis, MO) was dissolved in saline and was loaded into
mini-osmotic pumps (model 1002; Alzet, Cupertino, CA). Mini-
osmotic pumps that contained either 6.3 mg/kg/day nicotine or saline
were implanted subcutaneously. This dose of chronic nicotine was
chosen because previous research has demonstrated that withdrawal
from 6.3 mg/kg/day nicotine produces deficits in contextual fear
conditioning in C57BL/6J mice (André et al., 2008; Davis et al., 2005;
Portugal and Gould, 2007; Raybuck et al., 2008). Furthermore, this
dose of chronic nicotine produces plasma nicotine levels within the
range observed in smokers (Benowitz et al., 1989; Davis et al., 2005;
Henningfield and Keenan, 1993). Mini-osmotic pumps were removed
from all mice after 12 days of chronic treatment. Mice were anes-
thetizedwith 5% isoflurane (Abbott Laboratories, North Chicago, IL) for
pump insertion and removal surgeries.

Experiment 1: The effects of withdrawal on nicotine conditioned
place preference and fear conditioning.

2.3.1. Handling and habituation
The first experiment investigated the effects of nicotine with-

drawal on contextual associations that were acquired either before
nicotine withdrawal or during nicotine withdrawal. In the first phase
of the experiment, mice were handled and were habituated to the
experimental room the week prior to the nicotine CPP experiment.
This procedure was used because previous research found that
handling and habituation facilitates nicotine CPP (Grabus et al.,
2006). Mice were transported from the animal colony to the
experimental room and were habituated to the experimental room
for 6 h (9:00 am–3:00 pm) on the Wednesday–Friday of the week
before the experiment commenced. After the first hour of habituation,
each mouse was handled for ∼1 min. During handling, mice were
stroked on the neck and back and then held as if a subcutaneous
injection was to be administered. After handling, mice remained
undisturbed in the experimental room for approximately 3 h until
handled again in the samemanner as described. Two hours later, mice
were returned to the animal colony.

2.3.2. Conditioned place preference
The nicotine CPP experiment began on the Monday after the last

day of handling and habituation (see Fig. 1 for a graphic depiction of
the experimental design). The first day was a pre-conditioning day:
mice were randomly placed into one of the two chambers and had



Fig.1. A schematic of the design for experiment 1. Each box represents a day and the color coding and text indicates the experimental manipulations that took place on that day. Boxes
with an “X” indicate days in which no experimental manipulations occurred.
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unrestricted access to both chambers for 15 min. Entry into a chamber
was defined as instances when the head and all four paws of the
mouse had crossed over into the chamber (Vastola et al., 2002). The
amount of time spent in both chambers was recorded, and these data
were used to determine which chamber was paired with nicotine.
Specifically, nicotine was paired with the chamber that was least
preferred by mice on the pre-conditioning day. On pre-conditioning
day, most subjects preferred the chamber with striped walls: 75% of
mice assigned to nicotine CPP and 69% of mice assigned to saline CPP
preferred the striped chamber. On average, mice in the nicotine CPP
group spent 495.3 ± 14.6 s out of 900 s in the preferred striped
chamber, and saline CPP mice spent 494.6 ± 18.1 s out of 900 s in the
preferred striped chamber. This initial preference for the striped
chamber is within the range reported in other studies of nicotine CPP
that used a biased design (Korkosz et al., 2006; Rauhut et al., 2008;
Tammimaki et al., 2008). Following pre-conditioning, mice were
trained with conditioning sessions that occurred on days 2–4. During
conditioning, mice in nicotine CPP groups received a subcutaneous
injection of either 0.35mg/kg nicotine or saline andwere immediately
confined to the nicotine or saline-paired chamber, respectively, for
15 min. Five hours later, mice were treated with the alternate drug
condition and were immediately placed in the opposite chamber for
15 min. To rule out the possibility of order effects, the schedule of
injections was counterbalanced within conditioning sessions so that
half of the mice received saline and half of the mice received nicotine
during the first conditioning trial. The order of injections was also
counterbalanced between days, such that mice were administered
alternating injections of nicotine or saline for the first conditioning
trial across multiple days. Mice that were assigned to saline CPP
groups received subcutaneous injections of saline before being placed
in both chambers for 15 min. On day 5 (testing day), mice were placed
in the saline-paired chamber and were allowed to move freely
between the two chambers for 15 min.

2.3.3. Additional conditioning and testing
In the next phase of the experiment, mice received four

additional days of conditioning that began on the Monday following
the first test of nicotine CPP. The use of additional conditioning trials
was based on previous research which demonstrated that additional
conditioning produces robust nicotine CPP in rats (Wilkinson and
Bevins, 2008). These conditioning sessions were identical to those
described in the previous section. Overall, mice assigned to nicotine
CPP groups received 7 drug and 7 saline conditioning trials. Twenty-
four hours after the last conditioning session, a second test of
nicotine CPP was conducted in the same manner as described. Two
hours after the second CPP test, mice were implanted with mini-
osmotic pumps containing 6.3 mg/kg/d nicotine or saline. Thus, mice
were assigned to four possible conditions: nicotine CPP/withdrawal
from chronic nicotine (WCN), nicotine CPP/withdrawal from chronic
saline (WCS), saline CPP/WCN, and saline CPP/WCS (n=8 for all
groups). Chronic nicotine or saline administration continued for 12
days following pump implantation, and all pumps were removed on
the 12th day of chronic nicotine or saline treatment. A final test of
nicotine CPP, which was identical to the previous tests, was
conducted 24 h after the removal of mini-osmotic pumps. One
hour following the final CPP test, the training of contextual and cued
fear conditioning commenced.

2.3.4. Contextual and cued fear conditioning
In the final phase of the experiment, mice withdrawn from chronic

nicotine or salinewere trained and tested in fear conditioning. Freezing,
defined as the lack of all movement other than respiration (Blanchard
and Blanchard, 1969) was used as the measure of conditioned fear.
Freezing was scored using a time-sampling procedure, in which mice
were observed for 1 s during 10 s bins and were scored as freezing or
active (Gould andWehner,1999). Trainingbegan1hafter thefinal test of
nicotine CPP.Micewere placed in the chamber and baseline activity was
scored for 120 s. After baseline, mice were exposed to two CS (85 dB
white noise)–unconditioned stimulus (US; 0.57 mA footshock) pairings
separated by a 120 s inter-trial interval. Thewhite noise CS presentation
lasted for 30 s and co-terminated with a 2 s footshock US. Immediate
freezing was scored during the 120 s inter-trial interval that occurred
before the second CS–US pairing. Following the last CS–US pairing, the
training session ended with a 30 s period during which freezing
behavior was not recorded. The testing of contextual fear conditioning
occurred 24 h after training. Mice were returned to the training
chambers and freezing was scored for 5 min. One hour later, mice were
placed in an altered context to test for both generalized freezing and for
cued fear conditioning. Specifically, mice were loaded into the altered
context chambers and generalized freezing was scored for the first
3 min. After generalized freezing was scored, the CS was continuously
activated and cued fear conditioning was scored for the next 3 min.

Experiment 2: Contextual fear conditioning is not disrupted if
acquired before nicotine withdrawal.

The second experiment investigated the effects of withdrawal from
chronic nicotine on fear conditioning if withdrawal occurred 15 days
after the training of contextual and cued fear conditioning. On the first
day of the experiment, mice were trained in contextual and cued fear
conditioningasdescribed in theprevious section. Forty-eighthours after
training, mini-osmotic pumps containing either 6.3 mg/kg/d nicotine
(n=8) or saline (n=8)were implanted. Chronic nicotine or saline pumps
were removed 12 days later. The test of contextual and cued fear
conditioning occurred 24 h after pump removal (15 days after training);
mice were tested in the same manner as described previously.

2.4. Statistical analyses

For the nicotine CPP experiment, preference scoreswere calculated
by subtracting the time spent in the nicotine-paired chamber on pre-
conditioning day from the time spent in the same chamber on testing
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day (expressed in seconds). For each of the first two nicotine CPP tests,
preference scores from nicotine CPP/WCN and nicotine CPP/WCS
groups were pooled together and were compared to pooled saline CPP
data using independent sample t-tests because these mice had not yet
received chronic nicotine treatment and so there was no chronic
treatment difference between pooled groups. The preference scores
from the final nicotine CPP test that occurred after nicotine with-
drawal was analyzed using 2 (withdrawal condition: WCN, WCS)×2
(CPP condition: nicotine CPP, saline CPP) ANOVA. A linear contrast was
used to make a planned comparison between nicotine CPP/WCN mice
and saline CPP/WCN mice. A separate linear contrast compared
nicotine CPP/WCS mice to saline CPP/WCS mice. Following nicotine
withdrawal, mice were trained and tested in contextual and cued fear
conditioning. These data were analyzed using a 2 (withdrawal
condition: WCN, WCS)×2 (CPP condition: nicotine CPP, saline CPP)
ANOVA, and Tukey post-hoc tests were used to test pair-wise com-
parisons between specific experimental conditions. Fear conditioning
data from the final experiment was analyzed using an independent
samples t-test.
Fig. 2. The effects of nicotinewithdrawal on nicotine CPP acquired before chronic nicotine adm
for the nicotine-paired chamber following 3 conditioning trials, and after 4 more conditionin
suggesting that nicotine CPP is long lasting and is not altered by nicotine withdrawal. Error b
compared to saline CPP mice withdrawn from chronic saline, and (#) indicates pb0.05 co
withdrawal on contextual and cued fear conditioning (B). During withdrawal from chronic
final test of nicotine CPP. Mice withdrawn from 6.3 mg/kg/d nicotine exhibited deficits in c
contextual learning that occurs during withdrawal. Error bars indicate SEM, and (⁎) indicat
3. Results

3.1. The effects of withdrawal on nicotine conditioned place preference
and fear conditioning

To investigate whether nicotine withdrawal alters contextual
associations that were acquired before withdrawal, mice were trained
in the nicotine CPP procedure (Fig. 2A). An independent samples t-test
revealed that mice treated with 0.35 mg/kg nicotine exhibited CPP for
the nicotine-paired chamber relative to saline-treated controls
following 3 conditioning sessions [t(30)=2.41, pb0.05]. Similarly, an
independent samples t-test revealed a significant CPP for nicotine at
the second CPP test [t(30)=2.50, pb0.05]. For the 3rd test of nicotine
CPP that occurred during nicotine withdrawal, a 2 (withdrawal con-
dition)×2 (CPP condition) ANOVA revealed a significant main effect
for the CPP condition [F(1, 28)=9.20, pb0.05]. In contrast, no signi-
ficant main effect for withdrawal (nicotine vs. saline) was observed
(pN0.05), nor was there a significant CPP by withdrawal interaction
(pN0.05). Planned comparisons revealed a significant difference
inistration (A). Mice treatedwith 0.35mg/kg nicotine exhibited a significant preference
g trials. This preference persisted following withdrawal from chronic nicotine or saline,
ars indicate SEM, (⁎) indicates pb0.05 compared to saline CPP data, (%) indicates pb0.05
mpared to saline CPP mice withdrawn from chronic nicotine. The effects of nicotine
nicotine or saline, mice were trained in contextual and cued fear conditioning after the
ontextual but not cued fear conditioning, suggesting that nicotine withdrawal disrupts
es pb0.05 compared to mice withdrawn from chronic saline.



Fig. 3. The effects of withdrawal from chronic nicotine on the recall of contextual and
cued fear conditioning. Mice were trained in contextual and cued fear conditioning and
osmoticmini-pumps that delivered chronic nicotine or salinewere implanted 48 h later.
Chronic nicotine or salinewas administered for 12 days andwere then removed; testing
occurred during nicotine withdrawal, 15 days after training. No significant differences
were observed in contextual or cued fear conditioning between mice withdrawn from
chronic nicotine or saline. Error bars indicate SEM.
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between nicotine CPP/WCN mice and saline CPP/WCN mice [t(28)=
2.17, pb0.05], and a significant difference between nicotine CPP/WCS
mice and saline CPP/WCS mice [t(28)=2.12, pb0.05]. Following the
final test of nicotine CPP, mice were trained and tested in fear
conditioning (Fig. 2B). A 2 (withdrawal condition)×2 (CPP condition)
ANOVA revealed a significant main effect for thewithdrawal condition
[F(1, 28)=37.36, pb0.05] when mice were tested for contextual fear
conditioning. However, there was no significant main effect of the CPP
condition that mice were previously assigned to (nicotine vs. saline
CPP; pN0.05), nor was there a significant CPP by withdrawal in-
teraction (pN0.05). Subsequent Tukey post-hoc tests revealed that
both groups of mice withdrawn from chronic nicotine exhibited
deficits in contextual fear conditioning when compared to both
groups that were withdrawn from chronic saline (pb0.05). No signi-
ficant differences were observed in baseline or immediate freezing
measured on training day, nor were there any differences between
groups in pre-CS freezing or in cued fear conditioning (pN0.05). Taken
together, these data suggest that nicotine withdrawal does not alter
drug-context associations that were acquired before withdrawal.
However, if contextual associations are acquired during nicotine
withdrawal, then deficits are observed.

3.2. Contextual fear conditioning is not disrupted if acquired before
nicotine withdrawal

In order to determine whether nicotine withdrawal will disrupt
aversive contextual associations that are learned before nicotine
withdrawal, micewere trained in contextual and cued fear conditioning
and were treated with chronic nicotine for 12 days starting 48 h after
training. Testing occurred during nicotine withdrawal, 15 days after
training (Fig. 3). No significant differences were observed in contextual
fear conditioning between mice withdrawn from chronic nicotine or
saline (pN0.05). Furthermore, no significant differences were observed
in baseline freezing, immediate freezing, pre-CS freezing or cued fear
conditioning (pN0.05). Thus, withdrawal from chronic nicotine did not
disrupt recall of fear conditioning-associated memories.

4. Discussion

The results of the present study are the first to reveal that
withdrawal from chronic nicotine treatment differentially affects
contextual learning depending upon whether acquisition takes place
before or during nicotine withdrawal. Mice trained in nicotine CPP or
contextual fear conditioning before chronic nicotine treatment and
subsequent withdrawal showed unimpaired recall of contextual
memories. In contrast, mice trained 24 h after cessation of chronic
nicotine treatment had deficits in contextual fear conditioning. Thus,
nicotine withdrawal does not impair recall of contextual learning
acquired before withdrawal but instead impairs acquisition of new
contextual associations. Disrupted learning during withdrawal along
with intact prior drug-context memories could be particularly
problematic for smokers trying to quit. Cognitive deficits during
withdrawal could interfere with learning adaptive behaviors while
facilitating relapse as a means of ameliorating the deficits, and
maladaptive drug-context memories could trigger cravings that also
lead to relapse.

Another novel finding of the current study is that nicotine CPP-
associated memories were long-lasting. The fact that mice exhibited
nicotine CPP 13 days after the last conditioning session suggests that
the association between the rewarding effects of nicotine and con-
textual stimuli enters into long-term memory storage. These data are
consistent with research in humans demonstrating that smoking-
related contextual cues can evoke cravings (Dols et al., 2002, 2000;
Thewissen et al., 2005) and that evoked cravings last several weeks
after nicotine withdrawal (Jarvis, 2004). The long-lasting ability of
contextual stimuli to increase cravings may help explain why nicotine
is one of the most addictive substances (Anthony et al., 1994).
Although nicotine withdrawn mice did not exhibit deficits in nicotine
CPP, it is possible that changes in CPP may be observed if higher doses
of chronic nicotine are administered. Future studies are needed to
examine whether withdrawal from higher doses of nicotine disrupts
or enhances the recall of nicotine CPP.

The finding that withdrawal from chronic nicotine treatment
specifically disrupted acquisition of new contextual memories sug-
gests that during chronic nicotine treatment, adaptations occur to
neural processes involved in contextual learning. This is supported by
a prior study which showed that the nAChR antagonist dihydro-beta-
erythroidine (DHβE) had no effect in control mice but produced
deficits in contextual fear conditioning in mice treated with chronic
nicotine (Portugal et al., 2008), suggesting that changes occur with
chronic nicotine treatment in nAChR function or in downstream
processes. Furthermore, the current study suggests that other
learning-related processes that depend upon contextual information
may similarly be disrupted during nicotinewithdrawal. For instance, it
has been demonstrated that the extinction of previously learned
associations is sensitive to contextual information (Bouton et al.,
2006; Frohardt et al., 2000). Thus, extinction may be disrupted if it
occurs during nicotine withdrawal, which could interfere with
decreasing learned maladaptive behaviors and acquiring adaptive
skills. Also consistent with previous research (André et al., 2008; Davis
et al., 2005; Portugal et al., 2008), the deficits observed were specific
to contextual fear conditioning but not cued fear conditioning. This is
an important observation because it demonstrates that the with-
drawal deficits in contextual fear conditioning are due to changes in
processes specific for acquisition of contextual fear conditioning, and
are not due to non-specific changes that would affect both acquisition
and recall of contextual and cued fear conditioning, such as changes in
locomotor activity, changes in anxiety, or a generalized malaise. Thus,
this specificity of the deficits in acquisition of contextual fear
conditioning may help identify the underlying neural substrates.

Whereas both nicotine-context associations and nicotine with-
drawal-related disruption of learning may contribute to nicotine
addiction, it is not clear if these two processes share common neural,
molecular, and genetic substrates. Previous studies demonstrated
that contextual fear conditioning is hippocampus-dependent (Logue
et al., 1997; Phillips and LeDoux, 1992), and infusions of nicotine into
the dorsal hippocampus are sufficient to enhance contextual fear
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conditioning (Davis et al., 2007). The involvement of the hippocampus
in nicotine CPP has not been directly tested. Only one study to date has
investigated possible brain regions required for nicotine CPP; Spina
et al. (2006) demonstrated that the infusion of a selective D1 anta-
gonist (SCH 39166) into the nucleus accumbens (NAc) shell disrupted
acquisition of nicotine CPP. Studies of other substances of abuse,
however, suggest that the hippocampus plays an important role in
CPP. Disruption of hippocampal function blocked CPP for morphine
(Rezayof et al., 2003, 2006; Zarrindast et al., 2007), cocaine (Meyers
et al., 2006), and amphetamine (Sakurai et al., 2007). The involvement
of the hippocampus in multiple forms of drug CPP, along with
evidence that the effects of nicotine on contextual fear conditioning
are hippocampus-dependent, suggests that the hippocampus may be
required for nicotine CPP; future research should investigate this
issue.

Besides potentially sharing common hippocampal substrates,
nicotine CPP and nicotine-induced changes in contextual fear con-
ditioning may be mediated by similar nAChRs. β2-containing nAChRs
are required for nicotine CPP, as well as for the effects of acute nicotine
and nicotine withdrawal on contextual fear conditioning. Walters
et al. (2006) demonstrated that β2 nAChR subunit knockout (KO) mice
do not acquire nicotine CPPwhereas wild-type (WT)mice do, and that
DHβE, an antagonist that binds to high affinity nAChRs such as the
α4β2 receptor (Harvey et al., 1996; Williams and Robinson, 1984),
blocks nicotine CPP in C57BL/6J mice. Similarly, acute nicotine
enhanced contextual fear conditioning in WT mice but not in β2 KO
mice (Davis and Gould, 2007; Wehner et al., 2004), and DHβE blocked
the enhancement of contextual fear conditioning by acute nicotine in
C57BL/6J mice (Davis and Gould, 2006). Furthermore, nicotine with-
drawal-related deficits in contextual fear conditioning were present in
WT mice but not β2 KO mice, and DHβE-precipitated withdrawal
disrupted contextual fear conditioning in C57BL/6J mice treated with
chronic nicotine (Portugal et al., 2008). Together, these data suggest
that the effects of nicotine on different forms of contextual learning
(e.g. CPP vs. contextual fear conditioning) are regulated by common
nAChRs.

If nicotine-context associations and nicotine withdrawal-associated
disruption of cognitive processes involve the same neural substrates,
then similar drugs should be able to treat both evoked cravings and
withdrawal deficits in cognitive processes. Nicotine withdrawal-
induced deficits in contextual fear conditioning were ameliorated in
mice by pharmacotherapeutics for smoking cessation such as acute
nicotine (nicotine replacement therapy), bupropion, and varenicline
(Davis et al., 2005; Portugal and Gould, 2007; Raybuck et al., 2008). In
addition, Brody et al. (2004) reported that bupropion reduced nicotine
cravings elicited byexposure to smoking-related stimuli. Together, these
results suggest that bupropion may disrupt recall of associations
between the rewarding effects of nicotine and contextual stimuli and
ameliorate nicotine withdrawal-associated cognitive deficits. However,
it remains unknown whether other treatments would be similarly
effective. Finding drugs that are efficacious for multiple symptoms of
nicotine addiction should improve smoking cessation rates.

Similar to other research (Brielmaier et al., 2008; Korkosz et al.,
2006; Le Foll and Goldberg, 2005; Rauhut et al., 2008; Tammimaki
et al., 2008), the present study used a biased design for nicotine CPP. A
recent study by Le Foll and Goldberg (2005) suggests that it is
preferable to use a biased design to examine nicotine CPP; however,
there are some limitations to using this approach. For instance it has
been argued that the increased preference for the initially non-
preferred chambermay be due to the anxiolytic effects of nicotine that
are associated with the chamber, rather than an association between
the rewarding properties of nicotine and the chamber (Bardo and
Bevins, 2000; Tzschentke, 1998). It is also possible that a change in
preference occurs because mice learn to avoid the chamber associated
with saline administration. Although the use of a biased design does
not rule out these possible explanations, the increase in preference
still results from an association between the context and the effects of
nicotine. Thus, the use of a biased design does not limit the finding
that contextual associations are not disrupted when they are acquired
prior to nicotine withdrawal.

This study is the first to use spontaneous withdrawal from chronic
nicotine treatment to examine whether nicotine withdrawal disrupts
acquisition or recall of learned processes. The advantage in using this
method of withdrawal for these studies is twofold. First, spontaneous
withdrawal closely resembles what occurs in smokers trying to
abstain from tobacco. Second, while nAChR antagonist-precipitated
withdrawal is a powerful tool for examining behavioral and neural
changes that occur with chronic nicotine treatment, precipitated
withdrawal does not always produce the same symptoms as spon-
taneous withdrawal. For example, Bruijnzeel et al. (2007) reported
that changes to intracranial self stimulation (ICSS) during precipitated
nicotine withdrawal were ameliorated by a CRF receptor antagonist,
whereas these effects were not observed during spontaneous with-
drawal. Furthermore, nicotine withdrawal increased light-enhanced
startle (LES), but no changes to LES were observed during precipitated
nicotine withdrawal (Jonkman et al., 2008). These results suggest that
precipitated and spontaneous withdrawal may have different neural
effects.

In summary, the results of the present study indicate that con-
textual learning is not altered by nicotine withdrawal if acquisition
occurs prior to withdrawal. In contrast, contextual fear conditioning
that occurs during nicotine withdrawal is impaired. Thus, during
nicotine withdrawal, persistent drug-context associations along with
symptoms of nicotine withdrawal that include deficits in learning
could facilitate relapse and maintain nicotine addiction.
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