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Abstract
Nicotine modulation of learning may contribute to its abuse liability. The role of hippocampal
nicotinic acetylcholine receptors (nAChRs) in the effects of acute, chronic and withdrawal from
chronic nicotine on learning was assessed via intrahippocampal drug infusion in mice. Acute dorsal
hippocampal nicotine infusion enhanced contextual fear conditioning. Conversely, chronic
intrahippocampal infusion of a matched dose had no effect, and withdrawal from chronic infusion
impaired learning. Thus, hippocampal functional adaptation, evidenced by learning deficits during
abstinence, occurs with the transition from acute to chronic nicotine exposure. To investigate which
hippocampal nAChRs mediate these adaptations, C57BL/6, β2 nAChR subunit knockout (KO), and
wildtype (WT) mice treated chronically with systemic nicotine received intrahippocampal dihydro-
β-erythroidine (a high affinity nAChR antagonist). Intrahippocampal dihydro-β-erythroidine
precipitated learning deficits in all but the KO mice. Therefore, the action of nicotine at hippocampal
β2* nAChRs mediates adaptations in hippocampal function that underlie withdrawal deficits in
contextual fear conditioning.
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High rates of smoking despite known negative health and social consequences exemplify the
fact that nicotine is addictive (Centers for Disease Control and Prevention, 2007; Rehm et al.,
2006). Recent studies (see LeFoll and Goldberg, 2005; Stolerman and Jarvis, 1995 for reviews)
suggest that, in addition to reward processes, other processes may contribute to nicotine
addiction. Research indicating that nicotine addiction and learning share common neural and
cellular substrates (see Hyman, 2005; Hyman and Malenka, 2001; Hyman et al., 2006; Kelley,
2004; Tinsley et al., 2004 for reviews) suggests that one process that may contribute to nicotine
use is altered learning. Support for this contention comes from three lines of evidence: 1)
Nicotine administration is associated with direct effects on learning and memory (see Davis
and Gould, 2008; Gould, 2006; Levin, 2002; Levin and Simon, 1998; Rezvani and Levin,
2001 for reviews), 2) Environmental stimuli associated with nicotine use and/or the effects of
nicotine can maintain and reinstate nicotine use (Caggiula et al., 2001; Goldberg et al., 1981
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and see LeFoll and Goldberg, 2006 for review), 3) Nicotine withdrawal produces cognitive
deficits including disrupted learning (Bell et al., 1999; Blake and Smith, 1999; Davis et al.,
2005; Hughes et al., 1989; Jacobsen et al., 2005; Xu et al., 2006). Although some work has
been done to assess the neural substrates of the effects of nicotine on learning (see Davis and
Gould, 2008; Levin et al., 2006 for reviews), few animal studies have examined the neural
substrates of nicotine withdrawal-associated deficits in learning-related processes. This is
surprising in light of research suggesting that changes in cognition during abstinence predict
relapse (Rukstalis et al., 2005).

One paradigm that has been utilized to examine the effects of nicotine on learning is fear
conditioning (see Davis and Gould, 2008; Gould, 2006 for reviews). In fear conditioning,
paired presentations of a discrete conditioned stimulus (CS) with an unconditioned stimulus
(US) result in the formation of associations between the CS and the US (i.e. cued fear
conditioning) and between the training context and the US (i.e. contextual fear conditioning).
Previous work has demonstrated that withdrawal from chronic nicotine treatment selectively
disrupts contextual but not cued fear conditioning (Andre et al., 2008; Davis and Gould,
2007; Davis et al., 2005; Gulick and Gould, 2008; Portugal and Gould, 2007; Portugal et al.,
2008; Raybuck et al., 2008). Since only the former requires the hippocampus (Kim et al.,
1993; Logue et al., 1997; Phillips and LeDoux, 1992), this suggests that nicotine withdrawal
disrupts hippocampal function either directly or indirectly via functional alterations in afferent
and/or efferent areas. Studies have demonstrated that withdrawal from chronic systemic
nicotine alters neural processes in discrete brain regions (Bruijnzeel and Markou, 2004; Liu
and Jin, 2004; Marttila et al., 2006; Panagis et al., 2000; Paterson et al., 2007; Rada et al.,
2001) but these studies cannot discriminate if the changes are due to direct effects of nicotine
in those areas or effects of nicotine in afferent areas.

The present studies determined if withdrawal from chronic infusion of nicotine into the
hippocampus is sufficient to produce withdrawal-related deficits in contextual fear
conditioning. As a control, separate groups of mice were withdrawn from chronic infusions of
nicotine into the cortex above the hippocampus or the thalamus below the hippocampus. In
addition, the effects of acute, chronic, and withdrawal from chronic infusion of nicotine into
the hippocampus on contextual fear conditioning were compared. Finally, the ability of
intrahippocampal infusions of the high affinity nicotinic acetylcholinergic receptor antagonist
(nAChR) dihydro-beta-erythroidine (DHβE) to alter contextual fear conditioning in C57BL/6
mice, β2 nAChR subunit knockout (KO) mice, and wildtype (WT) mice treated chronically
with systemic nicotine was measured. These experiments determined that the effects of nicotine
at high affinity nAChRs in the hippocampus were sufficient to induce withdrawal deficits in
learning.

Methods
Subjects

Subjects were male C57BL/6J mice (aged 8 – 12 weeks; Jackson Laboratories) for all studies
except the knockout study. Since previous work has not demonstrated a sex difference for the
effects of nicotine on fear conditioning (Gould, 2003), and since KO mice are an expensive
resource, male and female β2 nAChR subunit KO mice were compared to their male and female
WT littermates (aged 8 – 12 weeks) for the knockout study. The original line of β2 nAChR
subunit KO mice was generated as described by Xu et al. (1999) and backcrossed to the C57BL/
6 strain for at least seven generations. Animals were genotyped using procedures described
previously (Xu et al., 1999). Mice were group housed (2 - 4 same sex per cage) prior to surgery
and singly housed following surgery with ad libitum access to food and water. Mice were
maintained on a 12:12 light/dark cycle (lights on 7:00 am). Training and testing occurred during

Davis and Gould Page 2

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the light phase. The Temple University Institutional Animal Care and Use Committee approved
all procedures.

Surgical Procedures
For acute intrahippocampal infusions of drug or vehicle, double guide cannulae (C232G, 22
gauge, Plastics One, Roanoke, VA) were implanted in the hippocampus (−1.70 mm posterior
to bregma, +/− 1.50 mm lateral to the midline, final injection depth −2.30 mm ventral to the
skull surface) of mice under isoflourane anesthesia (5% induction, 2% maintenance). Cannulae
were fixed to the skull with dental cement and fitted with double dummy cannulae (C232DC,
Plastics One, Roanoke, VA) to prevent clogging. Mice in the acute treatment groups received
sham pump implantations during the initial surgery and sham pump removals one day before
training to match surgeries in the chronic and withdrawal from chronic intrahippocampal
nicotine conditions.

Mice treated chronically and mice withdrawn from chronic intrahippocampal treatment had
two nicotine or saline-filled Alzet Mini-Osmotic pumps (1002, Alzet, Cupertino, CA)
implanted subcutaneously between the shoulder blades. Pumps were connected, via PE50
tubing (Plastics One, Roanoke, VA), to bilateral chronic indwelling cannulae (3280PD,
osmotic pump connect, 28 gauge, Plastics One, Roanoke, VA) aimed at the dorsal hippocampi
(−1.70 mm posterior to bregma, +/− 1.50 mm lateral to the midline, and −2.30 mm ventral to
the skull surface), above the dorsal hippocampi (−0.85 mm ventral to the skull surface) or
below the dorsal hippocampi (−3.30 mm ventral to the skull surface). Pump removal (for mice
in the withdrawal treatment groups) or sham pump removal surgery (for the other groups) was
performed 24 hours before training.

For experiments that examined the effects of intrahippocampal DHβE on contextual fear
conditioning in mice treated systemically with chronic nicotine or saline, minipumps were
implanted 13 days and guide cannulae surgeries were performed at least 5 days before training
procedures. Surgeries were performed as described in the previous section. Buprenex (0.03
mg/kg) or Ketoprofen (2.0 mg/kg) was administered subcutaneously following all surgical
procedures to control for post-operative pain.

Drugs and Infusions
Nicotine hydrogen tartrate salt (doses reported as freebase) and DHβE (Sigma Co., St. Louis,
MO) were dissolved in physiological saline. Previous work (see Matta et al., 2007) indicates
that neutralized nicotine solutions are unstable and will degrade by up to 50% in an osmotic
minipump over 10 days. Therefore, following recommendations of Matta and colleagues
(2007), nicotine solutions were not neutralized for the present studies; all nicotine solutions
had a pH ~ 3.2.

For acute intrahippocampal nicotine (0.35 μg/side) or saline infusions, mice were gently
restrained, and dummy cannulae were removed and replaced with 22 gauge infusion cannulae
that extended 0.80 mm beyond the tip of the guide cannulae. Nicotine or saline (0.50 μl/side)
was infused over 1 minute, 2 – 4 minutes before training and testing (dose based on Davis et
al., 2007). Injection cannulae were left in place for 1 minute following the infusion to allow
for diffusion away from the infusion cannula tip.

For chronic intrahippocampal administration, minipumps that administered solution at a rate
of 0.25 μl/hour were filled with saline or with a concentration of nicotine (0.35 μg/0.50 μl) that
matched the concentration used in the acute nicotine group. Chronic intrahippocampal nicotine
administration occurred over 14 days for mice in the chronic treatment groups (i.e.
intrahippocampal infusion of saline or nicotine occurred continuously over training on day 13
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and testing on day 14) or over 12 days for mice in the withdrawal groups. For mice in the
withdrawal treatment groups, nicotine administration was discontinued 24 hours before fear
conditioning training (day 13).

For chronic systemic administration, minipumps administered nicotine (6.3 mg/kg/day) or
saline at a rate of 0.25 μL/hour for 14 days. As reported by Davis et al. (2005), this chronic
dose of nicotine produces plasma nicotine levels that are in the range reported for smokers
(Benowitz et al., 1989; Henningfield and Keenan, 1993). DHβE (18.0 μg/0.50 μl/side over 1
minute; based on Davis et al., 2007; Levin et al., 2002) or saline infusions into the dorsal
hippocampus were administered 15 minutes before training. Mice were trained on day 13 and
tested on day 14. Chronic systemic infusions of saline or nicotine were continued through both
training and testing.

Apparatus
Mice were trained and tested for contextual fear conditioning in four identical conditioning
chambers (17.78 × 19.05 × 38.10 cm) housed in sound attenuating boxes (Med Associates, St.
Albans, VT). Each chamber was constructed of clear Plexi-glas walls in the front, back, and
top and stainless steel on the sides. The chamber floors, which were connected to a shock
generator and scrambler, were comprised of 18 metal rods spaced 0.60 cm. apart. Speakers for
administering the CS were located on the right wall of each chamber; and ventilation fans,
which provided air exchange and background noise (69 dB), were located on the right wall of
each sound attenuating box. A 28V bulb located at the top of the left wall of each chamber
provided illumination. A computer running MED-PC software controlled stimuli
administration.

Testing for cued fear conditioning took place in four chambers (20.30 × 22.90 × 17.80 cm)
housed in sound attenuating boxes. These cued fear conditioning testing chambers were located
in a different room and were distinct from those used for training. The chambers consisted of
Plexi-glas front and back walls, metal side walls with visual stimuli distinct from the training
chambers, and grid floors covered by opaque white plastic. Speakers for delivering the CS and
a 28 V bulb were mounted on the left wall of each chamber. The walls of the sound attenuating
boxes that housed these chambers differed in color from those that housed the training
chambers. Background noise and air exchange were provided by fans, which were mounted
on the left wall of the sound attenuating boxes. A novel olfactory cue, vanilla extract, was
applied to a paper towel and placed under each chamber to further distinguish the chambers
from those used for training.

Behavioral Procedures
Mice were trained and tested in contextual fear conditioning according to previously described
procedures (Gould and Wehner, 1999). Mice were placed in conditioning chambers for 330
seconds and trained using two co-terminating CS (30 second, 85 dB white noise) – US (2
second, 0.57 mA footshock) presentations separated by a 120 second intertrial interval.
Freezing, defined as the absence of movement except for respiration (Blanchard and Blanchard,
1969), served as the dependent measure and was scored by an experimenter during each session.
Each animal’s behavior was assessed for one second every 10 seconds. Baseline freezing was
assessed during the first 120 seconds after the start of the training session, and the first CS –
US presentation occurred immediately after this baseline period. Twenty-four hours later mice
were tested for freezing to the training context. Freezing behavior was assessed over 300
seconds. Chambers were cleaned with a 70% ethanol solution following all behavioral
procedures.
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Any observed effects of intrahippocampal nicotine administration on contextual fear
conditioning could reflect alterations in arousal, locomotor activity, or attentional processes
rather than alterations in hippocampus-dependent learning. To assess this possibility, separate
groups of mice were trained and tested in cued fear conditioning, a task that does not require
the hippocampus, and contextual fear conditioning. A modified fear conditioning training
procedure was utilized (Gould et al., 2004) in order to reduce freezing in response to the CS
thereby potentially increasing sensitivity to withdrawal-related changes in cued fear
conditioning. Mice were trained using one CS (85 dB white noise, 15 seconds) − US (0.57 mA
footshock, 1 second) pairing. Mice were returned to the training context 24 hours later, and
freezing in response to the context was assessed for 300 seconds. One hour after contextual
fear conditioning testing, mice were placed in an altered context for 360 seconds. Freezing in
response to the altered context (PreCS) was assessed for the first 180 seconds, and freezing to
the CS was assessed for the second 180 seconds.

Histology
Upon completion of behavioral testing, brains were stored in a 10% formalin solution until
sectioning. Brains were sectioned using a cryostat maintained at −18° C; 60 μm coronal sections
were taken proximal to cannulae tracts. Sections were mounted on microscope slides and
stained with cresyl violet. Cannulae placements were determined using a light microscope and
recorded on schematics of the mouse brain (Paxinos and Franklin, 2001). The infusion sites in
the dorsal hippocampus (Figures 1D-F, 3B), above the dorsal hippocampus (2C) and below
the dorsal hippocampus (2D) were assessed. Figures 4B and 5B depict infusion sites in the
dorsal hippocampi for DHβE experiments. The data from mice with incorrect placements (less
than 5% of placements) were excluded from analyses.

Statistical Analysis
Independent samples t-tests were performed on percent freezing data from acute, chronic, and
withdrawal from chronic intrahippocampal nicotine infusion experiments. Levene’s tests were
carried out to determine if group variances were equal. If variances were unequal, adjusted
independent samples t-tests were utilized. Data from the DHβE infusion experiment that
utilized C57BL/6 mice were analyzed using 2 (chronic treatment) × 2 (acute infusion)
ANOVAs. Initial analyses of data from the DHβE infusion experiment that utilized β2 KO and
WT mice using 2 (sex) × 2 (genotype) × 2 (infusion) ANOVAs revealed no significant
interactions between sex and the other variables. Thus, data from male and female mice were
collapsed and analyzed using 2 (genotype) × 2 (infusion) ANOVAs. Tukey HSD (equal
variances) or Games-Howell (unequal variances) post-hoc analyses were carried out to
examine pair-wise differences in percent freezing data. Analyses were performed with SPSS
version 11.0.

Results
The effects of acute, chronic, and withdrawal from chronic intrahippocampal nicotine

Mice receiving acute intrahippocampal nicotine demonstrated significantly higher levels of
contextual fear conditioning than their saline-treated counterparts (n’s = 9; t(11.68) = 2.60, p
= 0.02; Figure 1A). Acute intrahippocampal nicotine most likely had no effect on baseline
locomotor activity because throughout the series of experiments, no changes were seen in
baseline activity. Furthermore, previous research indicates that intrahippocampal nicotine has
no effect on cued fear conditioning (Davis et al., 2007); if acute intrahippocampal nicotine
altered locomotor activity or acted as an interoceptive cue for the potential shock at testing,
then changes in baseline activity, pre-CS activity, and CS-related activity would be seen.
Rather, acute intrahippocampal nicotine enhances contextual learning processes.
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No significant differences existed between mice treated chronically with nicotine and mice
treated chronically with saline (n’s = 7; t(12) = 1.00, p = 0.61; Figure 1B), suggesting that
tolerance to the effects of nicotine on contextual fear conditioning may develop with chronic
intrahippocampal treatment. In contrast, mice withdrawn from chronic intrahippocampal
nicotine administration 24 hours prior to training demonstrated significantly lower levels of
contextual fear conditioning than their saline-treated counterparts (n’s = 8; t(14) = 4.40, p =
0.001; Figure 1C). For both mice treated chronically with nicotine and for mice withdrawn
from chronic nicotine treatment, no significant differences in baseline freezing existed.
Therefore, chronic intrahippocampal nicotine and withdrawal from intrahippocampal nicotine
did not alter baseline locomotor activity.

It is possible that the withdrawal-associated deficit in contextual fear conditioning was due to
drug diffusion into cortical regions above and/or thalamic regions below the hippocampus.
This possibility was assessed in separate groups of mice. Independent samples t-tests revealed
no significant differences between nicotine-withdrawn mice and saline-withdrawn mice in
contextual fear conditioning when nicotine or saline was chronically administered above (n’s
= 7; Figure 2A) or below (n’s = 8; Figure 2B) the hippocampus prior to withdrawal. In addition,
there were no significant differences in baseline freezing for either experiment. Thus, the
nicotine withdrawal-associated deficit in contextual fear conditioning reflects neural
alterations due to direct effects of nicotine in the hippocampus.

Withdrawal from chronic intrahippocampal nicotine could impair contextual fear conditioning
via alterations in associative processes or via alterations in nonassociative processes such as
arousal and attention. If the withdrawal-associated deficit reflects alterations in nonassociative
processes, then other types of learning should be impaired by intrahippocampal nicotine
withdrawal. To examine this possibility, the effects of withdrawal from chronic
intrahippocampal nicotine on both contextual and cued fear conditioning were examined
(Figure 3A). Independent samples t-tests revealed that mice withdrawn from chronic
intrahippocampal nicotine administration demonstrated significantly lower levels of contextual
fear conditioning than their saline-treated counterparts (n’s = 7; t(8.17) = 2.96, p = 0.02). There
were no significant effects of withdrawal from chronic intrahippocampal nicotine treatment
on baseline freezing, pre-CS freezing, or freezing in response to the CS. Thus, the impairing
effect of withdrawal from chronic intrahippocampal nicotine on contextual fear conditioning
likely reflects alterations in associative processes specific to the task.

Intrahippocampal DHβE infusion in chronic systemic nicotine-treated mice
To confirm hippocampal involvement and to investigate the role of high-affinity nAChRs in
the effects of withdrawal from chronic systemic nicotine on contextual fear conditioning,
C57BL/6 mice treated chronically with systemic nicotine or saline received an acute
intrahippocampal infusion of DHβE or saline. Analysis of the contextual fear conditioning data
using a 2 × 2 ANOVA revealed significant main effects of chronic treatment (F(1, 27) = 5.78,
p = 0.02) and acute infusion (F(1, 27) = 4.46, p = 0.04) and a significant interaction between
the chronic treatment and the acute infusion variables (n’s = 7 − 8; F (1, 27) = 7.34, p = 0.01;
Figure 4A). Follow-up, Tukey HSD analyses revealed that chronic nicotine-treated mice that
received intrahippocampal DHβE demonstrated significantly lower levels of contextual fear
conditioning than chronic saline-treated mice that received intrahippocampal saline (t(27) =
3.25, p = 0.02), chronic saline-treated mice that received intrahippocampal DHβE (t(27) = 3.68,
p = 0.01), and chronic nicotine-treated mice that received intrahippocampal saline (t(27) =
3.35, p = 0.01). There were no other pair-wise differences. No significant differences were
seen for baseline freezing. These data suggest that alterations in high affinity hippocampal
nAChRs, or downstream processes, may underlie nicotine withdrawal-associated deficits in
the acquisition of contextual fear conditioning.
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Intrahippocampal DHβE infusion in chronic systemic nicotine-treated β2 KO mice
DHβE acts at a variety of nAChRs that bind nicotine with high affinity, including α4β2, α4β4,
α3β2, α2β2, and α2β4 nAChRs (Harvey et al., 1996; Khiroug et al., 2004). Thus, impaired
contextual fear conditioning demonstrated by C57BL/6 mice treated with intrahippocampal
DHβE and chronic systemic nicotine may reflect the action of the nAChR antagonist at one or
more of these nAChR subtypes. Prior research demonstrated that chronic nicotine does not
alter contextual fear conditioning (Davis et al., 2005). To further examine which nAChR
subtypes mediate intrahippocampal DHβE-precipitated deficits in contextual fear
conditioning, β2 nAChR subunit KO mice and their WT littermates were treated chronically
with systemic nicotine and received an acute intrahippocampal infusion of either DHβE or
saline 15 minutes before training (Figure 5A). Thus, the following treatment groups existed:
1) WT mice receiving chronic systemic nicotine and acute intrahippocampal saline prior to
training, 2) WT mice receiving chronic systemic nicotine and acute intrahippocampal DHβE
prior to training, 3) β2 nAChR subunit KO mice receiving chronic systemic nicotine and acute
intrahippocampal saline prior to training, 4) β2 nAChR subunit KO mice receiving chronic
systemic nicotine and acute intrahippocampal DHβE prior to training.

Analyses of the contextual fear conditioning data revealed no main effect of hippocampal
infusion, a significant main effect of genotype (n’s = 7 − 8 ;F(1, 31) = 7.47, p = 0.01) and a
significant interaction between the genotype and the hippocampal infusion variables (F(1, 31)
= 7.13, p = 0.01). Games-Howell comparisons indicated that WT mice that received chronic
systemic nicotine and intrahippocampal DHβE prior to training demonstrated significantly
lower levels of contextual fear conditioning than all other groups (t(31) = 3.02, p = 0.05; t(31)
= 3.25, p = 0.03; t(31) = 3.71, p = 0.02 versus WT mice treated with intrahippocampal saline,
KO mice receiving intrahippocampal saline, and KO mice receiving intrahippocampal DHBE,
respectively). In addition, contextual fear conditioning levels demonstrated by WT and β2 KO
mice treated chronically with systemic nicotine and receiving intrahippocampal saline were
similar suggesting that WT and β2 KO mice responded similarly to the stress associated with
the infusion procedures. Thus, DHβE acts at β2* nAChRs (* designates contains other subunits,
e.g., α4β2 nAChRs) in the dorsal hippocampus to precipitate deficits in contextual fear
conditioning. No significant effects were seen for baseline freezing, preCS freezing, and
freezing in response to the CS.

Discussion
The present study is the first to directly compare the effects of acute, chronic, and withdrawal
from chronic infusion of nicotine into the hippocampus on learning and the first to demonstrate
that the effects of chronic nicotine in the hippocampus are sufficient to induce withdrawal-
related changes in hippocampus-dependent learning. Acute intrahippocampal infusion of
nicotine enhanced contextual fear conditioning. In contrast, chronic infusion of nicotine had
no effect on contextual fear conditioning, and mice trained after cessation of chronic nicotine
infusion demonstrated deficits in contextual fear conditioning. No deficits were seen in cued
fear conditioning indicating that withdrawal from chronic intrahippocampal nicotine did not
alter processes that affect both contextual and cued fear conditioning such as locomotor activity
or anxiety. In addition, no change in contextual fear conditioning was seen in mice withdrawn
from chronic infusion of nicotine into the cortex above or the thalamus below the hippocampus,
suggesting that the withdrawal-associated impairment in contextual fear conditioning was not
due to diffusion of the drug into regions surrounding the dorsal hippocampus. These results
suggest that nicotine acts in the hippocampus to alter contextual learning. Furthermore, with
the switch from acute to chronic administration, adaptation in hippocampal function occurs
resulting in learning deficits during abstinence.
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The present results also suggest that deficits in contextual fear conditioning following cessation
of chronic nicotine administration are mediated by hippocampus nAChRs that bind nicotine
with high affinity (i.e. DHβE-sensitive nAChRs). Intrahippocampal infusion of DHβE, an
antagonist of α4β2, α4β4, α3β2, α2β2, and α2β4 nAChRs (Harvey et al., 1996; Khiroug et al,
2004), precipitated deficits in contextual fear conditioning in C57BL/6 mice and WT mice
treated chronically with nicotine. Intrahippocampal DHβE failed to alter contextual fear
conditioning in chronic nicotine-treated β2 nAChR subunit KO mice, suggesting that β2*
nAChRs are critically involved in the withdrawal-associated deficit. Furthermore, data
indicating that intrahippocampal infusion of DHβE had no effect in control animals suggest
that chronic nicotine treatment may alter the function of β2* nAChRs, including α4β2 nAChRs,
and/or down stream cell-signaling processes in the hippocampus. In support, chronic nicotine
administration is associated with the desensitization of nAChRs, an increase in the density of
nAChRs (see Gentry and Lukas, 2002; Marks, 1998 for reviews), and with alterations in the
signaling of second messengers and transcription factors that are critically involved in learning
and memory (see Davis and Gould, 2008; Gould, 2006; Zhai et al., 2008 for reviews).

β2* nAChRs appear to mediate many behaviors implicated in nicotine addiction. For instance,
β2* nAChRs are involved in nicotine self-administration (Besson et al., 2006; Picciotto et al.,
1998) and in the formation of nicotine-context associations that are measured as conditioned
place preferences (Grabus et al., 2005; Walters et al., 2006). Likewise, β2* nAChRs are
critically involved in nicotine withdrawal-related changes in anxiety (Damaj et al., 2003;
Jackson et al., 2008), and DHβE-sensitive nAChRs in the ventral tegmental area mediate
withdrawal-associated decreases in reward function (Bruijnzeel and Markou, 2004; Stoker et
al., 2008). The present results provide additional evidence for the involvement of β2* nAChRs
in behavior that contributes to/supports nicotine addiction. Furthermore, the data identify
hippocampal β2* nAChRs as the critical population of nAChRs through which the effect of
nicotine withdrawal on contextual conditioning is mediated. Future work to identify if other
effects of nicotine are mediated by β2* nAChRs in specific brain regions will greatly enhance
current understanding of the role of β2* nAChRs in nicotine addiction.

Not all symptoms of nicotine withdrawal are mediated by β2* nAChRs. Previous research
demonstrated (Damaj et al., 2003) that DHβE precipitated somatic signs of withdrawal in mice
treated chronically with a higher dose of nicotine than used in the current study (24 mg/kg/day
for 15 days), suggesting a potential role for high affinity nAChRs in the somatic effects of
nicotine withdrawal. However, it is unclear which subclass(es) of DHβE-sensitive nAChRs,
β2* nAChRs or β4* nAChRs (Harvey et al., 1996; Khiroug et al., 2004), mediated this effect.
Work with KO mice (Besson et al., 2006; Salas et al., 2004) has elucidated this issue and
suggested that β2* nAChRs are not critically involved in somatic signs of nicotine withdrawal;
β2* KO mice and their WT counterparts that received chronic nicotine both demonstrated
somatic signs of withdrawal following administration of the broad spectrum nAChR
antagonist, mecamylamine (Besson et al., 2006). In contrast, β4* KO mice receiving chronic
nicotine exhibited significantly reduced somatic signs of nicotine withdrawal compared to their
WT counterparts following administration of mecamylamine suggesting a critical role for β4*
nAChRs in somatic signs of nicotine withdrawal.

Another subclass of nAChRs, α7 nAChRs, has also been implicated in a number of behaviors
that may contribute to nicotine addiction including withdrawal-associated hyperanalgesia and
somatic symptoms of nicotine withdrawal (Grabus et al., 2005; Jackson et al., 2008; Salas et
al., 2007). A previous study (Portugal et al., 2007), however, failed to demonstrate a role for
α7 nAChRs in nicotine withdrawal-associated deficits in contextual fear conditioning: α7
nAChR KO mice demonstrated deficits in contextual fear conditioning following withdrawal
from chronic systemic nicotine administration. Similarly, there is little evidence for a role of
α7 nAChRs in the effects of acute nicotine on contextual fear conditioning (Davis et al.,

Davis and Gould Page 8

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2007; Davis and Gould, 2007; Davis and Gould 2006; Wehner et al., 2007). Thus, the present
studies did not assess the role of dorsal hippocampal α7 nAChRs in nicotine withdrawal-
associated deficits in contextual fear conditioning.

In the present studies, intrahippocampal administration of DHβE at training precipitated
contextual fear conditioning deficits in mice treated chronically with nicotine. These data
suggest that nicotine withdrawal-associated deficits in contextual learning reflect a disruption
of acquisition or consolidation processes rather than retrieval processes. Additional support
for this contention comes from a recent study (Kenney and Gould, 2008), which demonstrated
that context-nicotine associations formed before the initiation of chronic nicotine
administration remained intact following nicotine withdrawal. New contextual learning,
however, was disrupted. In addition, a previous study (Portugal et al., 2008) demonstrated that
systemic administration of DHβE prior to training alone or prior to both training and testing
precipitated deficits in contextual fear conditioning in chronic nicotine-treated mice, while pre-
testing administration of the antagonist had no effect. Importantly, Portugal and
colleagues’ (2008) findings argue against an alternative interpretation of the present findings,
which would postulate that nicotine and DHBE administered together at training produce a
state that differs from the state at testing when only nicotine is present; according to this
interpretation, this shift in states is responsible for the deficit.

Taken together, the present results along with previous findings suggest that contextual
learning processes and the direct effects of nicotine on these processes can contribute to nicotine
addiction in a variety of ways. Acute nicotine enhances contextual learning via alterations in
hippocampal function; enhanced learning may positively reinforce smoking. Additionally,
acute nicotine could facilitate the formation of drug-context associations, which may contribute
to context-evoked cravings (see Caggiula et al., 2002 for review). As nicotine administration
continues, neural adaptation in the hippocampus mediated by high-affinity nAChRs leads to
tolerance and deficits in learning when nicotine treatment ceases. Thus, during withdrawal
smokers may have deficits in learning processes. Prior maladaptive drug-context associations,
however, may remain intact thereby contributing to cravings that, along with the withdrawal
deficits, could facilitate relapse. In addition, cognitive/learning deficits during quit attempts
could impede the learning of adaptive behaviors that could facilitate abstinence (Gutkin et al.,
2006). Because the hippocampus is involved in the declarative learning and memory processes
that define who we are and anchor us to past events, places, and experiences (Eichenbaum,
1999), diseases and drugs that alter the hippocampus may have a particularly insidious effect
and contribute to the difficulty in successfully treating diseases such as nicotine addiction. This
is supported by human imaging studies that show changes in hippocampal activity with change
in abstinence states (Due et al., 2002; Wang et al., 2007; Zubieta et al., 2005).
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Figure 1.
The effects of acute intrahippocampal nicotine, chronic intrahippocampal nicotine, and
withdrawal from chronic intrahippocampal nicotine were examined. A) Acute
intrahippocampal nicotine enhanced contextual fear conditioning (n = 9); * p < 0.05 compared
to saline. B) Chronic intrahippocampal nicotine had no effect on contextual fear conditioning
(n = 7). C) Withdrawal from chronic intrahippocampal nicotine impaired contextual fear
conditioning (n = 8) ; * p < 0.05 compared to saline. Error bars represent standard error of the
mean. Representation of cannulae placements for mice in D) acute treatment groups, E) chronic
treatment groups and F) withdrawal treatment groups. Circles represent the tip of the infusion
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tracts, and numbers represent distance in mm posterior to bregma (picture modified from
Paxinos and Franklin, 2001).
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Figure 2.
Withdrawal from chronic infusion of nicotine A) above the dorsal hippocampus (n = 7) and
B) below the dorsal hippocampus (n = 8) had no effect on contextual fear conditioning. Error
bars represent standard error of the mean. Representation of cannulae placements for mice C)
withdrawn from chronic nicotine infused above the dorsal hippocampus (from A), and D)
below the dorsal hippocampus (from B). Circles represent the tip of the infusion tracts, and
numbers represent distance in mm posterior to bregma (pictures modified from Paxinos and
Franklin, 2001).
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Figure 3.
Withdrawal from chronic intrahippocampal nicotine administration impaired contextual fear
conditioning and had no effect on cued fear conditioning (A, n = 7); p < 0.05 compared to
saline. Error bars represent standard error of the mean. B) Representation of cannulae
placements for mice withdrawn from chronic nicotine infused into the dorsal hippocampus.
Mice were trained using one CS (85 dB white noise, 15 seconds) − US (0.57 mA footshock, 1
second) pairing. Circles represent the tip of the infusion tracts, and numbers represent distance
in mm posterior to bregma (pictures modified from Paxinos and Franklin, 2001).
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Figure 4.
A) Intrahippocampal administration of the nicotinic acetylcholine receptor antagonist, dihydro-
β-erythroidine, precipitated deficits in contextual fear conditioning in C57BL/6 mice treated
chronically with systemic nicotine. There was no effect of intrahippocampal dihydro-β-
erythroidine in saline treated mice (n = 7 − 8). *p < 0.05 compared to all other groups. Error
bars represent standard error of the mean. B) Circles represent the tip of the infusion tracts,
and numbers represent distance in mm posterior to bregma (pictures modified from Paxinos
and Franklin, 2001).
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Figure 5.
A) Intrahippocampal dihydro-β-erythroidine administration precipitated deficits in contextual
fear conditioning in WT but not β2 KO mice treated chronically with systemic nicotine (n = 7
− 8). All mice were treated chronically with systemic nicotine. * p < 0.05 compared to all other
groups. Error bars represent standard error of the mean. B) Circles represent the tip of the
infusion tracts, and numbers represent distance in mm posterior to bregma (pictures modified
from Paxinos and Franklin, 2001).
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