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Abstract

Rationale The effects of nicotine on cognitive processes
may play an important role in nicotine addiction. Nicotine
withdrawal impairs hippocampus-dependent learning and
genetic factors influence this effect. However, the neural
changes that contribute to these impairments are unknown.
Chronic nicotine upregulates hippocampal nicotinic acety-
choline receptors (nAChRs), which may contribute to cog-
nitive deficits when nicotine administration ceases. If
nAChR upregulation underlies withdrawal deficits in learn-
ing, then strains of mice exhibiting withdrawal deficits in
hippocampus-dependent learning should also show upregu-
lation of hippocampal nAChRs.

Objectives Here, we examined the effects of nicotine with-
drawal on fear conditioning and [*H]epibatidine binding in
the dorsal and ventral hippocampus in two inbred mouse
strains and their F1 hybrids.

Methods Male C57BL/6NTac, 129S6/SvEvTac, and
B6129SF1/Tac mice were administered chronic nicotine
(18 mg/kg/day) for 12 days through osmotic pumps and
then were trained and tested in fear conditioning 24 h after
cessation of nicotine treatment.

Results Nicotine withdrawal impaired hippocampus-
dependent contextual conditioning in C57BL/6NTac mice
but not 129S6/SvEvTac or B6129SF1/Tac mice; no changes
were observed in hippocampus-independent cued fear con-
ditioning. Upregulated [*H]epibatidine binding was found
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in the dorsal, but not ventral, hippocampus of C57BL/
6NTac mice and in the ventral hippocampus of B6129SF1/
Tac mice after chronic nicotine.

Conclusions Upregulation of high-affinity binding sites in the
dorsal hippocampus of C57BL/6NTac mice, the only strain that
exhibited nAChR upregulation in this region and withdrawal
deficits in contextual conditioning, suggests that upregulation
of high-affinity binding sites in the dorsal hippocampus medi-
ates, in part, nicotine withdrawal deficits in contextual condi-
tioning and genetic background modulates these effects.

Keywords Nicotine - Addiction - Genetics - Learning -
Withdrawal - Acetylcholine

Introduction

Cigarette smoking is the leading preventable cause of death
in the USA, resulting in approximately 443,000 deaths per
year (CDC 2011). Despite known health consequences of
smoking, 27.4 % of the population still continues to smoke
(SAMHSA 2010). The aversive withdrawal symptoms a
smoker may experience partially contribute to the low rates
of long-term nicotine abstinence (Piasecki et al. 1998,
2000). These withdrawal symptoms include increased appe-
tite, depressed mood, craving, anxiety, and changes in cog-
nition (Benowitz 2008; Evans and Drobes 2009; Jacobsen et
al. 2007; Kenny and Markou 2001; Patterson et al. 2010). In
fact, changes in cognition during nicotine withdrawal pre-
dicted relapse (Patterson et al. 2010). Genetic factors also
play an important role in nicotine addiction and nicotine
withdrawal (Portugal and Gould 2008; Portugal et al.
2012a). Genetic factors accounted for approximately 50 %
of the risk in smoking initiation and 70 % of the variance for
continued smoking (True et al. 1997). With regard to nico-
tine withdrawal, heritability accounted for 2653 % of
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nicotine withdrawal symptoms including irritability, de-
pressed mood, and concentration problems (Pergadia et al.
2006). As disrupted cognition is often concomitant with
nicotine withdrawal, examining the biological and genetic
factors that contribute to changes in cognitive function
during nicotine withdrawal is crucial to understanding the
nicotine withdrawal phenotype.

Fear conditioning has been a useful animal model for
examining changes in cognitive function due to nicotine
withdrawal (Davis and Gould 2009; Davis et al. 2005;
Portugal and Gould 2009). In this procedure, a tone condi-
tioned stimulus is paired with an aversive footshock uncon-
ditioned stimulus. This pairing results in an association
between the cue and the footshock (cued conditioning) as
well as between the training context and the footshock
(contextual conditioning). The association between the cue
and the footshock is independent of the hippocampus while
the association between the context and the footshock is
dependent upon the hippocampus (Logue et al. 1997,
Phillips and LeDoux 1992). Mice withdrawn from chronic
nicotine administration showed impaired contextual condi-
tioning while cued conditioning was unaffected (Davis et al.
2005). Importantly, the impairment in contextual condition-
ing was found to be specific to new contextual learning
rather than memory recall (Portugal and Gould 2009). This
suggests that chronic nicotine alters hippocampus function
rather than producing a general learning and memory defi-
cit. This supposition is supported by the finding that with-
drawal from direct hippocampal infusion of nicotine also
impaired contextual conditioning (Davis and Gould 2009).

Previous findings have shown that chronic nicotine upre-
gulates nicotinic acetylcholine receptors (nAChRs) in the
brain (Marks et al. 1983a; Schwartz and Kellar 1983), which
return to control levels as the duration of withdrawal
increases (Marks et al. 1985). Recent findings from our
laboratory showed that the duration of upregulated high-
affinity, cytisine-sensitive nAChRs in the hippocampus to
return to control levels matched the duration of nicotine
withdrawal deficits in contextual conditioning and sug-
gested that upregulation of nAChRs in the hippocampus
might underlie cognitive impairment during withdrawal
(Gould et al. 2012). In addition, age-related differences in
nicotine withdrawal deficits in contextual conditioning and
high-affinity binding in the hippocampus were observed.
Specifically, adult mice that showed nicotine withdrawal
deficits in contextual conditioning had upregulated high
affinity nAChRs in the hippocampus, whereas adolescent
mice withdrawn from the same dose of chronic nicotine did
not display learning deficits or upregulation of high-affinity
nAChRs in the hippocampus (Portugal et al. 2012b).
Together, these results strongly suggest that upregulation
of high-affinity nAChRs in the hippocampus contribute to
withdrawal deficits in contextual conditioning.
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Comparing different inbred strains of mice is acommon way
to assess the influence of genetic background on behavioral and
cognitive tasks as well as drug effects on these tasks (Crawley et
al. 1997; Wehner et al. 2001). Mice within an inbred strain are
genetically identical to each other after 20 generations of breed-
ing (Committee on Standardized Genetic Nomenclature for
Mice 1989); therefore, any observable differences within a
strain reflect environmental and possibly epigenetic influences
while differences between strains of mice using strain means
reflect genetic differences. Genetic background modulates ini-
tial responses to nicotine and also contributed to the variability
of upregulation in different brain regions (Collins et al. 1988;
Marks et al. 1983b, 1991). A recent study from our laboratory,
which characterized the effects ofacute, chronic, and withdraw-
al from chronic nicotine on fear conditioning in a variety of
inbred mouse strains, found that inbred mouse strains varied
greatly in their susceptibility to nicotine withdrawal deficits in
contextual conditioning (Portugal et al. 2012a). For example,
withdrawal from doses of chronic nicotine that impaired con-
textual conditioning in C57BL/6J mice did not affect 129/
SvEv mice (Portugal et al. 2012a). If upregulation of high-
affinity binding sites in the hippocampus underlies nicotine
withdrawal deficits in contextual conditioning, then strains of
mice that do not exhibit withdrawal deficits should not show
nAChR upregulation in the hippocampus. Therefore, the pres-
ent study examined the relationship between hippocampal
nAChR upregulation and withdrawal deficits in contextual
conditioning in three different lines of mice.

Emerging evidence indicates that the hippocampus is not
a homogenous structure but rather the dorsal and ventral
regions mediate different behaviors (Fanselow and Dong
2010). Acute nicotine infused into the dorsal hippocampus
enhanced hippocampus-dependent learning while nicotine
infused into the ventral hippocampus impaired hippocampus-
dependent learning (Davis et al. 2007; Kenney et al. 2012;
Raybuck and Gould 2010), and repeated daily injections of
nicotine differentially upregulated nAChRs in the dorsal and
ventral regions (Abdulla et al. 1996). Therefore, the present
study also examined changes in high-affinity binding from
chronic nicotine in the dorsal and ventral hippocampus.
Specifically, the present study examined the effects of nicotine
withdrawal on fear conditioning and high-affinity nAChR
binding in the dorsal and ventral hippocampi of C57BL/
6NTac, 129S6/SvEvTac, and the pattern of inheritance in
B6129SF1/Tac mice.

Method
Subjects

Male C57BL/6NTac, 129S6/SvEvTac, and B6129SF1/Tac
hybrid mice (Taconic, Germantown, NY, USA) were 8—
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12 weeks of age at the beginning of all procedures. Mice were
maintained on a 12-h light—dark cycle (lights on at 7:00 a.m.)
and all behavioral procedures were conducted during the
hours 0f 9:00 a.m. to 5:00 p.m. Mice were provided ad libitum
access to food and water. All behavioral and surgical proce-
dures were approved by the Temple University Institutional
Animal Care and Use Committee.

Drugs and administration

Nicotine hydrogen tartrate salt (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in 0.9 % saline. Nicotine was adminis-
tered subcutaneously via osmotic pumps (Alzet model 1002,
Durect Co., Cupertino, CA, USA) at a dose of 18 mg/kg/day
for 12 or 14 days. For nicotine withdrawal, nicotine was
administered for 12 days after which pumps were removed.
Training occurred 24 h later on day 13 and then testing
occurred on day 14. For chronic nicotine, pumps remained
implanted throughout training (day 13) and testing (day 14) of
fear conditioning. Dose reported as freebase weight and based
off of previous work (Turner et al. 2011a).

Surgeries

Pump implantation was performed as previously described
(Davis etal. 2005). Mice were anesthetized with 5 % isoflurane
gas and osmotic pumps were implanted subcutaneously via an
incision in the lower back. Twelve days after pump implanta-
tion, a second, similar surgery was performed to remove osmot-
ic pumps and induce spontaneous nicotine withdrawal.

Apparatus

Training of fear conditioning and testing of contextual
conditioning took place in four identical clear Plexiglas
chambers (26.5%20.4x20.8 cm) housed in sound atten-
uating boxes (Med-Associates, St. Albans, VT, USA).
The floor of each chamber was made of metal bars
connected to a shock generator and scrambler (Med
Associates, Model ENV-414). Ventilation fans were
mounted on the sides of each box to provide back-
ground noise. [llumination was provided by a 4-W light
mounted above each box. The white noise cue and
shock administration were controlled by a PC running
LabView software. Testing for cued conditioning oc-
curred in an altered context consisting of four chambers
(20.3%x22.9%17.8 cm) housed in sound attenuating box-
es (Med-Associates) in a different room from the train-
ing room. The floor of each chamber was made of
white plastic. Speakers were mounted on the left wall
of each chamber to deliver the auditory cue. Vanilla
extract was added to a tray beneath the floors to further
distinguish the chambers from the training chambers.

All chambers were cleaned with 70 % ethanol before
and after all behavioral procedures.

Behavioral procedure

A modified delay fear conditioning training procedure that
used a one 15-s conditioned stimulus (CS)—unconditioned
stimulus (US) pairing was performed similar to previously
described methods (Davis et al. 2007; Davis and Gould
2009; Gould et al. 2004). Freezing, defined as the complete
absence of movement besides respiration, was sampled for
1 s every 10 s and was used as a measure of learning and
memory (Gould and Wehner 1999b). On training day, mice
were placed into training chambers and baseline freezing
was scored for 120 s. An 85-dB auditory cue CS was then
presented for 15 s which coterminated with a 2-s 0.57 mA
footshock US. Mice remained in the chambers for an addi-
tional 30 s before being returned to their home cages. The
next day, mice were returned to the original training cham-
bers, and freezing to the context was scored for 5 min in the
absence of the auditory cue CS. Approximately 1 h later,
mice were placed in the altered context for a total of 6 min.
Generalized freezing was scored for the first 3 min in the
absence of the auditory cue CS. The auditory cue CS was
then turned on and cued freezing was scored for 3 min.

Receptor binding

Tissue was harvested from mice immediately after testing of
cued conditioning. Hippocampi were removed and dissected
on ice into dorsal/ventral sections in a one third to two third
ratio based on a previous work (Gresack et al. 2009; Moser et
al. 1995). The samples were homogenized in 50 mM Tris—
HCI (Sigma-Aldrich) buffer, pH 7.4 at 24 °C, and centrifuged
twice at 35,000x g for 10 min in fresh buffer. The membrane
pellets were resuspended in fresh buffer and added to tubes
containing a saturating concentration (2 nM) of [*H]epibati-
dine (PerkinElmer, Boston, MA, USA). Incubations were
performed in Tris buffer at pH 7.4 for 2 h at 24 °C with [*H]
epibatidine. Bound receptors were separated from free ligand
by vacuum filtration over GF/C glass fiber filters (Brandel,
Gaithersburg, MD, USA) that were pretreated with 0.5 %
polyethyleneimine (Sigma-Aldrich). The filters were then
counted in a liquid scintillation counter. Nonspecific binding
was determined in the presence of 300 uM nicotine, and
specific binding was defined as the difference between total
binding and nonspecific binding. Binding data were expressed
as femtomole per milligram tissue (Turner et al. 2011a, b).

Data analysis

Freezing and binding data were analyzed using two-way
analysis of variance (ANOVA) tests. In the experiment
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examining the effects of chronic nicotine on fear condition-
ing in B6129SF1/Tac mice, one-way ANOVAs were used to
analyze freezing. Independent samples ¢ tests were used to
determine specific group freezing differences within each
significant interaction test. Binding data were followed by
Bonferroni’s multiple comparison tests. Any animal that
was 2.5 standard deviations from the mean was considered
an outlier and excluded from data analysis. This criterion
resulted in the removal of two animals.

Results

Figure 1 shows the effects of withdrawal from chronic
nicotine on fear conditioning in C57BL/6NTac, 129S6/
SvEvTac, and B6129SF1/Tac mice (n=9-10 per group). A
two-way ANOVA revealed a significant genotype by treat-
ment interaction for contextual freezing [F(2, 52)=3.409, p
<0.05] but no genotype by treatment interaction for base-
line, generalized, or cued freezing (ps>0.05). C57BL/
6NTac mice withdrawn from chronic nicotine froze signif-
icantly less to the context than their saline withdrawn coun-
terparts (p<0.05). There were no significant differences
between saline or nicotine withdrawn 129S6/SvEvTac mice
or B6129SF1/Tac mice (ps>0.05). Overall, the results of
this experiment demonstrate that nicotine withdrawal dis-
rupts contextual conditioning in C57BL/6NTac mice but not
in 129S6/SvEvTac or B6129SF1/Tac mice.

It is possible that the absence of a withdrawal effect in
B6129SF1/Tac mice was due to enhanced freezing from
chronic nicotine that dropped to baseline levels during with-
drawal. To explore this possibility, a second experiment was
performed in a separate group of naive B6129SF1/Tac mice
(n=6-10 per group) that compared mice withdrawn from
chronic saline or nicotine to mice administered chronic
saline or nicotine (Fig. 2). A one-way ANOVA revealed
no significant effects of chronic or withdrawal from chronic
nicotine or saline treatment on contextual, generalized, or
cued freezing (all ps>0.05). Thus, both chronic and with-
drawal from chronic nicotine have no effect on fear condi-
tioning in B6129SF1/Tac mice.

Fig. 1 The effects of nicotine 100 -
withdrawal on fear conditioning
in three strains of mice. 801
Nicotine withdrawal disrupted
contextual conditioning in oo
C57BL/6NTac mice. WCS 5 601
withdrawal from chronic saline, 2]
WCN withdrawal from chronic U; 40 1
nicotine. *p<0.05 compared to &
WCS C57BL/6NTac mice. 20 4
Error bars represent =+ SEM
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Fig. 2 The effects of chronic and withdrawal from chronic nicotine on
fear conditioning in B6129SF1/Tac mice. Neither chronic nor with-
drawal from chronic nicotine affected fear conditioning in this strain of
mouse. WCS withdrawal from chronic saline, WCN withdrawal from
chronic nicotine. Error bars represent + SEM

While previous research indicates that chronic nicotine
upregulates nAChRs in the brain (Marks et al. 1983a;
Schwartz and Kellar 1983), no study has examined if genet-
ic background influences dorsal versus ventral hippocampus
nAChR upregulation. Therefore, after testing in cued con-
ditioning (48 h of withdrawal), mice were euthanized and
their hippocampi were dissected on ice into dorsal and
ventral sections for [*H]epibatidine binding experiments.
For C57BL/6NTac mice, a two-way ANOVA revealed a
significant main effect of treatment [F(1, 19)=5.640, p<
0.05], whereas the main effect of region and the interaction
between region and treatment was not significant (Fig. 3).
Post hoc tests revealed that [*H]epibatidine binding was
significantly higher in the dorsal hippocampus of C57BL/
6NTac mice withdrawn from chronic nicotine treatment than
mice withdrawn from chronic saline (p<0.05). There was
not a significant difference in [*H]epibatidine binding in the
ventral hippocampus (p>0.05). For 129S6/SvEvTac mice,
there was a significant main effect of treatment [F(1, 34)=
5.941, p<0.05] but no significant effect of region or inter-
action between region and treatment (Fig. 4). Post hoc tests
did not reveal any significant differences in [*H]epibatidine
binding in the dorsal or ventral hippocampus between

gm O CS57BL/6NTac WCS
BC57BL/6NTac WCN
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B 129S6/SVEvTacWCN
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Fig. 3 The effects of chronic nicotine on high-affinity [*H]epibatidine
binding in the dorsal and ventral hippocampus of C57BL/6NTac mice
measured after 48 h of withdrawal. Chronic nicotine upregulated high-
affinity binding sites in the dorsal hippocampus. *p<0.05 compared to
C57BL/6NTac mice withdrawn from chronic saline within the same
region. Error bars represent = SEM

129S6/SvEvTac mice withdrawn from chronic saline and
withdrawn from chronic nicotine (ps>0.05), indicating no
region-specific effects. Finally, for B6129SF1/Tac mice, a
two-way ANOVA revealed a significant treatment by region
interaction [F(1, 20)=6.954, p<0.01] (Fig. 5). Post hoc tests
revealed that [*H]epibatidine binding was significantly
higher in the ventral hippocampus of B6129SF1/Tac mice
withdrawn from chronic nicotine than mice withdrawn from
chronic saline (p<0.001). There were no significant differ-
ences in [°H]epibatidine binding in the dorsal hippocampus
of B6129SF1/Tac mice withdrawn from chronic saline or
nicotine.

Discussion

The present study examined the effects of withdrawal from
chronic nicotine on fear conditioning in three strains of mice
as well as changes in dorsal and ventral hippocampal high-
affinity nAChR binding following 48 h of withdrawal from
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Fig. 4 The effects of chronic nicotine on high-affinity [*H]epibatidine
binding in the dorsal and ventral hippocampus of 129S6/SvEvTac mice
measured after 48 h of withdrawal. Chronic nicotine did not signifi-
cantly affect high-affinity binding sites in the dorsal or ventral hippo-
campus. Error bars represent = SEM
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Fig. 5 The effects of chronic nicotine on high-affinity [*H]epibatidine
binding in the dorsal and ventral hippocampus of B6129SF1/Tac mice
measured after 48 h of withdrawal. Chronic nicotine upregulated high-
affinity binding sites in the ventral hippocampus. *p<0.05 compared to
B6129SF1/Tac mice withdrawn from chronic saline within the same
region. Error bars represent = SEM

chronic nicotine. Withdrawal from chronic nicotine im-
paired contextual conditioning in C57BL/6NTac mice but
not in 129S6/SvEvTac mice or B6129SF1/Tac hybrids,
which is likely due to impaired learning rather than memory
recall (Portugal and Gould 2009). Cued conditioning was
unaffected by nicotine withdrawal in all three strains of
mice. These results parallel previous findings and indicate
genetic background differences influence susceptibility to
nicotine withdrawal deficits in contextual conditioning
(Portugal et al. 2012a). In addition, chronic nicotine differ-
entially upregulated high-affinity nAChR binding sites 48 h
after withdrawal in the dorsal and ventral hippocampus
across the strains of mice. Chronic nicotine upregulated
high-affinity binding sites in the dorsal but not the ventral
hippocampus of C57BL/6NTac mice. On the other hand,
chronic nicotine did not significantly affect high-affinity
binding sites in either the dorsal or the ventral hippocampus
of 129S6/SvEvTac mice. Lastly, chronic nicotine upregu-
lated high-affinity binding sites in the ventral but not the
dorsal hippocampus of B6129SF1/Tac mice. These results
suggest that chronic nicotine upregulation of high-affinity
binding sites in the dorsal and ventral hippocampus is mod-
ulated by genetic background.

In the present study, the auditory cue CS might have been
a stronger encoding stimulus than the context in which the
mice were trained. A stronger stimulus presentation might
result in a stronger CS—US association and overshadow any
nicotine withdrawal-related changes in cued conditioning.
As such, reducing the strength of the association between
the auditory CS and the footshock US should increase
sensitivity to nicotine withdrawal-related changes in cued
conditioning and potentially unmask any learning impair-
ments. To address this issue, Davis and Gould (2009) uti-
lized a modified delay fear conditioning procedure in which
the auditory CS was presented for 15 s and only paired once
with the footshock US compared to a previous work with
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this paradigm that used two CS—US pairings with a 30-s CS
(Davis et al. 2005). While the modified delay fear condi-
tioning procedure reduced freezing to the auditory CS, nic-
otine withdrawal had no effect on cued conditioning. This
finding suggests that the lack of an effect of nicotine with-
drawal on cued conditioning is not due to the strength of the
auditory cue CS as a stimulus. To this end, the present study
utilized a modified fear conditioning procedure similar to
Davis and Gould (2009) to reduce the effects of the strength
of the auditory cue CS. Therefore, it is likely that the lack of
an effect of nicotine withdrawal on cued conditioning was
not due to the strength of the auditory cue CS as an encoding
stimulus

One of the interesting findings from the current study is
that the pattern of hippocampal subregion nAChR upregu-
lation relates to the expression of withdrawal-associated
learning deficits. Specially, C57BL/6NTac mice were the
only strain to exhibit nicotine withdrawal deficits in contex-
tual conditioning and upregulated high-affinity binding in
the dorsal hippocampus. This suggests that upregulation of
high-affinity binding sites in the dorsal hippocampus medi-
ates, in part, nicotine withdrawal deficits in contextual con-
ditioning. In support, the timing for nicotine withdrawal
deficits in contextual conditioning to dissipate matched the
return of upregulated high-affinity binding sites in whole
hippocampus to control levels (Gould et al. 2012).
Likewise, recent findings from our laboratory indicated that
adult mice that exhibited nicotine withdrawal deficits in
contextual conditioning displayed upregulated high-affinity
binding in the hippocampus, while pre-adolescent mice did
not exhibit nicotine withdrawal deficits in contextual condi-
tioning or upregulated high-affinity binding in the hippo-
campus (Portugal et al. 2012b).

In addition to identifying regional variability in nAChR
upregulation, it is also possible to estimate the subtype of
nAChR involved in this upregulation. Epibatidine is a
nAChR agonist that binds with high affinity to all hetero-
meric nAChRs including x432, 334, and &332 (Perry et
al. 2002; Xiao and Kellar 2004). Previous data show that 32
knockout mice do not exhibit nicotine withdrawal deficits in
contextual conditioning (Portugal et al. 2008). Likewise,
infusions of DHRE, a high-affinity nAChR antagonist, into
the dorsal hippocampus precipitated learning deficits in
wild-type but not 32 knockout mice (Davis and Gould
2009). Thus, it is likely that chronic nicotine upregulated
dorsal hippocampal high-affinity (32-containing nAChRs,
possibly «4f32* (* indicates other subunits may be
incorporated).

It is also possible to estimate the mechanism that caused
this upregulation. Nicotine-induced upregulation has been
well established in the literature both in vivo and in vitro,
and multiple mechanisms have been offered to explain how
upregulation occurs (for review, see Govind et al. 2009). A
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recent paper, however, indicates that upregulation is not a
result of a single process but rather the result of at least two
mechanisms (Govind et al. 2012). The first process was
characterized by a fast onset and offset that was associated
with changes in nAChR conformation. The second process
was characterized by a slow onset and offset that required
longer exposure to nicotine to initiate than the first and was
associated with changes in nAChR number. In the present
study, binding was measured 48 h post-withdrawal, which
may reflect the second process rather than the first.
Multiple studies have highlighted inbred strain differen-
ces across a wide range of behaviors including cognitive
tasks such as latent inhibition (Gould and Wehner 1999a),
water maze performance (Owen et al. 1997; Wolff et al.
2002), and fear conditioning (Bothe et al. 2004, 2005; Nie
and Abel 2001; Owen et al. 1997). In addition, strain differ-
ences in response to acute, chronic, and withdrawal from
chronic nicotine across a wide range of measures have also
been characterized (Collins et al. 1988; Damaj et al. 2003,
2007; Marks et al. 1983b, 1991; Portugal et al. 2012a). The
results of these studies and the present study provide valu-
able insight into the selection of the proper strain to examine
the effects of nicotine treatment on behavior. For example,
129/SvEv and C57BL/6J mice displayed different somatic
and affective signs of precipitated nicotine withdrawal with
the 129/SvEv strain being less sensitive to nicotine with-
drawal than C57BL/6J mice (Damaj et al. 2003). Likewise,
129/SvEv mice were less sensitive to the effects of acute
nicotine and withdrawal from chronic nicotine on contextual
conditioning than C57BL/6J mice (Portugal et al. 2012a).
The present study demonstrated nicotine withdrawal deficits
in contextual conditioning in C57BL/6NTac, a different
strain of C57BL/6 mice, while finding no withdrawal learn-
ing deficits in the 129S6/SvEvTac mice even with a higher
dose of nicotine than previously examined. Thus, while
there are phenotypic differences across C57BL/6 lines
(Bothe et al. 2004, 2005; Bryant et al. 2008; Kiselycznyk
and Holmes 2011; Stiedl et al. 1999), the current findings
and prior results suggest that this strain may be more appro-
priate than the 129/SvEv strain to study nicotine withdrawal.
Another interesting finding from the present study was
the pattern of inheritance of the nicotine withdrawal pheno-
type in B6129SF1/Tac mice. B6129SF1/Tac hybrids are
generated by crossing C57BL/6NTac female mice to
129S6/SvEvTac male mice. Therefore, B6129SF1/Tac hy-
brid mice will be heterozygous at the loci where C57BL/
6NTac and 129S6/SvEvTac differ and homozygous at the
loci where they are the same. Any behavioral differences in
response to nicotine withdrawal may then be attributed to
inherited traits from one or both of the parental strains. The
lack of a withdrawal phenotype in B6129SF1/Tac hybrid
mice suggests a dominant inherited phenotype from 129S6/
SvEvTac mice, which may be mediated by an absence of
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upregulated high-affinity binding sites in the dorsal hippo-
campus. Interestingly, chronic nicotine upregulated high-
affinity nAChRs in the ventral hippocampus of B6129SF1/
Tac hybrid mice while neither parental strain exhibited
significant upregulation in this region. One cannot always
predict a phenotype of an F1 hybrid based on the pheno-
types of the parental strains alone (Owen et al. 1997). For
example, in the present study, B6129SF1/Tac hybrid mice
showed higher levels of contextual freezing than both pa-
rental strains. This is not surprising, however, as previous
reports indicate that F1 hybrids have superior learning abil-
ities compared to parental strains (Clapcote and Roder 2004;
Owen et al. 1997), a phenomenon known as hybrid vigor.
Therefore, the mechanisms that contribute to hybrid vigor
might also underlie the upregulation of high-affinity
nAChRs in the ventral hippocampus of B6129SF1/Tac
mice. Taken together, these findings suggest the cognitive
nicotine withdrawal phenotype in B6129SF1/Tac mice is
inherited from 129S6/SvEvTac mice and also highlight the
importance of understanding the phenotypes of both paren-
tal strains before interpreting results from F1 hybrids.

There is one issue that potentially limits the interpretation
of the present results. High-affinity binding was measured
48 h after the cessation of chronic nicotine treatment. It is
possible that chronic nicotine upregulated high-affinity
binding sites in both the dorsal and ventral hippocampus
of each strain at earlier time points, but for some strains, it
rapidly returned to control levels. Indeed, it has previously
been shown that chronic nicotine upregulates high-affinity
binding sites in the hippocampus of 129SvJ;C57BL/6J F1
hybrid mice, but this upregulation returns to control levels
within 24 h (Turner et al. 2011a). The absence of withdrawal
deficits and upregulated high-affinity binding sites in the
dorsal and ventral hippocampus of 129S6/SvEvTac mice
and dorsal hippocampus of B6129SF1/Tac hybrid mice
might be due to the time point chosen to measure binding,
and thus if a shorter time period was examined after with-
drawal, then nAChR upregulation and learning withdrawal
deficits might be seen for the other strains. Even if this were
the case, the current results would then suggest that genetic
background influences the duration of nAChR upregu-
lation although still supporting the hypothesis that
nAChR upregulation relates to withdrawal deficits in
hippocampus-dependent learning. While the time course
for the emergence of withdrawal deficits is an issue for
future studies, our results suggest that a threshold of
high-affinity nAChR upregulation is needed to produce
withdrawal impairments in learning and that these
effects are influenced by genetics. Another area of in-
vestigation for future studies is whether this upregula-
tion of high-affinity nAChRs in the dorsal hippocampus
is a necessary and sufficient component for these with-
drawal deficits.
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