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Acute nicotine enhances spontaneous recovery of
contextual fear and changes c-fos early gene expression
in infralimbic cortex, hippocampus, and amygdala
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Exposure therapy, which focuses on extinguishing fear-triggering cues and contexts, is widely used to treat post-traumatic
stress disorder (PTSD). Yet, PTSD patients who received successful exposure therapy are vulnerable to relapse of fear re-
sponse after a period of time, a phenomenon known as spontaneous recovery (SR). Increasing evidence suggests ventral
hippocampus, basolateral amygdala, and infralimbic cortex may be involved in SR. PTSD patients also show high rates
of comorbidity with nicotine dependence. While the comorbidity between smoking and PTSD might suggest nicotine
may alter SR, the effects of nicotine on SR of contextual fear are unknown. In the present study, we tested the effects of
acute nicotine administration on SR of extinguished contextual fear memories and c-fos immediate early gene immunohis-
tochemistry in mice. Our results demonstrated that acute nicotine enhanced SR of extinguished fear whereas acute nicotine
did not affect retrieval of unextinguished contextual memories. This suggests that the effect of acute nicotine on SR is spe-
cific for memories that have undergone extinction treatment. C-fos immunoreactive (IR) cells in the ventral hippocampus
and basolateral amygdala were increased in the nicotine-treated mice following testing for SR, whereas the number of IR
cells in the infralimbic cortex was decreased in the same group. Overall, this study suggests that nicotine may adversely
affect context-specific relapse of fear memories and this effect is potentially mediated by the suppression of cortical

regions and increased activity in the ventral hippocampus and amygdala.

[Supplemental material is available for this article.]

Lifetime prevalence of exposure to traumatic events is around
90% (Breslau et al. 1998). After a traumatic event, negative emo-
tional responses usually extinguish unless the traumatic event re-
occurs. In individuals with post-traumatic stress disorder (PTSD),
however, the extinction process fails and the emotional response
becomes persistent (Rothbaum and Davis 2003) leading to symp-
toms including exaggerated fear response to cues and contexts
that are not dangerous (Gualtieri and Morgan 2008). Exposure
therapy, which is widely used to treat PTSD (Chambless and
Ollendick 2001), focuses on extinguishing fear-triggering cues
and contexts. Although exposure-based therapies alleviate PTSD
symptoms in 60%-80% of patients, recovery of fear responses
(i.e., relapse) often occurs. Relapse in PTSD and other anxiety dis-
orders is common; depending on the type of anxiety disorder, an
estimated 19%-62% of patients experience relapse after comple-
tion of exposure therapy (Vervliet et al. 2013). This is because dur-
ing extinction, fear memories are not erased but are actively
suppressed by a secondary inhibitory memory (Myers and Davis
2002). One source of fear relapse is known as spontaneous recov-
ery (SR) (Pavlov 1927; Myers and Davis 2002), in which an extin-
guished stimulus spontaneously triggers a fear response after
completion of therapy (Craske and Rachman 1987). Although
several theoretical accounts offer potential explanations for SR
(e.g., Bouton 1988; Kutlu and Schmajuk 2012), little is known
about the processes leading to fear relapse.

Importantly, PTSD patients show high-comorbidity with nic-
otine dependence (Breslau et al. 2004). Smoking rates among
PTSD patients (45.3%) are significantly higher than the nonclini-
cal population (22.5%, Ziedonis et al. 2008). In addition, a sig-
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nificant positive correlation exists between smoking and PTSD
symptoms and the severity of PTSD symptoms is predicted by
daily number of cigarettes smoked (Thorndike et al. 2006;
Greenberg et al. 2012). Beyond PTSD, smoking rates increase
when healthy individuals encounter stressful/anxiogenic situa-
tions (Pomerleau and Pomerleau 1987). Importantly, Breslau
et al. (2003) showed that PTSD patients had significantly higher
rates of smoking initiation following trauma compared with indi-
viduals not exposed to trauma (31.7% versus 10.4%). In addition,
there is evidence showing that acute nicotine intake increases
the likelihood of intrusive traumatic memories in healthy non-
smokers (Hawkins and Cougle 2013). Moreover, evidence from
multiple animal studies showed that acute nicotine enhances
contextual fear learning (Gould and Higgins 2003; Gould and
Lommock 2003; Davis et al. 2006) and disrupts extinction of
fear memories (Kutlu and Gould 2014; Kutlu et al. 2016; for re-
view, see Kutlu and Gould 2015). Therefore, given the higher
rates of smoking initiation in PTSD patients, the period of acute
nicotine intake following a traumatic event may be especially crit-
ical for the development and relapse of fear in PTSD. However, the
effects of acute nicotine on fear relapse and the brain regions in-
volved are unknown. Several brain regions, such as the hippocam-
pus, amygdala, and prefrontal cortex, have been implicated in
processes that support the acquisition and recall of extinction
memories (Falls et al. 1992; Milad and Quirk 2002; Quirk and
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Effects of acute nicotine on spontaneous recovery

Mueller 2008; Sierra-Mercado et al. 2011). Specifically, increased
activation in prefrontal cortex may support extinction while in-
creased activity in the hippocampus and amygdala may support
fear expression (Sierra-Mercado et al. 2011). The effects of acute
nicotine on these brain regions during SR, however, are not
known. Therefore, this study tested the hypothesis that nicotine
would increase SR and c-fos activity in the hippocampus and
amygdala while decreasing prefrontal activity.

Materials and Methods

Subjects

Naive adult (8-wk old) male C57BL/6] mice (Jackson Laboratory,
Bar Harbor, ME) were group-housed in a colony room maintained
on a 12 h light-dark with ad libitum water and food. Procedures
used in this study were approved by the Temple University
Institutional Animal Care and Use Committee.

Apparatus

Behavioral experiments took place in four identical chambers
(18.8 x 20 x 18.3 cm) placed in sound attenuating boxes (MED
Associates). Ventilation fans mounted in the chambers produced
a background noise (65 dB) and the 30-sec white noise (85 dB)
conditioned stimulus (CS). The chambers were composed of
Plexiglas and the chamber floors were metal grids (0.20 cm
in diameter and 1.0 cm apart) connected to a shock generator,
which delivered a 2-sec, 0.57-mA foot shock unconditioned stim-
ulus (US).

Drug administration

Nicotine hydrogen tartrate salt (0.18 mg/kg freebase, Sigma) dis-
solved in saline or saline alone were administered intraperitoneal-
ly (i.p.) 2-4 min prior to behavioral testing. This dose and the
injection time were based on previous studies (Kutlu and Gould
2014). Also, this dose produced plasma nicotine levels compara-
ble with human smokers Davis et al. 2005). Injection volumes
were 10 mL/kg as in previous studies (e.g., Kutlu and Gould 2014).
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Behavioral procedures

Freezing, defined as the absence of voluntary movement except
respiration (Davis et al. 2005), to the context was the dependent
variable. Subjects were observed every 10 sec for a duration of
1 sec and scored as active or freezing (Blanchard and Blanchard
1972). Following the background contextual fear conditioning
procedure used in our previous studies (Kutlu and Gould 2014;
Kutlu et al. 2016), in Experiment 1, mice received contextual
fear conditioning training, in which they were first placed in the
conditioning chambers and baseline freezing was assessed for
120 sec, and then the mice received two white noise—foot shock
pairings where the offset of the white noise coincided with the off-
set of the 2-sec foot shock. (see Fig. 1 for the schematic experimen-
tal designs). Two CS-US trials were separated by a 120-sec
intertrial interval. All mice remained in the chamber for another
30 sec after the second white noise—foot shock paring. The next
day all mice were placed back in the conditioning chamber for 5
min to score initial freezing to the context in the absence of the
foot shock. Then mice were given single daily contextual extinc-
tion sessions for 5 d where they were placed back in the condition-
ing context for 5 min in order to extinguish contextual freezing.
Seven days after the last extinction session mice were returned
to the conditioning context to test for SR. Animals were adminis-
tered acute nicotine (0.18 mg/kg) or saline i.p. 2—4 min prior to
the SR session. In Experiment 2, we determined if nicotine affects
recall of contextual fear memories in general. Mice were fear con-
ditioned and 24 h later tested for initial freezing. Mice did not un-
dergo extinction treatment; instead they remained in their
homecages for a total of 12 d before they were retested for fear re-
call. A second group of mice in Experiment 2 received the same
drug treatment but were given 1 CS-US pairing instead of
2 CS-US pairings during training in order to rule out the possibil-
ity that acute nicotine only enhances lower levels of freezing.
Mice received i.p. injections of nicotine (0.18 mg/kg) or saline
2-4 min before retesting.

c—fos immunohistochemistry
The effects of nicotine on c-fos expression in the hippocampus,
amygdala, and prefrontal cortex (PFC) during SR and memory
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recall were examined in another cohort of C57BL/6] mice
that underwent the same behavioral and drug treatment as
Experiment 1. In addition to the nicotine and saline groups that
received training, extinction and retesting (Nic/Extinction and
Sal/Extinction), two groups of mice received only training and
retesting following nicotine (0.18 mg/kg) or saline injections
to control the effects of extinction (Nic/NoExtinction and
Sal/NoExtinction). Another two groups of mice received the
same drug treatments but stayed in their homecages (Nic/
Homecage and Sal/Homecage) to control for the nonspecific
effects of nicotine and i.p. injections. Mice were perfused 1 h after
retesting using phosphate buffered saline (PBS, 0.1 M) followed by
4% paraformaldehyde (PFA, pH 7.4) in PBS and brains were col-
lected and stored in PFA. Twenty-four hours later, brains were
switched to 30% sucrose, and coronal sections were collected 2
d later. The c-fos immunohistochemistry was performed using
floating sections washed in PBS (3 x 5 min) and in 0.75% hydro-
gen peroxide for 20 min to quench endogenous peroxidase activ-
ity. Then the sections were washed using PBS with Triton-X and
Bovine Serum Albumin (PBS-TX-BSA) solution and incubated in
a rabbit-host polyclonal antibody (c-fos, 1:1000 in PBS-TX-BSA
with Sodium Azide; Santa Cruz Biotechnology) for two nights at
room temperature. Following PBS-TX-BSA washes (3 x 10 min),
the sections were incubated in the secondary antibody (biotiny-
lated goat—anti rabbit, 1:200 in PBS-TX-BSA; Jackson Immuno-
Research) for 90 min, washed again in PBS-TX-BSA (3 x 10 min)
and incubated in avidin-biotin complex (1:600 in PBS; Vector
ABC kit) for 30 min at room temperature. An oxidase—diamino-
benzidine-nickel (DAB) method was used for the immunostain-
ing reaction (5 min, diaminobenzidine, DAB Nickel Substrate
Kit, Vector Laboratories) and the reaction was stopped using a
5 min dH,O wash. The sections were then rinsed in phosphate
buffer (2 x 10 min) and mounted on slides. Slides were air-dried
for 24 h before dehydration using ethanol and xylene washes
and cover slipped using Permount (Fisher Chemicals).

The dorsal hippocampus (dHipp; CA1, CA3, and dentate gy-
rus), ventral hippocampus (vHipp; CA1, CA3, and dentate gyrus),
medial prefrontal cortex (paralimbic [PL] and infralimbic [IL] cor-
tices), and basolateral nucleus of the amygdala (BLA) were selected
as the regions of interest (ROI) based on their significant roles
in extinction of fear conditioning (Falls et al. 1992; Milad and
Quirk 2002; Quirk and Mueller 2008; Sierra-Mercado et al. 2011);
(coordinates for ROIs were based on Paxinos and Franklin
(2001), dHipp, —1.58 to —2.54 mm posterior to bregma; vHipp,
—2.70 to —3.64 mm posterior to bregma; PL, 1.54 to 1.98 mm an-
terior to bregma; IL, 1.54 to 1.98 mm anterior to bregma; and BLA,
—0.82to —1.70 mm posterior to bregma). Sections were visualized
under a brightfield microscope (Leica), 20 x images were taken for
each brain region. Using the Image] (1.48v) software, we subtract-
ed the background and thresholded the images in order to separate
c-fos signal from background and reduce noise. A custom ImageJ
macro was used to count the c-fos immunoreactive neurons based
on pixel intensity. Only c-fos signals that were above threshold
were counted as c-fos-positive cells following previous studies
(e.g., Zhao and Li 2010). Three measurements from the given an-
terior—posterior coordinates for each brain region (every fourth
section for IL and PL and every eighth section for dHipp, vHipp,
and BLA) were averaged (Martinez et al. 2013) and expressed as
the number of c-fos-positive cells per millimeter square (mm?).

Statistical analysis

For the behavioral experiments, we converted freezing behavior to
percent freezing. Spontaneous recovery was expressed as percent
rebound to the freezing levels measured during initial testing
(%Rebound; average freezing during retesting x 100/average
freezing during initial testing; Santini et al. 2001). Following stud-
ies examining recovery of conditioned behavior such as freezing,
fear potentiated-startle, and drug self-administration (e.g., Mor-
gan et al. 1993; Corcoran et al. 2005; Norrholm et al. 2006;
Baratta et al. 2007; Wing and Shoaib 2008), an extinction criterion
was employed to ensure successful extinction learning. Specifi-
cally, animals that did not show freezing levels below 30% of their
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initial freezing levels at the end of the extinction phase were
removed from analysis as freezing levels above this level may
indicate incomplete extinction. The extinction criterion resulted
in the removal of two animals from each drug group in Experi-
ment 1. To examine the main effect of Drug (nicotine versus sa-
line), we used two separate one-way ANOVAs at a =0.05. For
¢-fos immunohistochemistry, the number of c-fos IR cells was con-
verted to number of cells per mm? (number of c-fos IR cells per area
of the count; 0.31952 mm?). A multivariate ANOVA was run for all
ROIs together to detect Drug (nicotine versus saline) x Training
(extinction versus homecage versus no extinction) interaction,
which were followed by Tukey post hoc tests to examine group dif-
ferences. Group sizes are indicated in figure captions.

Results

Experiment I: acute nicotine enhances SR of contextual fear
In Experiment 1, we examined the effects of acute nicotine ad-
ministered prior to testing on SR of contextual fear. A repeated-
measure ANOVA showed no between group differences in freezing
during extinction (Fs s = 0.818, P> 0.05). One-way ANOVAs
yielded a significant main effect of Drug for both %freezing during
retesting (F1,13) = 5.805, P < 0.05) and %Rebound (F4,13 =
9.769, P <0.05). This suggests that while saline treated mice
showed normal SR of contextual fear (~80% rebound), acute nic-
otine significantly enhanced SR (183% rebound, Fig. 2; see
Supplemental Fig. S1 for within-session freezing levels).

Experiment 2: acute nicotine does not affect retrieval

of unextinguished contextual fear memories

The results of Experiment 1 show increased contextual fear ex-
pression during retesting in mice that received acute nicotine pri-
or to retesting, suggesting enhanced SR of contextual fear.
However, this result could also indicate that either acute nicotine
enhances retrieval of contextual fear memories in general or de-
creases locomotor activity. To address this issue, we administered
acute nicotine prior to retesting but this time mice did not under-
go extinction. A one-way ANOVA showed no group differences in
freezing during initial testing (F(1,13) = 0.005, P > 0.05). One-way
ANOVAs showed no main effect of Drug on retesting %freezing
(F(1,13y = 0.016, P> 0.05) or %Recall (Fg,13)=0.004, P> 0.05).
This suggests that the effects of acute nicotine administered prior
to retesting are specific to SR of extinguished contextual fear as
both saline and nicotine treated groups showed similar levels of
%Recall during retesting (~100%, Fig. 3A). Similar results were
achieved when initial freezing levels were reduced by employing
1 CS-US pairing during training (Fig. 3B). A one-way ANOVA
showed no group differences in freezing during initial testing
(F1,16) = 0.005, P> 0.05), no main effect of Drug on retesting
Y%freezing (F(1,16) = 0.036, P> 0.05) or %Recall (F(1,16)=0.151,
P > 0.05). This suggests that acute nicotine’s enhancing effects
on spontaneous recovery is not due to the lower levels of freezing
at the end of extinction but rather depends on possible differen-
tial retrieval mechanisms of intact and extinguished fear.

Experiment 3: acute nicotine-induced enhancement
of SR of contextual fear increases activity in vHipp

and BLA while decreasing IL activity

Experiment 3 identified c-fos expression changes in brain regions
potentially involved in the effects of acute nicotine on SR of con-
textual fear. Representative coronal sections included in this anal-
ysis are shown in Figure 4. A multivariate ANOVA was used to
calculate all main effects and interactions across all ROIs.
Within the hippocampus, the Drug (nicotine versus saline) x
Training (extinction versus homecage versus no extinction)
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Figure 2. Acute nicotine enhances SR of contextual fear. (Left panel) Acute-nicotine (0.18 mg/kg) administration prior to retesting enhanced SR of
contextual fear represented as %freezing in mice (n=7-8 per group). (Right panel) Spontaneous recovery of contextual fear represented as
%Rebound (average freezing during retesting x 100/average freezing during initial testing) in the nicotine and saline groups. Error bars indicate standard
error of the mean (SEM) and asterisks represent differences from the saline group at the P < 0.05 level.

interaction was significant for vHipp (F(s 34y = 15.559, P < 0.01)
but not dHipp (Fs,34) = 0.502, P > 0.05) when CA1, CA3, and
DG c-fos IR cell numbers are averaged for each ROI. Similarly,
the Drug x Training interaction was significant for the CA1l
(F(s,34 = 12.833, P <0.01), CA3 (F(s534) = 11.234, P <0.01) and
DG (F(s,34)=5.330, P < 0.05) subregions of vHipp but not sig-
nificant for the same subregions of dHipp (CA1, F(s34) = 0.189,
P>0.05; CA3, Fi34)=0.921, P>0.05, DG, Fs34)=0.540,
P > 0.05). Tukey post hoc tests also revealed that the number
of c-fos IR cells in the Nic/Extinction group was significantly differ-
ent than the Sal/Extinction, Nic/Homecage, and Sal/Homecage
groups in vHipp as well as in all three subregions of vHipp (Ps <
0.05). Furthermore, the Nic/NoExtinction group c-fos IR cell num-
bers were significantly different from the homecage controls
and the Nic/Extinction group (Ps < 0.05) but not from the Sal/
NoExtinction group in vHipp. However, no between-group dif-
ferences were detected for dHipp. In sum, these results indicate
a clear dissociation between dorsal and ventral hippocampus
in the effects of acute nicotine on SR of contextual fear. While
vHipp c-fos expression was increased during the acute nicotine-
induced enhancement of SR, it remained unchanged when nico-
tine was administered alone in the absence of training (Fig. 5A).
Moreover, our results suggest that vHipp c-fos expression did not
differ between the saline and nicotine-treated groups that received
training but not extinction.

For PFC, the multivariate ANOVA showed a significant
Drug x Training interaction for IL (F(s 34) = 3.756, P < 0.05) but
not for PL (Fs34)=1.094, P> 0.05) subregions of the mPFC.
However, the main effect of training (Fs 34) = 42.777, P < 0.01)
but not drug (Fs,34)=1.782, P> 0.05) was significant for PL.
Tukey post hoc tests revealed that the number of IL c-fos IR cells
in the Sal/Extinction but not Nic/Extinction group was signifi-
cantly different from the homecage controls (Ps < 0.05).
Similarly, Nic/NoExtinction, and Sal/NoExtinction group c-fos
IR cell numbers were also significantly different from the
homecage controls in IL (Ps < 0.05). However, Nic/Extinction
group c-fos IR cell numbers were not significantly different from
the homecage controls (Ps > 0.05) and the difference between
Nic/Extinction and Sal/Extinction groups approached sig-
nificance in IL (P = 0.055). Still, the number of PL c-fos IR cells
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in the Nic/Extinction, Sal/Extinction, Nic/NoExtinction, and
Sal/NoExtinction groups was significantly different than the
homecage controls (Ps < 0.05). For PL, the Nic/Extinction group
did not differ from any other group that received contextual
fear conditioning regardless of the extinction condition (Ps>
0.05). These results demonstrate that like the hippocampus, the
subregions of mPFC are differentially involved in the effects of
acute nicotine on SR of contextual fear. Specifically, IL and PL
c-fos expression was increased during both SR and memory recall
compared with homecage controls but IL activity was somewhat
diminished in the Nic/Extinction group only during SR, which
may contribute to the enhanced SR shown in this group (Fig. 5B).

Finally, for BLA, a two-way ANOVA yielded a significant in-
teraction between Drug and Training (F(s 34) = 8.047, p < 0.05).
Moreover, Tukey post hoc analysis showed that the number of
c-fos IR cells in the Nic/Extinction group was significantly in-
creased compared with the other three groups (P < 0.05). In addi-
tion, the Nic/NoExtinction group c-fos IR cell numbers were
significantly different from the homecage controls (P < 0.05)
but not from the Sal/NoExtinction or Nic/Extinction groups
(P> 0.05). These results suggest that nicotine-related increases
in BLA c-fos activity may potentially contribute to the enhanced
SR of contextual fear, similar to vHipp (Fig. 5C). However, acute
nicotine does not modulate BLA c-fos activity during recall of
contextual fear memories in the absence of extinction. Overall,
these results show that brain regions involved in the fear extinc-
tion are significantly modulated by acute nicotine during SR of
contextual fear.

Discussion

Our results showed that acute nicotine administration (0.18 m/
kg) prior to retesting following a 7-d delay enhanced SR of extin-
guished contextual fear memories. The effects of acute nicotine
were specific to SR as retrieval of contextual fear memories in ge-
neral was not altered. As shown by our immunohistochemistry ex-
periments, acute nicotine-induced changes in SR were associated
with altered c-fos immediate early gene expression in brain regions
linked to fear extinction. Specifically, our results showed that
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Figure 3. (A) Acute nicotine does not affect retrieval of unextinguished contextual fear memories. (Left panel) Acute-nicotine (0.18 mg/kg) adminis-

tration prior to retesting had no effect on retrieval of contextual fear following a 12-d delay; data expressed as %freezing in mice (n = 7-8 per group).
(Right panel) Recall of contextual fear represented as %Recall (average freezing during retesting x 100/average freezing during initial testing) in the nic-
otine and saline groups. (B) Acute nicotine does not affect recall of unextinguished contextual fear memories following 1 CS-US pairing. (Left panel)
Acute-nicotine (0.18 mg/kg) administration prior to retesting had no effect on recall of reduced contextual fear following a 12-d delay; data expressed
as %freezing in mice (n = 8 per group). (Right panel) Recall of reduced contextual fear represented as %Recall (average freezing during retesting x 100/

average freezing during initial testing) in the nicotine and saline groups. Error bars indicate standard error of the mean (SEM).

while ¢-fos expression in vHipp and BLA was increased, IL activa-
tion was decreased during SR in the nicotine-treated mice com-
pared with saline-treated mice tested for SR. This suggests that
nicotine alone does not modulate activity of these brain regions
but does modulate the fear extinction circuitry during SR. We
also found that dHipp and PL activity was not altered by
SR-nicotine interaction. Moreover, our results showed that acute
nicotine did not change c-fos expression in any of the examined
brain regions following memory recall in the absence of extinc-
tion. Thus, acute nicotine may differentially affect recall of extin-
guished and nonextinguished fear memories.

Overall, from the results of our c-fos immunohistochemistry
experiments, a model can be proposed for how acute nicotine al-
ters fear expression during SR (Fig. 6). Following Quirk and
Mueller (2008), our model suggests that in the absence of any
pharmacological intervention, the direct connections between
vHipp and BLA are involved in the encoding and retrieval of con-
textual fear conditioning (Fig. 6A; Rudy and Matus-Amat 2005). In
addition, vHipp provides IL contextual information during ex-
tinction retrieval (Fig. 6A). In support of the vHipp’s role in con-
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textual modulation, pharmacological inactivation of vHipp
disrupts context-specific retrieval of fear memories (Hobin et al.
2006). Potentially as a response to the contextual information
transmitted via vHipp, IL suppresses both BLA activity and BLA
output to central nucleus of the amygdala (CeA) (Rosenkranz
and Grace 2002; Quirk et al. 2003), which results in reduced fear
expression and successful retrieval of contextual extinction mem-
ories (Fig. 6A). In line with this model, numerous studies have
identified IL, BLA, and the inhibitory projections between these
two regions as necessary for extinction retrieval. For example, ac-
tivity in the BLA subregion of the amygdala has been associated
with recovery of fear (Falls et al. 1992; Sierra-Mercado et al.
2011). Furthermore, inhibitory mechanisms within the amygdala
may play a crucial role during retrieval of extinction memories
(Likhtik et al. 2008). Specifically, several studies showed that pre-
frontal efferent activation of GABAergic neurons between BLA
and CeA, known as intercalated cells (ITC), as well as inhibitory
interneurons within BLA reduces conditioned fear response by
silencing the CeA (Rosenkranz and Grace 2002; Likhtik et al.
2008). In support, ITC cells receive strong projections from
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Figure 4. Representative images (10 x magnification for all images) of
the coronal brain sections from the Nic/Extinction and Sal/Extinction
group animals showing dHipp, vHipp, mPFC including both PL and IL,
and BLA.

the cortical regions such as IL (McDonald et al. 1996; but see
Strobel et al. 2015). Increased activity in IL during extinction re-
sults in potentiation of ITC cell activation and subsequently
decreased activity in the amygdala and reduced fear response
(Maren and Quirk 2004; Paré et al. 2004; Baratta et al. 2007).
Therefore, while increased BLA function may potentiate SR, IL ac-
tivation can suppress BLA activity and consequently reduce SR of
contextual fear.

It appears that IL activation is necessary for successful retriev-
al of fear extinction memories (Quirk et al. 2000; Milad and Quirk
2002; Laurent and Westbrook 2009; Cruz et al. 2014). For exam-
ple, Quirk et al. (2000) showed that lesioning IL prior to training
significantly enhanced SR of cued fear after extinction, suggesting
a role for IL in consolidation of extinction memories. Moreover,
Laurent and Westbrook (2009) found that pharmacological inhi-
bition of IL during retesting enhanced SR of extinguished contex-
tual fear memories whereas inactivation of PL did not affect
acquisition and retrieval of extinction memories. Finally, there
is evidence showing that excitability of IL neurons increases dur-
ing extinction and this effect is reversed during SR of cued fear
(Cruz et al. 2014). Interestingly, Do-Monte et al. (2015) found
no effect of silencing IL on SR of cued fear conditioning using
optogenetics, which may suggest that SR of contextual and cued
fear are modulated by different prefrontal systems or that method-
ological differences contribute to the outcome. Overall, these
studies show that while vHipp provides both IL and BLA with
the necessary contextual information for fear expression, the in-
terplay between IL and BLA determines fear expression during ex-
tinction retrieval.
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According to our model, after acute nicotine administration,
activation of vHipp and BLA increases whereas IL activation di-
minishes. This results in an enhanced representation of the con-
text as well as reduced IL inhibitory control of BLA activity and
output to CeA and, consequently, enhanced expression of con-
textual fear and enhanced SR (Fig. 6B). It is important to note
that vHipp and BLA c¢-fos expression levels were similar between
the Sal/Extinction and homecage control groups whereas the
Sal/Extinction group showed significantly higher levels of c-fos
expression in both PL and IL. In sum, our model suggests that
acute nicotine enhances activity in the brain regions associated
with fear expression, such as vHipp, BLA, and PL, whereas activity
of IL, which is thought to be responsible for the retrieval of extinc-
tion memories, is diminished by acute nicotine. Therefore, in line
with previous models of fear extinction (Maren and Quirk 2004;
Paré et al. 2004), acute nicotine-induced reduction in the cortical
control over BLA might be key for the enhanced SR observed in
the acute nicotine treated mice.

Although we showed no involvement of dHipp in the effects
of acute nicotine on contextual fear recovery, this region has
been repeatedly shown to mediate the effects of acute nicotine
on acquisition of contextual fear (Kenney et al. 2012). For exam-
ple, Kenney et al. (2012) found that while direct nicotine infu-
sions into dHipp enhanced acquisition of contextual fear
conditioning, vHipp infusions resulted in deficits. However, our
results showing asymmetrical involvement of vHipp compared
with dHipp during SR and memory recall are consistent with re-
sults from previous studies suggesting that retrieval of contextual
fear memories is mediated by vHipp whereas dHipp mainly con-
trols encoding of contextual fear conditioning (Hunsaker and
Kesner 2008). Thus, dorsal and ventral subregions of the hippo-
campus mediate different aspects of learned fear versus extinc-
tion and have different sensitivity to the effects of nicotine on
these behaviors. Therefore, our results showing that vHipp was
involved in the effects of acute nicotine on SR of contextual
fear but not dHipp suggest that vHipp may assume greater behav-
ioral control than dHipp during SR when nicotine is adminis-
tered. In addition to dHipp, we did not find any alteration of
PL c-fos expression between drug conditions whereas it was in-
creased in mice that received contextual fear conditioning. This
result is in line with previous studies showing that PL is involved
in fear expression but not extinction learning or extinction re-
trieval (Laurent and Westbrook 2009; Sierra-Mercado et al.
2011). We also found that c-fos expression in IL was increased
due to retrieval of contextual fear memories compared with
homecage controls. Although multiple studies have shown that
IL is required for the retrieval of extinction memories (Quirk
et al. 2000; Milad and Quirk 2002; Laurent and Westbrook
2009; Cruz et al. 2014), in line with our results, there is also evi-
dence showing that temporary inactivation of IL prior to testing
impaired recall of contextual fear conditioning in the absence of
extinction (Resstel et al. 2006, 2008). Therefore, increased c-fos
expression found in IL may be a result of recall of contextual
fear memories in the NoExtinction groups.

Our results indicate a circuitry that may be responsible for
the enhancing effects of acute nicotine on SR. However, it is
important to acknowledge potential limitations for the interpre-
tation of the data presented here. For example, the c-fos im-
munohistochemistry method we employed here is not able to
differentiate between different types of neurons such as inhibitory
GABAergic and excitatory glutamatergic neurons in different
brain regions. Therefore, although the increased c-fos expression
found in the ventral hippocampus in the Nic/Extinction group
may mean increased excitatory activity in this brain region, it is
possible that our results may indicate reduced activity in the ven-
tral hippocampus if the majority of the c-fos expression was
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Figure 5. Acute nicotine (0.18 mg/kg) administration prior to testing for SR enhanced c-fos expression in vHipp and BLA and decreased it in IL (n = 6
per group). (A) Acute nicotine enhances SR of contextual fear. Behavioral data for c-fos experiment. (Left panel) Acute-nicotine (0.18 mg/kg) adminis-
tration prior to retesting enhanced SR of contextual fear represented as %freezing in mice (n= 5-6 per group). (Right panel) Spontaneous recovery
of contextual fear represented as %Rebound. (B) Acute nicotine does not affect recall of contextual fear. Behavioral data for c-fos experiment. (Left
panel) Acute-nicotine (0.18 mg/kg) administration prior to retesting did not affect recall of contextual fear represented as %freezing in mice (n=6
per group). (Right panel) Recall of contextual fear represented as %Recall. (C) The number of vHipp c-fos IR cells (averaged across CA1, CA3, and DG
subregions) as well as c-fos IR cell numbers in three subregions in the Nic/Extinction group was significantly higher in the Nic/Extinction group in com-
parison to the Sal/Extinction, Nic/Homecage, and Sal/Homecage groups. No effects were detected for dHipp or any of its subregions. Asterisks represent
differences from the Sal/Homecage group at the P < 0.05 level. (D) IL showed significantly higher c-fos expression in the Sal/Extinction, Nic/
NoExtinction, and Sal/NoExtinction, but not in the Nic/Extinction group, compared with homecage controls. The number of c-fos IR cells was also
reduced in the Nic/Extinction group compared with the Sal/Extinction group (P = 0.55). The number of c-fos IR cells in PL did not differ between training
groups but it was enhanced in these groups compared with homecage control groups. Asterisks represent significant differences between training con-
ditions at the P < 0.05 level. (E) The number of c-fos IR cells BLA was significantly higher in the Nic/Extinction, Nic/NoExtinction, and Sal/NoExtinction
groups, but not in the Sal/Extinction group, compared with homecage controls. Error bars indicate standard error of the mean (SEM). For the behavioral
experiments, asterisks represent differences from the Saline group at the P < 0.05 level. Asterisks represent differences from the Sal/Homecage group at
the P < 0.05 level.

elicited from inhibitory neurons. Thus, further analysis of the spe-
cific neuron types involved in the effects of acute nicotine on SR of
contextual fear is needed to rule out this possibility. Moreover, the
model proposed here is based on correlative data of c-fos
immunoreactivity and assumes discrete roles for different brain
regions. Due to these limitations, more direct approaches are
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needed to elucidate potential causal relationships between the
differential activation patterns observed in the present study
and specific roles these brain regions may play in SR of contextual
fear. In addition, several theoretical explanations may be provided
for these results. For example, it is possible that acute nicotine al-
ters inhibitory processes required for successful extinction
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tinction and how this relates to PTSD.
Together with our previous results show-
+ ing that acute nicotine impairs extinc-
tion of contextual fear (Kutlu and
Gould 2014) and contextual safety dis-
crimination (Kutlu et al. 2014), results
of the present study demonstrate that
nicotine is a strong modulator of encod-
ing and retrieval of contextual fear ex-
tinction memories. Together with the
results showing that PTSD patients
have higher rates of smoking initiation
(Breslau et al. 2003), this suggests that
fear-related symptoms of PTSD such as
reexperiencing and avoidance may also
be negatively affected by the initial nico-
tine intake. In agreement with our re-
sults, human studies also showed that
PTSD symptoms are altered by nicotine
dependence. For example, several studies
have shown that severity of nicotine
dependence was correlated with total
PTSD symptoms (Thorndike et al.
+ 2006). There is also evidence showing
that PTSD patients show altered contex-
tual information processing during ex-
tinction (Rougemont-Bilicking et al.
2011). Specifically, Rougemont-Biicking
et al. (2011) showed that PTSD patients
had reduced activation in the ventrome-
dial PFC compared with healthy individ-
uals when a specific context signaled
safety during late extinction and ex-
tinction retrieval testing. Moreover,
Calhoun et al. (2011) found that the
fear response to a trauma-related context
was exaggerated in PTSD patients after
acute nicotine intake. Together with
these results, our results suggest that the
period of smoking initiation following
trauma may be a critical time for the de-
velopment and maintenance of PTSD as
acute nicotine intake disrupts contextual
fear extinction and enhances SR of con-
textual fear.

contextual fear. (A) Neural circuitry responsible for contextual fear extinction in the absence of nico-
tine. vHipp projects contextual information to both BLA and IL and, therefore, indirectly controls con-

textual fear expression and extinction retrieval. BLA plays a central role in forming contextual fear and

Conclusion

extinction associations and expressing fear. IL, by inhibiting BLA activity and BLA output to CeA, is a

critical site for regulation of extinction memories. (B) Acute nicotine’s effects on the contextual fear
extinction circuitry. Acute nicotine enhances activity in the vHipp and BLA and reduces activity in IL.
Consequently, IL’s inhibitory control over BLA is diminished and SR of contextual fear is enhanced.
Mouse brain figure: “Mouse brain sagittal” by Jonas Téle—Own work. Licensed under CCO via

Wikimedia Commons.

memory recall (Kutlu and Schmajuk 2012) while not affecting
recall of excitatory fear memories. It is also possible that acute nic-
otine administration prior to retesting results in a state-dependent
effect, where nicotine creates novel drug-context (Bouton 2002)
and, consequently, leads to renewal of contextual fear outside
the extinction contexts. Nevertheless, the studies have provided
the necessary bases for future examination of these phenomena
to identify underlying behavioral mechanisms of acute nicotine’s
effects.

Although our subjects were C57BL6/] mice, which do not ex-
hibit any PTSD-like phenotype, the present findings can be placed
in a greater context of understanding the effects of nicotine on ex-
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In this present study, we showed that
acute nicotine enhances SR of contextual
fear but not retrieval of unextinguished
contextual fear memories, and this effect
is associated with altered c-fos expression
in vHipp, BLA, and IL regions of fear ex-
tinction circuitry. These results clearly suggest that nicotine may
have a negative effect on the exposure therapy process in PTSD pa-
tients by increasing fear relapse in these individuals and potential-
ly prolonging the course of the disorder. Nevertheless, future
translational studies are needed to establish the role of nicotine
dependence in fear extinction and SR in clinical and nonclinical
populations.
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