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Abstract

The present study examined if nicotine enhances contextual fear conditioning when the training
context is either a background stimulus or a foreground stimulus. In the background conditioning
experiment, mice were trained using two auditory conditioned stimulus (CS; 30 s, 85 dB white noise)—
footshock unconditioned stimulus (US; 2's, 0.57 mA) pairings and tested 24 h later. In the foreground
conditioning experiment, mice were trained with two presentations of a footshock US (2 s, 0.57 mA)
and tested 24 h later. Mice received 0.09 mg/kg nicotine before training and testing. For both the
foreground and background conditioning experiments, nicotine enhanced contextual conditioning.
No enhancement of the auditory CS-US association was seen. These results demonstrate that nicotine
enhances contextual fear conditioning regardless of whether the context is a background stimulus or
a foreground stimulus during conditioning.
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Nicotine can enhance many cognitive processes including contextual fear conditioning. In
previous studies that examined the effects of acute nicotine administration on fear conditioning
[4,5,7,9-11,22], mice were trained using auditory CS—footshock US pairings. Such training
results in the formation of two associations: an association between the CS and the US (cued
fear conditioning), and an association between the context and the US (contextual fear
conditioning). These studies consistently report that nicotine enhances contextual fear
conditioning, and nicotine does not enhance cued fear conditioning.

The data from these studies have been interpreted as evidence for nicotine-associated
enhancement of contextual fear conditioning. However, another interpretation is possible. As
discussed by Rescorla and Wagner [19], Pavlovian conditioning occurs “against a background
of uncontrolled stimuli”, namely the context. Thus, during fear conditioning when a CS, such
as an auditory stimulus, is paired with a US, the context becomes a background stimulus. If
conditioning occurs in the absence of a CS, however, the context can become a foreground
stimulus [14,15]. Research suggests that some of the biochemical processes involved in
consolidation of foreground contextual fear conditioning could differ from those that support
the consolidation of background contextual fear conditioning [21]. Because previous studies
that examined the effects of nicotine on contextual fear conditioning have all used a training
protocol in which the context is a background stimulus [4,5,7,9-11,22], it is unclear if nicotine
enhances the formation of contextual associations or if nicotine enhances background stimulus
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conditioning. Thus, in order to examine if nicotine enhances contextual fear conditioning or if
nicotine enhances background conditioning, the present study compared the effects of nicotine
on fear conditioning when the context was a foreground stimulus versus when the context was
a background stimulus during training. If nicotine enhances contextual fear conditioning, then
nicotine should enhance contextual conditioning when the context is a foreground stimulus
and when the context is a background stimulus. If nicotine only enhances background
conditioning, then no enhancement of contextual conditioning by nicotine should be seen when
the context is a foreground stimulus.

Male, C57BL/6 mice (n = 8 per group; 8-12 weeks of age; Jackson Laboratories) were housed
in groups of four. Mice were maintained on a 12-h light/12-h dark cycle (lights on 7:00 a.m.)
and allowed ad libitum access to food and water. Training and testing procedures occurred
between 8:00 a.m. and 5:00 p.m. All behavioral procedures were approved by the Temple
University Institutional Animal Care and Use Committee.

Nicotine hydrogen tartrate salt (Sigma Co., St. Louis, MO, USA) was dissolved in saline and
administered via intraperitoneal injection. Mice received injections (0.01 ml/g of body weight)
of saline or 0.09 mg/kg of nicotine (reported as freebase), a dose shown previously to enhance
contextual fear conditioning in C57BL/6 mice [4,7-11], 5 min before training and testing.

Training and testing occurred in two identical conditioning chambers (16.5 cm wide x 21.0
cm long % 15.9 cm high) housed in Igloo ice chests (54cm long x 30 cm high x 27 cm deep).
All walls of the chambers, which were interfaced with an IBM computer running MED-PC
software to control stimulus administration, were constructed from clear Plexiglas. During
training and testing for freezing to the context, the floors of the conditioning chambers were
constructed of metal rods connected to a shock generator and scrambler (MED Associates, St.
Albans, VT, USA). Ventilation fans that provided air exchange and background noise (65 dB)
were mounted on the back wall of each ice chest, and a light was mounted at the top of each
ice chest. In addition, speakers for delivering the CS (85 dB white noise) were mounted on the
right wall of each ice chest.

Testing for fear to the CS also occurred in the training chambers. However, changes were made
in order to alter the context; the metal rod chamber floors were removed and replaced with a
flat piece of Plexiglas, a striped piece of Plexiglas was placed along the back wall of each
chamber, a vanilla olfactory cue was present. In addition, mice were not tested for fear to the
CS in the chamber in which they were trained in and tested for contextual fear.

Mice were trained and tested according to procedures used by Gould and Wehner [11].
Freezing, the absence of movement except for respiration [1], was assessed during training and
testing using a time sampling procedure. Each mouse’s behavior was assessed every 10 s for
1 s and scored as freezing or active.

In Experiment 1, mice were placed in the conditioning chambers. After the first 120 s, during
which baseline freezing was assessed, the mice received two paired presentations of a CS (30
s, 85 dB white noise) with a co-terminating US (2 s, 0.57 mA footshock). Immediate freezing
was observed during the 120 s intertrial interval (ITI). The training session ended with a 30 s
period that occurred after the final CS-US pairing. In Experiment 2, mice were trained using
two US alone presentations separated by 120 s. As in Experiment 1, baseline freezing was
assessed during the first 120 s of the training session, and immediate freezing was assessed
during the 120 s ITI. The session ended with a 30 s period that occurred after the final US
presentation.

Testing occurred 24 h later. Mice were placed in the conditioning chambers, and contextual
fear conditioning was assessed over 5 min. One hour later, mice were placed in altered training

Neurosci Lett. Author manuscript; available in PMC 2009 June 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Davis et al.

Page 3

chambers. Cued fear conditioning was assessed over 6 min. During the first 180 s freezing in
the absence of the CS (preCS) was assessed. Freezing in the altered context in the continuous
presence of the CS was assessed during the final 180 s. For Experiment 2, freezing to the CS
was not expected but was measured to verify that freezing to the CS in mice trained with a CS
(i.e., Experiment 1) was not masked by a startle response to the CS but instead was related to
the CS-US training.

Data were analyzed using SPSS version 11.0. Independent samples t-tests were performed to
assess differences between treatment groups.

The effect of acute nicotine (0.09 mg/kg) administration on background contextual fear
conditioning was examined. Mice were trained using two CS-US pairings, and nicotine or
saline was administered before training and testing.

Fig. 1 depicts the results of the background contextual fear conditioning experiment. Consistent
with previous research [4,5,7,9-11,22], mice treated with nicotine before training and testing
demonstrated higher levels of contextual fear conditioning than mice treated with saline before
training and testing (t(14) = 3.893, p = 0.002). There was no effect of nicotine administration
on cued fear conditioning (p > 0.05). In addition, there were no differences between the
treatment groups in baseline freezing, immediate freezing (both assessed during training), and
preCS freezing (assessed during testing; p > 0.05 for all comparisons). These data suggest that
differences between the treatment groups in contextual fear conditioning were not due to
baseline differences in locomotor activity, sensitivity to shock, or generalized freezing.

In order to examine if nicotine enhances contextual fear conditioning when the context is the
foreground training stimulus, mice were trained using two US alone presentations. No CS was
presented during training. As in Experiment 1, nicotine (0.09 mg/kg) or saline was administered
before training and testing.

Fig. 2 depicts the results of foreground contextual fear conditioning experiment. An
independent samples t-test revealed that mice that received nicotine before training and testing
demonstrated higher levels of freezing to the context than mice treated with saline before
training and testing (t(14) = 4.137, p = 0.001). There were no differences between groups in
freezing to the CS (p > 0.05). In fact, levels of freezing to the auditory stimulus were very low
as expected because the auditory CS was not presented during training. This low level of
freezing to an unconditioned auditory stimulus suggests that the freezing to the CS observed
in Experiment 1 reflects the formation of a CS-US association and not a startle response to the
CS. No differences existed between groups in baseline, immediate, and preCS freezing (p >
0.05 for all comparisons).

The present study demonstrates that nicotine enhances contextual fear conditioning when the
context is a background stimulus and when the context is a foreground stimulus. These results
argue against the possibility that nicotine is only enhancing background conditioning and
strengthen the contention made by previous studies [4,5,7,11-13,22] that nicotine is enhancing
contextual conditioning. Studies indicating that alterations in the neural circuitry and the
second messenger signaling cascades that support contextual fear conditioning produce similar
effects on foreground contextual fear conditioning and background contextual fear
conditioning provide additional evidence for these conclusions. For example, mice with altered
hippocampal mossy fiber projections [3,20] and reduced levels of hippocampal PKC activity
[6,23] have deficits in contextual fear conditioning regardless of whether the context is a
foreground or a background stimulus [16].

The present study also replicates research indicating that nicotine does not enhance cued fear
conditioning [4,5,7,9-11,22]. It is unlikely that this null effect of nicotine on cued fear
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conditioning is due to a ceiling effect, since a previous study from our lab demonstrated that
freezing to the CS was not enhanced by nicotine following training (i.e., one shock
presentation) that produced lower levels of conditioning [8]. The difference in the effects of
nicotine on cued versus contextual fear conditioning suggests that nicotine may differentially
alter the neural circuitry underlying contextual fear conditioning compared to the neural
circuitry underlying cued fear conditioning. Studies comparing the neural circuitry underlying
cued and contextual fear conditioning have indicated that many similar brain areas are involved
in the two types of conditioning; however, the hippocampus is only necessary for contextual
fear conditioning. In support, hippocampal lesions have been shown to disrupt foreground and
background contextual fear conditioning [2,12,13,17].

Two studies directly compared foreground and background contextual fear conditioning in
subjects with altered hippocampal function [16,18]. Paylor et al. [16] found that altered
hippocampal function disrupted both foreground and background contextual fear conditioning.
Philips and Ledoux [18], however, found that background contextual fear conditioning was
disrupted, and foreground contextual conditioning was unaffected by altered hippocampal
function. It is possible that the findings from these studies diverge because of methodological
differences; subjects that were pre-exposed to the training chambers for 20 min the day before
training demonstrated deficits in background contextual conditioning but not foreground
contextual conditioning [18], while subjects that were not pre-exposed to the training chambers
[16] demonstrated disrupted foreground and background contextual fear conditioning [16].
Thus, under certain circumstances contextual fear conditioning may not be critically dependent
on the hippocampus. Overall, these data and data indicating that nicotine enhances contextual
but not cued fear conditioning suggest that the hippocampus is a potential site where nicotine
may act to enhance contextual fear conditioning. Current studies in our lab are investigating
this hypothesis.
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Fig. 1.

Acute nicotine administration (0.09 mg/kg) enhances freezing to the context when the context
is a background stimulus during training. There were no effects of nicotine administration on
baseline freezing, immediate freezing, preCS freezing, or freezing to the CS (*p < 0.05).
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Nicotine (0.09 mg/kg) administration before training and testing enhances contextual fear
conditioning when the context is a foreground training stimulus. There were no effects of
nicotine on baseline or immediate freezing. Freezing to an altered context (preCS) and to a
white noise (CS) were also examined in order to verify that freezing in mice trained with a CS
results from CS-US training and is not due to a startle response. Freezing to the altered context
(preCS) and freezing to the white noise (CS) were minimal. There were no differences in preCS
and CS freezing between saline-treated and nicotine-treated mice (*p < 0.05).
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