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Abstract
Rationale—Previous research indicates that acute nicotine administration enhances the acquisition
of contextual fear conditioning and trace cued fear conditioning. Pharmacological inhibition of
α4β2 nicotinic acetylcholine receptors (nAChRs), but not α7 nAChRs, blocked the enhancing effect
of nicotine on contextual fear conditioning. Similarly, genetic deletion of the β2 nAChR subunit but
not the α7 nAChR subunit blocked the enhancing effect of nicotine on contextual fear conditioning.

Objectives—In the present study, nAChR subunit knockout mice were used to compare the
involvement of β2 subunit-containing nAChRs and α7 subunit-containing nAChRs in the effects of
nicotine on hippocampus-dependent trace cued fear conditioning and contextual fear conditioning.

Methods—β2 nAChR subunit knockout mice, α7 nAChR subunit knockout mice, and their wild-
type littermates received either nicotine or saline 5 minutes before training and testing. Mice were
trained using five conditioned stimulus (CS; 30 s, 85 dB white noise)—trace (30 s)—unconditioned
stimulus (US; 2 s footshock) pairings. Freezing to the context and freezing to the CS were assessed
24 h later.

Results—Both contextual and trace cued fear conditioning were enhanced by nicotine
administration in wild-type littermates and in α7 nAChR subunit knockout mice. In contrast, neither
contextual fear conditioning nor trace cued fear conditioning was enhanced by nicotine
administration in β2 nAChR subunit knockout mice.

Conclusions—These results suggest that β2 subunit-containing nAChRs but not α7 nAChR
subunit-containing nAChRs are critically involved in the enhancing effect of nicotine on contextual
and trace cued fear conditioning.
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The effects of nicotine on learning and memory have been examined using a variety of tasks
(for reviews, see Levin 2002; Levin and Simon 1998; Rezvani and Levin 2001; Tinsley et al.
2004) including delay and trace fear conditioning (for review, see Gould 2006). In delay fear
conditioning, animals are trained using paired coterminating presentations of a conditioned
stimulus (CS) with an unconditioned stimulus (US). Training results in the formation of two
associations: an association between the training context and the US (contextual fear
conditioning), which depends upon the hippocampus, and an association between the CS and
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the US (delay-cued fear conditioning; Logue et al. 1997b; Phillips and Ledoux 1992), which
does not depend critically upon the hippocampus. In trace fear conditioning, animals are trained
using presentations of a CS and a US that are separated by a time period during which no stimuli
are presented (called a trace period). As in delay fear conditioning, a training context–CS
association and a CS–US association is formed as a result of training. However, the addition
of a trace period between the CS and the US is believed to engage working memory and renders
the association between the CS and the US hippocampus-dependent (McEchron et al. 1998,
2000; Quinn et al. 2002, 2005).

Previous research indicates that acute nicotine administration enhances hippocampus-
dependent fear conditioning (i.e., contextual and trace cued fear conditioning) but not
hippocampus-independent fear conditioning (i.e., delay cued fear conditioning; Davis and
Gould 2006; Davis et al. 2005, 2006; Gould 2003; Gould et al. 2004; Gould and Higgins
2003; Gould and Lommock 2003; Gould and Wehner 1999). Furthermore, research indicating
that administration of mecamylamine, a broad-spectrum nicotinic acetylcholine receptor
(nAChR) antagonist, blocks the enhancing effect of nicotine on contextual fear conditioning
suggests that the enhancing effect of nicotine is mediated via nAChRs (Gould and Higgins
2003; Gould and Wehner 1999). However, these studies do not identify which nAChR subtypes
are involved in the effects of nicotine on fear conditioning.

nAChRs are a family of ligand-gated, ionotropic receptors that mediate fast synaptic
transmission throughout the central nervous system. nAChRs have a pentameric structure and
are comprised of either α (α7–α10) subunits or a combination of α (α2 –α6) and β (β2–β4)
subunits (Decker et al. 1995; Hogg et al. 2003; Jones et al. 1999; McGehee 1999). Two nAChR
subtypes that, combined, encompass approximately 90% of all nAChRs are α4β2 nAChRs and
α7 nAChRs (Marks and Collins 1982; Whiteaker et al. 1998). These nAChR subtypes are
critically involved in some hippocampus-dependent tasks (Barros et al. 2004; Curzon et al.
1996; Felix and Levin 1997; Levin et al. 2002) and have a modulatory role in other
hippocampus-dependent tasks (Davis and Gould 2006; Wehner et al. 2004). For example,
Barros et al. (2004) demonstrated that intrahippocampal administration of dihydro-beta-
erythrodine (DHBE), an antagonist that binds α4β2 nAChRs with high affinity, impaired
passive avoidance learning. Similarly, Levin et al. (2002) demonstrated that spatial working
memory performance in the radial-arm maze was impaired by hippocampal infusions of DHBE
and by hippocampal infusions of the α7 nAChR antagonist, methyllycaconitine (MLA). Barros
et al. (2004) and Levin et al. (2002) did not examine if administration of either antagonist
blocked the enhancing effect of nicotine on working memory performance in the radial-arm
maze. However, Bancroft and Levin (2000) and Bettany and Levin (2001) demonstrated that
chronic nicotine administration reversed DHBE but not MLA-induced working memory
performance deficits. These data suggest that α7 nAChRs are involved in the effect of chronic
nicotine administration on working memory performance in the radial-arm maze (for review,
see Levin and Simon 1998).

The involvement of α4β2 nAChRs and α7 nAChRs in the enhancing effect of nicotine on
contextual fear conditioning, a task that involves different cellular substrates (El Ghundi et al.
1999; Graves et al. 2002; Peters et al. 2003; Roberts et al. 2004; Voikar et al. 2004) and different
subregions of the hippocampus (Burwell et al. 2004; Good and Honey 1997) from those that
are involved in spatial working memory in the radial-arm maze, has been examined as well.
In a recent study, Davis and Gould (2006) examined the effects of administration of DHBE
and the effects of MLA on nicotine enhancement of contextual fear conditioning. The results
indicated that DHBE administration but not MLA administration blocked the enhancing effect
of nicotine on contextual fear conditioning. Consistent with data from previous studies
indicating that mecamylamine has no effect on fear conditioning in the absence of nicotine
(Gould and Higgins 2003; Gould and Wehner 1999), administration of DHBE or MLA alone
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did not impair fear conditioning. These results suggest, then, that α4β2 nAChRs are critically
involved in the enhancing effect of nicotine on contextual fear conditioning. Furthermore,
α4β2 nAChRs and α7 nAChRs are not necessary for the acquisition of delay fear conditioning.
Similar results have been reported by Wehner et al. (2004). The researchers examined the role
of α7 and β2 subunit-containing nAChRs in the effects of nicotine on delay fear conditioning
using nAChR subunit knockout mice and demonstrated that β2 subunit-containing nAChRs
but not α7 subunit-containing nAChRs are critically involved in nicotine enhancement of
contextual fear conditioning. Deletion of α7 nAChR subunits and β2 nAChR subunits had no
effect on delay fear conditioning in the absence of nicotine (see also Caldarone et al. 2000;
Paylor et al. 1998).

The results of Davis and Gould (2006) and Wehner et al. (2004) provide evidence that β2
subunit-containing nAChRs (especially α4β2 nAChRs) are necessary for the enhancing effect
of nicotine on hippocampus-dependent contextual fear conditioning. However, given data
indicating that trace cued fear conditioning may involve neural substrates that are not critically
involved in contextual fear conditioning (Knight et al. 2004; Weitemier and Ryabinin 2004),
it is unclear if the activation of β2 subunit-containing nAChRs is critically involved in the
enhancement of trace cued fear conditioning by nicotine. Furthermore, although it is evident
that α7 nAChRs are not critically involved in the enhancing effect of nicotine on the acquisition
of contextual fear conditioning, it is unclear if α7 nAChRs are necessary for nicotine
enhancement of trace cued fear conditioning. Thus, in the present study, the role of β2 subunit-
containing nAChRs and the role of α7 subunit-containing nAChRs in trace cued fear
conditioning and in the ability of nicotine to enhance trace cued fear conditioning was examined
using α7 nAChR subunit knockout mice and β2 nAChR subunit knockout mice.

Experimental procedures
Subjects

Heterozygous α7 nAChR subunit knockout mice and heterozygous β2 nAChR subunit
knockout mice (original breeding pairs provided by Dr. Arthur Beaudet, Baylor College of
Medicine) were bred to obtain male and female α7 nAChR subunit knockout mice (α7 KO;
ages 8–12 weeks), β2 nAChR subunit knockout mice (β2 KO; ages 8–12 weeks), and wild-
type littermates (α7 WT and β2 WT, respectively; 8–12 weeks of age). Mice were generated
in 129/SvEv ES cells (see Orr-Urtreger et al. 1997; Xu et al. 1999 for detailed descriptions of
the generation of these mouse lines and genotyping reactions) and backcrossed to C57BL/6
mice for seven generations. Mice were maintained on a 12/12 h light dark cycle (lights on 7:00
a.m.) and housed in groups of two to five with ad libitum access to food and water. All
behavioral procedures occurred between the hours of 8:00 a.m. and 5:00 p.m.

Apparatus
Training and testing for freezing to the context occurred in four chambers (17.8×19.1×38.1
cm) housed in sound attenuating boxes (MED, St. Albans, VT, USA). The chamber walls were
constructed from Plexiglas in the front, back, and top and stainless steel on the sides. The floor
of each chamber, which was constructed of 13 metal rods, was connected to a shock scrambler
and generator. Ventilation fans for air exchange and background noise (69 dB) were mounted
on the right wall of each sound attenuating box, and speakers for administering the white noise
CS were located on the right wall of each chamber. Chambers were interfaced with an IBM-
PC computer running MED-PC software to control stimulus administration.

Testing for freezing to the CS occurred in four identical altered chambers (20.3×22.9×17.8
cm) that were housed in sound attenuating boxes and located in a different room from the
training chambers. The chamber walls were constructed from Plexiglas on all sides, and the
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chamber floors were covered in white plastic. Speakers for delivering the CS were mounted
on the left wall of each chamber. A vanilla extract olfactory cue was added to further alter these
chambers from the training chambers.

Behavioral procedures
Mice were trained in trace fear conditioning using five CS (30 s, 85 dB, white noise)—trace
(30 s)—US (2 s, footshock) pairings separated by 90–120 s [randomized intertrial intervals
(ITI)]. Previous research (Wehner et al. 2004) has demonstrated that the acquisition of
contextual fear conditioning is enhanced by nicotine administration in both α7 WT and α7 KO
mice when mice are trained with low footshock intensity but not when they are trained with
higher footshock intensity. Thus, mice were trained using either a 0.57-mA footshock US,
which has been used previously to examine the effects of nicotine on contextual and trace cued
fear conditioning (for review, see Gould 2006), or a 0.29-mA footshock US. The training
session started with a 120-s baseline period during which freezing (no movement except
respiration) was assessed and after which the first CS–trace–US presentation occurred.
Immediate freezing was scored during the ITI between the fourth and the fifth CS–trace–US
presentations. The training session ended with a 30-s period during which freezing behavior
was not recorded.

Testing for freezing to the context occurred 24 h after training. Mice were placed in the training
chambers, and freezing was scored for 5 min. One hour later, testing for freezing to the CS
occurred in altered context chambers. During the first 180 s, freezing in the absence of the CS
was assessed. During the final 180 s, freezing to the CS was assessed. Freezing was assessed
by experimenters who have shown interrater reliability of >90%.

Drugs and administration
Nicotine hydrogen tartrate salt (Sigma, St. Louis, MO, USA) was dissolved in saline. Each
mouse received either saline or nicotine (0.09, 0.18, and 0.27 mg/kg; reported as free base) via
intraperitoneal injection 5 min before both training and testing. The 0.09 mg/kg dose of nicotine
was chosen because it enhances contextual fear conditioning (for review, see Gould 2006) and
produces plasma nicotine levels comparable to smokers (Benowitz et al. 1989; Henningfield
and Keenan 1993).

Statistical analyses
All data were initially analyzed using either 2 (sex: male, female) × 2 (genotype: wildtype,
knockout) × 2 (treatment: 0.09 mg/kg nicotine, saline) ANOVAs or 2 (sex: male, female) × 2
(genotype: wild type, knockout) × 3 (treatment saline, 0.18 mg/kg nicotine, 0.27 mg/kg
nicotine) ANOVAs. Because there were no significant interactions with sex, data from males
and females were collapsed, and 2×2 or 2×3 ANOVAs were performed (as indicated in the
“Results” section). Post hoc analyses were performed using Tukey HSD tests when variances
were equal and Games–Howell tests when group variances were unequal.

Results
The β2 nAChR subunit is involved in the enhancing effect of nicotine on contextual and trace
cued fear conditioning

A 2×2 ANOVA revealed a main effect of treatment [F(1, 42)=12.72, p=0.00], a main effect of
genotype [F(1, 42)=14.54, p=0.00], and a significant treatment by genotype interaction [F(1,
42)=20.73, p=0.00] for freezing to the context for mice trained using a 0.57-mA footshock US
(Fig. 1a; N=11–12 per group). Follow-up Tukey-adjusted comparisons revealed that β2 WT
mice treated with nicotine demonstrated higher levels of contextual fear conditioning than
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saline-treated β2 WT mice [t(42)=5.76, p=0.00], saline-treated β2 KO mice [t(42)=5.30,
p=0.00], and nicotine-treated β2 KO mice [t(42)=6.05, p=0.00]. There were no significant
differences in contextual fear conditioning among nicotine-treated β2 KO mice, saline-treated
β2 KO mice, and saline-treated β2 WT mice (p>0.05 for all comparisons).

A 2×2 ANOVA revealed a significant effect of genotype [F(1, 42)=8.90, p=0.01] and no effect
of treatment on trace cued fear conditioning [F(1,42)=2.12, p=0.15]. In addition, there was a
significant genotype by treatment interaction [F(1, 42)=6.62, p=0.01]. Follow-up Tukey-
adjusted comparisons revealed that nicotine-treated β2 WT mice demonstrated higher levels
of trace cued fear conditioning than saline-treated β2 WT mice [t(42)=2.83, p=0.04], saline-
treated β2 KO mice [t(42)=3.45, p=0.01], and nicotine-treated β2 KO mice [t(42)=3.69,
p=0.00]. There were no differences in trace cued fear conditioning among saline-treated β2
WT mice, saline-treated β2 KO mice, and nicotine-treated β2 KO mice (p>0.05 for all
comparisons). In addition, there were no differences among groups in baseline, immediate, and
pre-CS freezing (data not shown; p>0.05 for all comparisons) suggesting that differences in
contextual and trace cued fear conditioning were not due to differences in locomotor activity
or generalized freezing.

The data from β2 KO mice and β2 WT mice trained using a 0.29-mA footshock US are
presented in Fig. 1b (N=7–8 per group). The 2×2 ANOVAs revealed significant effects of
genotype [F(1, 26)=15.52, p=0.00] and treatment on contextual fear conditioning [F(1, 26)
=25.65, p=0.00] and significant effects of genotype [F(1, 26)=22.23, p=0.00] and treatment
[F(1, 26)=18.20, p=0.00] on trace cued fear conditioning. In addition, the analyses revealed
significant interactions between genotype and treatment for contextual [F(1, 26)=25.65,
p=0.00] and trace cued fear conditioning [F(1, 26)=17.39, p=0.00]. Follow-up Tukey-adjusted
comparisons revealed that β2 WT mice treated with nicotine demonstrated higher levels of
contextual fear conditioning [t(26)=7.16, p=0.00; t(26)=6.16, p=0.00; t(26)=6.37, p=0.00 vs
saline-treated β2 WT mice, saline-treated β2 KO mice, and nicotine-treated β2 KO mice,
respectively] and trace cued fear conditioning [t(26)=5.96, p=0.00; t(26)=6.15, p=0.00; t(26)
=6.28, p=0.00 vs saline-treated β2 WT mice, saline-treated β2 KO mice, and nicotine-treated
β2 KO mice, respectively] than all other groups. There were no differences in contextual or
trace cued fear conditioning among saline-treated β2 WT mice, saline-treated β2 KO mice, and
nicotine-treated β2 KO mice (p>0.05 for all comparisons). In addition, no differences existed
in baseline, immediate, or pre-CS freezing (data not shown; p>0.05 for all comparisons).

It is possible that genetic deletion of the β2 nAChR subunit altered sensitivity to the effects of
nicotine on contextual and trace cued fear conditioning. Such alterations could account for
results indicating that the single tested dose of nicotine (0.09 mg/kg) had no effect on contextual
or trace cued fear conditioning in β2 KO mice. To assess this possibility, additional experiments
were conducted to assess the effects of two higher doses of nicotine (0.18 and 0.27 mg/kg) on
these tasks in β2 KO mice and β2 WT mice (N=7–8 per group) trained using the 0.57 mA
footshock US. The 2×3 ANOVAs revealed that there was a main effect of treatment on both
contextual [F(2, 41)=9.75, p=0.00; Fig. 2a] and trace cued fear conditioning [F(2, 41)=10.23,
p=0.00; Fig. 2b]. There were no effects of genotype on contextual [F (1, 31)=0.11, p=0.74] or
trace cued fear conditioning [F(1, 41)=2.02, p=0.16] and no significant interactions between
genotype and treatment [F(2, 41)=0.58, p=0.56; F (2, 41)=0.18, p=0.84 for contextual and trace
cued fear conditioning, respectively]. In addition, there were no significant main effects or
interaction for baseline, immediate, and pre-CS freezing (p>0.05 for all comparisons; data not
shown). Follow-up Tukey HSD analyses revealed that WT mice treated with 0.27 mg/kg of
nicotine froze significantly less to the context than saline-treated WT mice [t(41)=3.01, p=0.05]
and significantly less to the CS than saline-treated WT mice [t(41)=3.38, p=0.02] and saline-
treated KO mice [t(41)=3.78, p=0.01]. Likewise, KO mice treated with 0.27 mg/kg of nicotine
froze significantly less to the context than saline-treated KO [t(41)=3.10, p=0.04] and WT mice
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[t(41)=3.35, p=0.02] and significantly less to the CS than saline-treated KO mice [t(41)=3.01,
p=0.05].

Taken together, the data suggest that β2 subunit-containing nAChRs are critically involved in
the enhancing effect of nicotine on contextual and trace cued fear conditioning. Furthermore,
it is unlikely that genetic deletion of the β2 nAChR subunit altered sensitivity to the effects of
nicotine on contextual and trace cued fear conditioning because higher doses of nicotine failed
to enhance freezing to the context and freezing to the CS. Rather, β2 KO and β2 WT mice
treated with the highest dose of nicotine froze significantly less to the context and CS than
other groups. These data are not surprising as previous studies suggest that high doses of
nicotine may produce behavioral and physiological effects that are opposite to those of lower
doses of nicotine (for review, see Picciotto 2003).

The α7 nAChR subunit may not be critical for the enhancing effect of nicotine on contextual
and trace cued fear conditioning

A 2×2 ANOVA revealed no main effect of treatment [F(1, 32)=1.61, p=0.21], or genotype [F
(1, 32)=1.04, p=0.32] on freezing to the context, and no significant treatment by genotype
interaction [F(1, 32)=0.33, p=0.57] for freezing to the context for mice trained using a 0.57-
mA footshock US (Fig. 3a; N=9). Because a visual inspection of the data suggested that a trend
for a decrease in contextual fear conditioning in nicotine-treated α7 WT mice existed, Tukey
HSD contrasts were performed. Follow-up analyses revealed no significant pairwise
differences in contextual fear conditioning (p>0.05 for all comparisons).

Analyses of the trace cued fear conditioning data from α7 KO and α7 WT mice trained using
the 0.57-mA US indicated that there was no effect of treatment [F(1,32)=0.03, p=0.86] and no
interaction between genotype and treatment [F(1, 32)=0.12, p=0.73]. There was a significant
main effect of genotype on trace cued fear conditioning [F(1, 32)=7.90, p=0.01] with α7 KO
mice freezing significantly more than α7 WT mice. Follow-up Tukey-HSD analyses revealed
no significant pairwise differences in freezing to the CS (p>0.05 for all comparisons). The
main effect of genotype could suggest that α7 KO mice demonstrated enhanced trace cued fear
conditioning after training with a 0.57-mA footshock US compared to α7 WT mice. This effect
was not observed for contextual fear conditioning after training with a 0.57-mA footshock US,
nor was the deletion of α7 nAChR subunits associated with enhanced trace cued fear
conditioning or contextual fear conditioning after training with a 0.29-mA footshock US
(results presented below).

The 2×2 ANOVAs revealed that there were no main effects or interactions in baseline or preCS
freezing (p>0.05 for all comparisons; data not shown). There was no main effect of genotype
on immediate freezing [F(1,32)=2.96, p=0.10] and no significant interaction between genotype
and treatment [F(1,32)=3.45, p=0.07]. However, there was a main effect of treatment on
immediate freezing [F(1, 32)=6.47, p=0.02; data not shown]. Follow-up Tukey HSD analyses
revealed that saline-treated α7 KO mice demonstrated significantly higher levels of immediate
freezing than nicotine-treated α7 KO mice [t(32)=3.11, p=0.02] and nicotine-treated α7 WT
mice [t(32)=3.01, p=0.03]. These data could suggest that 0.09 mg/kg of nicotine altered the
training experience for α7 KO mice trained with the 0.57-mA footshock US.

Previous research (Wehner et al. 2004) indicates that the enhancing effect of nicotine on
contextual fear conditioning is dependent on shock intensity in both α7 KO mice and α7 WT
mice. Similar to the results of Wehner et al. (2004), the results of the present study indicate
that nicotine did not enhance contextual or trace cued fear conditioning in α7 WT mice or α7
KO mice trained with a 0.57-mA footshock US. Therefore, separate groups of α7 KO mice
and α7 WT mice were trained using a lower intensity footshock US (0.29 mA, see Fig. 3b).
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The 2×2 ANOVAs revealed no significant effects of genotype on contextual [F(1, 34)=1.36,
p=0.25] or trace cued fear conditioning [F(1, 34)=0.28, p=0.60] and no interactions between
genotype and treatment [F(1, 34)=0.01, p=0.92; F(1, 34)=1.05, p=0.31 for contextual and trace
cued fear conditioning, respectively]. There were, however, significant main effects of
treatment on contextual fear conditioning [F(1, 34)=9.89, p=0.00] and trace cued fear
conditioning [F(1, 34)=17.10, p=0.00]. Follow-up Games–Howell analyses revealed that α7
WT mice treated with nicotine did not freeze significantly more to the context than α7 WT
mice treated with saline [t(34)=2.15, p=0.19], and α7 KO mice treated with nicotine did not
freeze significantly more to the context than α7 KO mice treated with saline [t(34)=2.43,
p=0.11]. These results indicate that the enhancing effect of nicotine on contextual fear
conditioning was only evident when the data were collapsed across genotype. In contrast,
follow-up analyses of the trace cued fear conditioning data revealed that α7 WT mice that
received nicotine froze significantly more to the CS than α7 WT mice that received saline [t
(34)=3.21, p=0.03], and α7 KO mice treated with nicotine froze significantly more to the CS
than did their saline-treated counterparts [t(34)=2.91, p=0.05]. Thus, the enhancing effect of
nicotine on trace cued fear conditioning was evident in both the α7 WT mice and the α7 KO
mice. There were no significant main effects or interactions in baseline, immediate, or preCS
freezing (p>0.05 for all comparisons; data not shown).

Discussion
The present research indicates that β2 subunit-containing nAChRs mediate the enhancing
effect of nicotine on trace cued fear conditioning; nicotine did not enhance trace cued fear
conditioning in β2 KO mice trained with either a 0.29- or 0.57-mA footshock US. The results
using two different US intensities suggest that the lack of nicotine enhancement of trace cued
fear conditioning in the β2 KO mice was not due to the strength of conditioning. Furthermore,
the lack of nicotine enhancement of trace cued fear conditioning in the β2 KO mice was not
due to a shift in sensitivity to nicotine in the β2 KO mice; higher doses of nicotine did not
enhance conditioning. In fact, the highest dose of nicotine tested disrupted trace conditioning
in both WT and β2 KO mice. This result also suggests that the disruptive effect of the highest
dose of nicotine is not mediated by β2 subunit-containing nAChRs.

In addition, the present results replicate previous research that used pharmacological and
genetic inhibition of nAChRs to demonstrate that β2 subunit-containing nAChRs mediate the
enhancement of contextual fear conditioning by nicotine (Davis and Gould 2006; Wehner et
al. 2004). The studies by Davis and Gould (2006) and Wehner et al. (2004) trained the mice
with two trials. The current study used five trials and tested two different US shock levels but
still found no enhancing effects of nicotine on contextual fear conditioning, suggesting that the
lack of enhancement seen in the β2 KO mice is independent of the strength of training. Also,
as seen for trace fear conditioning, the null effect of nicotine administration on enhancement
of contextual conditioning in the β2 KO mice was not due to altered sensitivity to nicotine
because doses above the dose previously found to enhance contextual fear conditioning (for
review, see Gould 2006) failed to enhance contextual fear conditioning in β2 KO mice. The
highest dose of nicotine did, however, disrupt contextual fear conditioning in both WT and
β2 KO mice. Together, data from the β2 KO experiments and prior work suggest the β2 subunit-
containing nAChRs are involved in the enhancement of both contextual and trace fear
conditioning.

α7 nAChRs do not appear to have the same level of involvement in enhancement of contextual
and trace fear conditioning as β2 subunit-containing nAChRs. The data from the present
research suggest that α7 nAChRs may not be critical for the enhancing effects of nicotine on
trace cued fear conditioning. Both nicotine-treated WT mice and nicotine-treated α7 KO mice
trained using the 0.29-mA footshock US demonstrated enhanced levels of trace cued fear
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conditioning compared to saline-treated α7 KO mice and WT mice. It should be noted that it
is possible that as of yet undemonstrated developmental compensatory alterations in neural
function associated with the α7 KO could have contributed to the results.

The present results also support prior results indicating that α7 nAChRs may not be critically
involved in the nicotine enhancement of contextual fear conditioning (Davis and Gould
2006; Wehner et al. 2004). The α7 antagonist MLA did not significantly attenuate nicotine
enhancement of contextual fear conditioning (Davis and Gould 2006) and Wehner et al.
(2004) found that nicotine-treated α7 KO mice continue to demonstrated enhanced contextual
fear conditioning. In the present study, a main effect of nicotine administration of contextual
fear conditioning was seen following training with the 0.29-mA footshock US; nicotine
enhanced contextual fear conditioning.

Results with the 0.57-mA footshock US in α7 KO and WT littermates replicate previous
findings (Wehner et al. 2004) but are difficult to interpret. Wehner et al. (2004) found that
nicotine only enhanced contextual fear conditioning in α7 KO mice or WT littermates at a
lower footshock US intensity. Similarly, we found that the enhancing effects of nicotine on
trace fear conditioning were evident when α7 KO and α7 WT mice were trained with a 0.29-
mA footshock US, but not when they were trained with a 0.57-mA footshock US. It is not clear
why the responses of α7 WT to the 0.57- and 0.29-mA footshock stimuli differed from those
of the β2 WT mice. However, it must be noted that the WT type mice that are littermates of
the α7 KO mice and the WT type mice that are littermates of the β2 KO mice are not genetically
homogeneous. It is possible that differences in gene expression and epistasis resulting from
initial generation of the separate lines on a mixed 129 SvEv and C57BL/6 background (Orr-
Urtreger et al. 1997; Xu et al. 1999) could account for these behavioral differences in the α7
WT mice and the β2 WT mice. Studies indicating that there are behavioral differences among
strains of mice support this contention (Logue et al. 1997a,b; Owen et al. 1997).

The present results suggest that α7 nAChRs are not critically involved in the enhancement of
trace cued fear conditioning by nicotine but do not preclude involvement of α7 nAChRs in
trace fear conditioning. α7 KO mice trained with the 0.57-mA footshock demonstrated
significantly higher levels of trace cued fear conditioning than their WT counterparts regardless
of treatment with saline or nicotine. This suggests that α7 nAChRs could modulate trace cued
fear conditioning. Other studies have suggested that inhibition of α7 nAChRs could enhance
some forms of learning and synaptic plasticity (Davis and Gould 2006; Fujii et al. 2000;
Yamazaki et al. 2002). Further examination the role α7 nAChRs in learning and memory is
warranted, as the cellular effects of activation of these receptors are not well understood.
Likewise, additional studies should be carried out to assess how learning-related signaling is
altered after nicotine-stimulated β2 subunit-containing nAChR activation.

Differences in localization, density, and function of nAChR subtypes (Flores et al. 1992;
Alkondon and Albuquerque 1993; Decker et al. 1995; Graham et al. 2003; Ramirez-Latorre et
al. 1998; Seguela et al. 1993; Wada et al. 1988; and for review, see Picciotto et al. 2001) may
contribute to or, rather, define the involvement of particular nAChR subtypes in the effects of
nicotine on learning. Furthermore, increased neurotransmitter release resulting from
presynaptic nAChR activation (for review, see Kaiser and Wonnacott 1998) and/or alterations
that result from both presynaptic and postsynaptic nAChR-associated activation of second
messenger signaling cascades that support learning and memory, such as extracellular-
regulated kinase/mitogen-activated protein kinase, Ca2+ calmodulin-dependent protein kinase
II/IV, and protein kinase A (Chang and Berg 2001; Hu et al. 2002; Nakayama et al. 2001; Tang
et al. 1998; Valjent et al. 2004; and for reviews, see Hyman and Malenka 2001; Nestler
2002), may be involved in the effects of nicotine on learning. Current research in our laboratory
is addressing these issues.
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Figure 1.
The effects of nicotine (0.09 mg/kg) administration on contextual and trace cued fear
conditioning in β2 WT mice and β2 KO mice were examined. a Mice were trained using 5 CS
(30 s, 85 dB white noise)—trace (30 s)—US (2 s, 0.570-mA footshock) presentations. Pairwise
comparisons revealed that nicotine administration enhances the acquisition of both contextual
fear conditioning and trace cued fear conditioning in β2 WT mice but not in β2 KO mice. Error
bars represent ±1 SE from the means. Asterisk, number sign significantly different (p<0.05)
from all other groups (for contextual and trace fear conditioning respectively). b β2 WT and
β2 KO mice were trained using a 0.285-mA footshock US. Nicotine administration enhanced
the acquisition of both contextual fear conditioning and trace cued fear conditioning in β2 WT
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mice but not β2 KO mice. Error bars represent ±1 SE from the means. Asterisk, number
sign significantly different (p<0.05) from all other groups (for contextual and trace fear
conditioning respectively). The numbers of mice per group are presented in the trace fear
conditioning bars; the same mice were tested for contextual and trace cued fear conditioning
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Figure 2.
The effects of 0.18 and 0.27 mg/kg of nicotine on contextual (a) and trace cued fear
conditioning (b) in β2 KO mice and β2 WT mice were examined. Error bars represent ±1 SE
from the means. Asterisk significantly less than saline-treated β2 WT mice (p<0.05), number
sign significantly less than saline-treated β2 KO mice. The numbers of mice per group are
presented in panel b; the same mice were tested for contextual and trace cued fear conditioning
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Figure 3.
a α7 WT mice and α7 KO mice that received nicotine (0.09 mg/kg) or saline were trained using
5 CS (30 s, 85 dB white noise)—trace (30 s)—US (2 s, 0.570-mA footshock) presentations.
There was a significant main effect of genotype on trace cued fear conditioning with α7 KO
mice freezing significantly more to the CS than α7 WT mice regardless of treatment.
Asterisk significantly different (p<0.05) from levels of trace cued fear conditioning in α7 WT
mice. b α7 WT mice and α7 KO mice that received nicotine (0.09 mg/kg) or saline were trained
using a 0.285-mA footshock US. Mice treated with nicotine demonstrated higher levels of both
contextual fear conditioning and trace cued fear conditioning than mice treated with saline
regardless of genotype. Error bars represent ±1 SE from the means. Asterisk significantly
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different levels of contextual fear conditioning (p<0.05) in saline treated mice; number sign
significantly different levels of trace cued fear conditioning (p<0.05) from α7 WT mice that
received saline; percent symbol significantly different levels of trace cued fear conditioning
(p<0.05) from α7 KO mice that received saline. The numbers of mice per group are presented
in the trace fear conditioning bars; the same mice were tested for contextual and trace cued
fear conditioning
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