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Hippocampal �4�2 Nicotinic Acetylcholine Receptor
Involvement in the Enhancing Effect of Acute Nicotine on
Contextual Fear Conditioning

Jennifer A. Davis,* Justin W. Kenney,* and Thomas J. Gould
Department of Psychology, Neuroscience Program, Temple University, Philadelphia, Pennsylvania 19122

Nicotine is known to enhance learning and memory in hippocampus-dependent tasks such as contextual fear conditioning. The present
study was designed to directly examine whether the hippocampus plays a role in mediating this enhancement and which nicotinic
acetylcholine receptor (nAChR) subtypes localized to the hippocampus are critical for enhanced learning. Contextual fear conditioning
consisted of two white noise conditioned stimuli presentations, each coterminating with a 2 s, 0.57 mA footshock separated by a 120 s
intertrial interval. Nicotine (0.09, 0.18, and 0.35 �g per side) was bilaterally infused into the dorsal hippocampus before training and
testing. Infusions of nicotine into the dorsal hippocampus produced a dose-dependent enhancement of contextual fear conditioning. To
determine which nAChRs are critical to the enhancing effect of nicotine, the preferential �4�2 nAChR antagonist, dihydro-�-
erythroidine (DH�E) (6.00 and 18.00 �g per side), or the preferential �7 nAChR antagonist, methyllycaconitine (MLA) (13.50 and 27.00
�g per side), was bilaterally infused into the dorsal hippocampus before systemic injections of nicotine (0.09 mg/kg). DH�E infusions
dose-dependently blocked the enhancement of contextual fear conditioning by nicotine, whereas MLA infusions yielded an intermediate
effect. In addition, neither DH�E nor MLA had an effect on contextual fear conditioning in the absence of systemic nicotine. The present
results suggest a critical role for �4�2 nAChRs in the dorsal hippocampus for mediating the enhancing effect of nicotine on contextual
fear conditioning.
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Introduction
Studies assessing the role of the hippocampus in contextual and
cued fear conditioning have revealed that the brain region is nec-
essary for the former but not the latter task (Phillips and Ledoux,
1992; Kim et al., 1993; Logue et al., 1997). Thus, data indicating
that acute systemic nicotine enhances contextual fear condition-
ing and has no effect on cued fear conditioning (for review, see
Gould, 2006) suggest that the effect of nicotine on contextual fear
conditioning is mediated by nicotinic acetylcholine receptors
(nAChRs) in the hippocampus and/or a connected structure.
However, the role of hippocampal nAChRs in the effect of acute
nicotine on learning and memory has not been demonstrated
directly. Equivocal results from previous studies (Barros et al.,
2004; Sharifzadeh et al., 2005) indicate that the action of nicotine
at hippocampal nAChRs may be sufficient to enhance learning
and memory. But, it is not known whether the action of nicotine

at hippocampal nAChRs is necessary for the enhancement of
learning and memory.

Neuronal nAChRs are a family of pentameric ion channels
that are located throughout the CNS and comprise either � (�2–
�10) or a combination of � and � (�2–�4) subunits (for review,
see Decker et al., 1995; Jones et al., 1999). Although a large num-
ber of nAChR subtypes exist, �4�2 (this subtype may include
additional subunits) and �7 nAChRs comprise the majority of
brain nAChRs (Wada et al., 1988; Couturier et al., 1990; Flores et
al., 1992; Séguéla et al., 1993; Perry et al., 2002). Both subtypes are
found in the hippocampus, but the specific localization and den-
sity of the subtypes within the hippocampus differ (Alkondon
and Albuquerque, 1993, 2001). In addition, functional character-
istics of these nAChR subtypes including affinity for nicotine, rate
of desensitization and subsequent recovery, and cation perme-
ability differ (Alkondon and Albuquerque, 1993; Séguéla et al.,
1993; Decker et al., 1995), suggesting that the subtypes may me-
diate different processes.

There is strong evidence for a high comorbidity between
smoking and a variety of disorders that affect hippocampal func-
tion, such as schizophrenia (de Leon et al., 1995; Dalack and
Meador-Woodruff, 1996). This increased smoking behavior may
be an attempt to self-medicate via ingestion of the psychoactive
compound nicotine (Simosky et al., 2002; Kumari and Postma,
2005). Therefore, it is important to identify the nAChR subtypes
and neural substrates that are critically involved in the effects of
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nicotine on learning and memory. The studies reported here ex-
amine whether hippocampal �4�2 nAChRs and/or �7 nAChRs
mediate the effect of acute systemic nicotine on contextual fear
conditioning. Specifically, the studies first determined whether
intrahippocampal infusions of nicotine would enhance contex-
tual fear conditioning. Then, it was examined whether intrahip-
pocampal infusions of either dihydro-�-erythroidine (DH�E; a
high-affinity nAChR antagonist that preferentially binds �4�2
nAChRs) or methyllycaconitine (MLA; an �7 nAChR antago-
nist), would block the enhancing effect of acute nicotine on con-
textual fear conditioning. The results demonstrate the critical
involvement of �4�2 nAChRs in the hippocampus in the en-
hancing effect of acute nicotine on contextual fear conditioning.

Materials and Methods
Subjects. Subjects were male C57BL/6J mice or male and female �7
nAChR knock-out (KO) mice and their wild-type (WT) littermates 8 –12
weeks of age. �7 nAChR KO and WT mice were bred from mice het-
erozygous for the mutation and genotyped using PCR [for a detailed
description of mouse line generation and genotyping reactions, see Orr-
Urtreger et al. (1997)]. Mice were group housed (two to four per cage)
before surgery and singly housed after surgery with ad libitum access to
food and water. Housing cages (27.5 � 19.5 � 16.0 cm) were constructed
of clear polycarbonate on the sides and bottom. Cage tops were metal
rods that held food and water above the cage at a level that was accessible
to the mice. Bed-o’ cobs 1/8 inch bedding (The Andersons, Maumee,
OH) covered the floor of each housing cage. Mice were maintained on a
12 h light/dark cycle (lights on 7:00 A.M.). Training and testing occurred
during the light phase. The Temple University Institutional Animal Care
and Use Committee approved all behavioral and surgical procedures.

Apparatus. Training and testing for contextual fear conditioning oc-
curred in four identical conditioning chambers (17.8 � 19.0 � 38.1 cm)
housed in sound-attenuating boxes (Med Associates, St. Albans, VT).
Each chamber consisted of stainless steel side walls and Plexiglas walls in
the front and back. The floor of each chamber comprised metal rods (1.6
mm diameter) spaced 0.6 cm apart and connected to a shock generator
and scrambler (model ENV-414; Med Associates). Ventilation fans were
mounted on the back of each box to provide air exchange and back-
ground noise (69 dB), and speakers were mounted on the left wall for
acoustic stimuli presentation. Stimuli administration was controlled via
a personal computer running MED-PC software.

Testing for cued fear conditioning took place in four altered chambers
(20.3 � 22.9 � 17.8 cm) located in a different room and distinct from
those for training. The chambers consisted of Plexiglas front and back
walls, metal side walls, and grid floors covered by opaque white plastic.
Speakers were mounted above the chambers for acoustic stimuli presen-
tation, and sidewall mounted fans provided background noise and air
exchange. Vanilla extract was added to paper towels, which were placed
under each chamber, to further distinguish the chambers from those
used for training.

Behavioral procedures. Freezing, defined as a lack of movement except
for respiration (Blanchard and Blanchard, 1969), served as the depen-
dent measure. Freezing was assessed using a time-sampling procedure in
which mice were observed for 1 s every 10 s and scored as freezing or
active. Data are presented as percentage of 10 s intervals mice spent
freezing.

Mice were trained in contextual fear conditioning as described previ-
ously (Gould and Wehner, 1999). Mice were placed in the chambers, and
baseline freezing was assessed for 120 s. After baseline, two coterminating
conditioned stimulus (CS) (30 s, 85 dB white noise)– unconditioned
stimulus (US) (2 s, 0.57 mA footshocks) presentations were separated by
a 120 s intertrial interval. The training session ended with a 30 s stimulus-
free period. Twenty-four hours after training, mice were placed into the
same context, and freezing behavior was assessed over 5 min.

Observed differences in contextual fear learning may reflect alterations
in nonassociative processes such as arousal, locomotor activity, or atten-
tional processes rather than changes in hippocampus-dependent learn-

ing. To assess this possibility, separate groups of mice were trained and
tested in cued fear conditioning, a task that is not hippocampus depen-
dent. A modified delay fear-conditioning training procedure was used
(Gould et al., 2004) to reduce freezing in response to the CS to reduce the
likelihood of ceiling effects.

Training in cued fear conditioning consisted of one CS (85 dB white
noise, 15 s)–US (0.57 mA, 2 s) pairing that followed a 120 s stimuli-free
period during which baseline freezing was assessed. After the CS–US
pairing, mice remained in the training chambers for an additional 30 s.
Testing for cued conditioning occurred in the altered chambers 24 h after
training. Mice were placed in the chambers for 6 min. Freezing in the
absence of the CS was scored during the first 3 min, and during the last 3
min, freezing to the CS was assessed. Chambers were cleaned with a 70%
ethanol solution after all behavioral procedures.

Surgery. Mice were anesthetized using isoflurane gas (5% induction,
2–3% maintenance) and placed in a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA). The scalp was incised and retracted to ex-
pose the skull. Lambda and bregma were aligned in the same horizontal
plane, and two 21 gauge holes were drilled into the skull. Bilateral stain-
less steel guide cannulas (C232G, 22 gauge; Plastics One, Roanoke, VA)
were inserted and fixed to the skull with dental cement. Dummy cannulas
(C232DC; Plastics One) were inserted into the guide cannulas to prevent
clogging before infusion. Coordinates determined using the atlas of Paxi-
nos and Franklin (2001) were as follows: posterior to bregma, �1.7 mm;
mediolateral, �1.5 mm; ventral to skull surface, �0.76, �2.3, and �3.3
mm for above, into, and below the dorsal hippocampus, respectively. To
minimize postoperative pain, Buprenex (0.03 mg/kg) or Ketoprofen (2.0
mg/kg) was administered subcutaneously after surgery. Animals were
allowed at least 5 d to recover before behavioral procedures began.

Drugs and infusion. All drugs were purchased from Sigma (St. Louis,
MO). Nicotine hydrogen tartrate salt [reported as freebase: 0.09 mg/kg,
i.p., or 0.09, 0.18, and 0.35 �g/0.50 �l infusion per side based on Barros
et al. (2004) and Quagazzal et al. (1999)], MLA [13.50 and 27.00 �g/0.50
�l based on Levin et al. (2002)], and DH�E [6.00 and 18.00 �g/0.50 �l
infusion per side based on Levin et al. (2002)] were dissolved in physio-
logical saline. For experiments that required systemic administration of
nicotine, the drug was administered intraperitoneally at an injection vol-
ume of 0.01 ml/g body weight 2– 4 min before training and testing.

For direct infusions, mice were gently restrained and dummy cannulas
were removed and replaced with 22 gauge infusion cannulas. Drugs were
infused at a rate of 0.50 �l/min and at an injection volume of 0.50 �l per
side. Infusion cannulas were attached to polyethylene tubing (PE50; Plas-
tics One), which was attached to a 10 �l Hamilton (Reno, NV) syringe.
Drug administration was controlled by a microinfusion pump (KDS 100;
KD Scientific, New Hope, PA). Injection cannulas were left in place for 1
min after infusion to allow drug to diffuse away from the cannula tip.
Nicotine was infused immediately before training and testing, and MLA
or DH�E was infused 15 min before training and testing. Spread of
infusion using this procedure has been previously estimated to be �1
mm 3 (Lewis and Gould, 2007).

Histology. Animals were killed by cervical dislocation, and brains were
rapidly dissected and placed in a 10% formalin solution (Fisher Scien-
tific, Pittsburgh, PA) for at least 24 h. Coronal sections (60 �m thick,
proximal to injection tracks) were sliced at �18°C using a cryostat and
mounted on PLUS slides (Fisher Scientific). The sections were then
stained with cresyl violet and coverslipped, and placements were deter-
mined using a light microscope. Data from animals with incorrect can-
nula placements were excluded from statistical analysis (�10%).

Statistical analysis. ANOVAs were performed on percentage freezing
data for experiments with three or more groups. Levene’s tests were
performed to determine whether the variances were equal across groups
for each dependent variable. In situations in which variances were equal,
Tukey’s honestly significant difference analyses were performed to exam-
ine pairwise differences in percentage freezing data. If variances were
unequal, Games-Howell post hoc tests were used. Independent-samples t
tests were performed on percentage freezing data for experiments with
two groups. Analyses were performed with SPSS (Chicago, IL) version
11.0 software.
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Results
Intrahippocampal nicotine dose-
dependently enhances contextual
fear conditioning
To directly test whether the action of nic-
otine at hippocampal nAChRs is sufficient
to enhance learning and memory, the ef-
fects of bilateral hippocampal infusions of
saline or nicotine (0.09, 0.18, or 0.35 �g
per side; n � 9 –11) on contextual fear
conditioning were examined (Fig. 1A). A
one-way ANOVA revealed that there were
no effects of treatment on baseline freezing
( p � 0.05), suggesting that there were no
differences among the groups in general
arousal and freezing behavior. There was an
effect of treatment on contextual fear condi-
tioning (F(1,37) � 3.31; p � 0.05). Follow-up
Games-Howell comparisons revealed that
mice treated with the highest dose of nico-
tine (0.35 �g per side) froze significantly
more during testing than mice that received
saline ( p � 0.05). Mice treated with the low-
est (0.09 �g per side) and the middle (0.18
�g per side) dose of nicotine demonstrated
levels of contextual fear conditioning that
were not different from levels of freezing
demonstrated by mice treated with saline or
the highest dose (0.35 �g per side) of nico-
tine ( p � 0.05 for all comparisons).
Thus, intrahippocampal nicotine dose-
dependently enhances contextual fear
conditioning.

The enhancement of contextual fear
conditioning by intrahippocampal nico-
tine may reflect effects of the drug in regions above and/or below
the dorsal hippocampus. To assess this possibility, two additional
experiments were conducted. Saline or nicotine (0.35 �g per
side) was infused above the hippocampus in the first experiment
(n � 6 –7) (Fig. 1B), and saline or nicotine (0.35 �g per side) was
infused below the dorsal hippocampus in the second experiment
(n � 7–9) (Fig. 1B). Independent-samples t tests revealed that
nicotine-treated mice demonstrated levels of baseline freezing
(data not shown) and contextual freezing that were similar to
saline-treated mice when nicotine was infused either above or
below the hippocampus ( p � 0.05 for all comparisons). These
data suggest that nAChRs in the hippocampus and not nAChRs
in neighboring structures are involved in the enhancing effect of
nicotine on contextual fear conditioning.

There are at least two possible interpretations of the data in-
dicating that intrahippocampal nicotine dose-dependently en-
hances contextual fear conditioning: (1) nicotine acts at nAChRs
in the hippocampus to enhance learning and memory processes
that are involved in contextual fear conditioning; or (2) nicotine
acts at nAChRs in the hippocampus to alter nonassociative pro-
cesses such as attention, arousal, and/or locomotor activity. If the
second interpretation is correct, then intrahippocampal nicotine
administration should produce comparable effects on other sim-
ilar tasks that may not critically depend on the hippocampus. To
assess this possibility, the effect of intrahippocampal nicotine on
delay cued fear conditioning was examined. Because previous
research indicates that mice demonstrate ceiling levels of freezing

in response to the CS after training with two CS–US pairings
(Gould et al., 2004), mice receiving intrahippocampal saline or
nicotine (0.35 �g per side) were trained using one pairing of the
CS (15 s) with the US (n � 7). Testing for freezing in response to
the altered context and for freezing in response to the CS oc-
curred 24 h after training (freezing in response to the CS: saline,
57.1 � 4.5%; 0.35 �g of nicotine, 55.6 � 4.1%). Independent-
samples t tests revealed that there were no differences between
mice treated with nicotine and mice treated with saline in pre-CS
freezing ( p � 0.05) or freezing in response to the CS ( p � 0.05).
These data suggest that the enhancing effect of intrahippocampal
nicotine on contextual fear conditioning is attributable to en-
hanced learning and memory rather than changes in nonassocia-
tive processes.

Intrahippocampal DH�E, but not MLA, dose-dependently
blocks the enhancing effect of systemic nicotine on contextual
fear conditioning
The results thus far suggest that acute nicotine infused into the
dorsal hippocampus is sufficient to enhance contextual fear con-
ditioning. However, systemic nicotine may act at nAChRs in the
hippocampus, other brain regions, or in both the hippocampus
and other brain regions to enhance learning. Therefore, the next
step was to determine whether activation of nAChRs in the dorsal
hippocampus is necessary for the enhancement of contextual fear
conditioning by nicotine and to determine which receptor sub-
types are involved. To this end, DH�E or MLA was infused into
the dorsal hippocampus before the administration of systemic

Figure 1. The effect of nicotine infused into, above, and below the dorsal hippocampus on contextual fear conditioning. A, Mice
received saline or nicotine (0.09, 0.18, or 0.35 �g per side) before training and testing in contextual fear conditioning. Mice that
received the highest dose of intrahippocampal nicotine (0.35 �g per side) froze significantly more in response to the context than
mice that received intrahippocampal saline. *p � 0.05, compared with saline group. Error bars represent SEM. B, Mice were
infused with saline or 0.35 �g/side nicotine either above or below the dorsal hippocampus. C, Circles represent the tip of the
infusion tracts for all mice in the intrahippocampal nicotine experiment. Numbers represent distance in millimeters posterior to
bregma. Pictures were modified from Paxinos and Franklin (2001).
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nicotine before contextual fear conditioning. Under these condi-
tions, only the nAChRs in the hippocampus that are blocked by
either of the antagonists would be insensitive to the action of
nicotine.

To examine the effects of blocking DH�E-sensitive nAChRs
in the hippocampus, mice received systemic injections of either
saline or nicotine (0.09 mg/kg) and bilateral intrahippocampal
infusions of saline or DH�E (6.00 �g or 18.00 �g per side) before
training and testing for freezing in response to the context (Fig.
2A). Four experimental conditions were used (n � 12–13): (1)
intrahippocampal saline and systemic saline; (2) intrahippocam-
pal saline and systemic nicotine; (3) intrahippocampal DH�E
(6.00 �g per side) and systemic nicotine; and (4) intrahippocam-
pal DH�E (18.00 �g per side) and systemic nicotine. A one-way
ANOVA revealed that there was an effect of treatment on contex-
tual fear conditioning (F(3,49) � 4.02; p � 0.05). Consistent with
previous research (for review, see Gould, 2006), Tukey-adjusted
post hoc comparisons revealed that mice that received intrahip-
pocampal saline and systemic nicotine demonstrated signifi-
cantly higher levels of contextual fear conditioning than mice that
received intrahippocampal saline and systemic saline ( p � 0.05).
In addition, the enhancing effect of systemic nicotine on contex-
tual fear conditioning was blocked by intrahippocampal infu-
sions of 18.00 �g per side ( p � 0.05) but not by 6.00 �g per side
of DH�E ( p � 0.05). These results suggest that hippocampal
nAChRs that are antagonized by DH�E, such as �4�2 nAChRs,
are necessary for the enhancing effect of acute systemic nicotine
on contextual fear conditioning and that nicotine is not acting in
another brain area in parallel with the hippocampus to enhance
contextual fear conditioning. There was no effect of treatment on
baseline freezing ( p � 0.05), suggesting that differences between
groups were not attributable to alterations in arousal or locomo-
tor activity.

The effect of DH�E administration alone was also examined
(n � 9 –10) (Fig. 2B). Mice received either intrahippocampal
saline and systemic saline or intrahippocampal DH�E (18.00 �g
per side) and systemic saline. Independent-samples t tests re-
vealed that there was no effect of DH�E administration on base-
line freezing ( p � 0.05) or freezing in response to the training
context ( p � 0.05). Thus, consistent with results from previous
studies that used systemic antagonist administration (Davis and
Gould, 2006), nAChRs that are antagonized by DH�E are not
necessary for contextual fear conditioning.

In an effort to determine whether nAChR subtypes besides
those that are blocked by DH�E are involved in the enhancement
of contextual fear conditioning by nicotine, the effect of intrahip-
pocampal MLA, an �7 nAChR antagonist, on the enhancement
of contextual fear conditioning by nicotine was examined (Fig.
3A). Four experimental groups were used (n � 10 –12): (1) intra-
hippocampal saline and systemic saline; (2) intrahippocampal
saline and systemic nicotine; (3) intrahippocampal MLA (13.50
�g per side) and systemic nicotine; and (4) intrahippocampal
MLA (27.00 �g per side) and systemic nicotine. A one-way
ANOVA revealed an effect of drug treatment on contextual fear
conditioning (F(3,39) � 3.20; p � 0.05) and no effect on baseline
freezing ( p � 0.05). Follow-up Tukey-adjusted comparisons re-
vealed that mice that received intrahippocampal saline and sys-
temic nicotine froze significantly more than mice that received
intrahippocampal saline and systemic saline ( p � 0.05). No
other comparisons were significant ( p � 0.05 for all compari-
sons). However, intrahippocampal MLA administration was as-
sociated with an intermediate effect; mice that received MLA and

nicotine were not significantly different from the saline control
group.

The effect of intrahippocampal MLA administration alone on
contextual fear conditioning was also assessed (Fig. 3B) using the
following groups (n � 10): (1) intrahippocampal saline and sys-

Figure 2. The effect of intrahippocampal DH�E on the enhancement of contextual fear
conditioning by systemic nicotine. A, Mice received either systemic saline or nicotine (0.09
mg/kg) and intrahippocampal saline or DH�E (6.00 or 18.00 �g per side). Mice that received
intrahippocampal saline and systemic nicotine froze significantly more in response to the con-
text than mice that received intrahippocampal saline and systemic saline and intrahippocampal
DH�E (18.00 �g per side) and systemic nicotine. *p � 0.05, compared with the intrahip-
pocampal saline–systemic saline and intrahippocampal DH�E (18.00 �g per side)–systemic
nicotine groups. B, In the absence of nicotine, DH�E (18.00 �g per side) has no effect on
contextual fear conditioning. Error bars represent SEM. C, Dots represent the tip of infusion
tracts for mice in the DH�E and nicotine experiment from A. Numbers represent distance in
millimeters posterior to bregma. Pictures were modified from Paxinos and Franklin (2001).
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temic saline; (2) intrahippocampal MLA (13.50 �g per side) and
systemic saline; and (3) intrahippocampal MLA (27.00 �g per
side) and systemic saline. A one-way ANOVA revealed no effect
of treatment on contextual fear conditioning ( p � 0.05) or base-
line freezing ( p � 0.05). This result suggests that hippocampal �7
nAChRs are not involved in contextual fear conditioning.

Intrahippocampal MLA has the same effect on the
enhancement of contextual fear conditioning by nicotine in
�7 nAChR KO and WT mice
There are two potential interpretations of the results from the
MLA hippocampal infusion experiment. One possibility is that
the doses of MLA used may not have been large enough to pro-
duce a significant effect, and full attenuation of the enhancement
of contextual fear conditioning may have occurred with a higher
dose of the drug. However, this interpretation is unlikely given
previous studies indicating that nicotine enhances contextual
fear conditioning in mice that lack �7 nAChRs (Wehner et al.,
2004; Davis and Gould, 2007). A second interpretation is that
MLA attenuated the effect of systemic nicotine on contextual fear
conditioning by antagonizing receptors other than �7 nAChRs.
To evaluate this possibility, a follow-up experiment using �7
nAChR KO and WT mice was performed. MLA or saline was
infused into the dorsal hippocampi of �7 nAChR KO and WT
mice that were administered systemic saline or nicotine (Fig. 4).
Thus, the following treatment groups existed for both KO and
WT mice (n � 13–14): (1) intrahippocampal saline and systemic
saline; (2) intrahippocampal saline and systemic nicotine; and (3)
intrahippocampal MLA (27.00 �g per side) and systemic
nicotine.

Initial analyses revealed that there were no significant differ-
ences between male and female mice ( p � 0.05 for all compari-
sons). Therefore, data from male and female mice were combined
for analyses. A 3 � 2 (treatment � genotype) ANOVA revealed
no significant interaction ( p � 0.05) but a main effect of treat-
ment (F(2,68) � 5.69; p � 0.05) on contextual fear conditioning.
Follow-up Tukey-adjusted comparisons within genotype re-
vealed that mice receiving intrahippocampal saline and systemic
nicotine demonstrated higher levels of freezing in response to the
context than mice receiving intrahippocampal saline and sys-
temic saline ( p � 0.05), demonstrating that nicotine will enhance
contextual fear conditioning in �7 KO mice. No other pairwise
comparisons were significant ( p � 0.05). However, intrahip-
pocampal MLA administration yielded an intermediate effect
similar to the effect described in the earlier experiment; WT and
KO mice that received systemic nicotine and intrahippocampal
MLA demonstrated levels of freezing to the context that were not
different from those of the saline control group. Thus, the inter-
mediate effect of MLA on the enhancement of contextual fear
conditioning by systemic nicotine in C57BL/6 mice is likely
caused by MLA acting at receptors other than �7 nAChRs.

Discussion
The major findings of the present studies are as follows: (1) in-
trahippocampal nicotine dose-dependently enhances contextual
fear conditioning; (2) the demonstrated enhancement of contex-
tual fear conditioning is not attributable to the action of nicotine
in cortical regions above or thalamic regions below the hip-
pocampus; (3) intrahippocampal nicotine enhanced associative
learning (i.e., the context–US association) rather than nonasso-
ciative processes because cued feared conditioning was unaf-
fected by intrahippocampal nicotine administration; and (4) nic-
otine acts at DH�E-sensitive hippocampal nAChRs to produce
its effects on contextual fear conditioning; antagonism of hip-
pocampal DH�E-sensitive nAChRs blocked the enhancing effect
of acute systemic nicotine on contextual fear conditioning. These
data strongly suggest that the action of nicotine at DH�E-
sensitive hippocampal nAChRs is necessary and not simply suf-
ficient for the nicotine-associated enhancement of this task.

A previous study that used systemic coadministration of

Figure 3. The effect of intrahippocampal MLA on the enhancement of contextual fear con-
ditioning by systemic nicotine. A, Mice received either systemic saline or nicotine (0.09 mg/kg)
and intrahippocampal saline or MLA (13.50 or 27.00 �g per side). Mice that received intrahip-
pocampal saline and systemic nicotine froze significantly more in response to the context than
mice that received intrahippocampal saline and systemic saline. *p � 0.05, compared with the
intrahippocampal saline–systemic saline group. B, MLA (13.50 or 27.00 �g per side) had no
effect on contextual fear conditioning in the absence of nicotine. Error bars represent SEM. C,
Dots represent the tip of infusion tracts for mice in the MLA and nicotine experiment from A.
Numbers represent distance in millimeters posterior to bregma. Pictures were modified from
Paxinos and Franklin (2001).
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DH�E and nicotine suggested a role for nAChRs that are antag-
onized by DH�E in the effects of acute nicotine on contextual fear
conditioning (Davis and Gould, 2006); systemic administration
of DH�E dose-dependently blocked the enhancing effect of acute
systemic nicotine on contextual fear conditioning. However, the
brain region(s) through which nicotine produces its effect on the
task could not be identified from the results of the study, because

systemic administration of nicotine and DH�E will, by defini-
tion, result in the action of the drugs throughout the central and
peripheral nervous systems. Thus, the results of the present re-
search significantly extend the findings of Davis and Gould
(2006) and the findings from previous studies indicating that
nicotine enhances hippocampus-dependent learning and mem-
ory (Buccafusco et al., 1996; Levin et al., 1997; Gould and Weh-
ner, 1999; Barros et al., 2004; Sharifzadeh et al., 2005) by directly
demonstrating that DH�E-sensitive nAChRs in the hippocam-
pus are critical for the enhancing effect of the drug.

DH�E antagonizes nAChR subtypes, including �4�2, �4�4,
�3�2, �2�2, and �2�4 nAChRs, that bind nicotine with high
affinity (Harvey et al., 1996; Khiroug et al., 2004). Thus, the
present results identify a group of nAChR subtypes that could be
necessary for the effect of acute nicotine on contextual fear con-
ditioning. Two lines of evidence suggest that �4�2 nAChRs may
be the critical nAChR subtype through which acute nicotine pro-
duces its effects on contextual fear conditioning. First, �4�2
nAChRs are not only the most sensitive subtype to DH�E (Har-
vey et al., 1996; Khiroug et al., 2004), but they are also among the
most prominent neuronal nAChRs, accounting for �90% of
nAChRs that bind nicotine with high affinity in the brain (Flores
et al., 1992; Picciotto et al., 1995). Consistent with these data,
�4�2 nAChRs are densely located in the hippocampus (for re-
view, see Picciotto et al., 2001). Second, data from Wehner et al.
(2004) and Davis and Gould (2007) indicate that nicotine fails to
enhance contextual fear conditioning in �2 nAChR subunit KO
mice. Such data suggest that �2 subunit-containing nAChRs,
such as �4�2 nAChRs, are critical for the enhancing effect of
acute nicotine on hippocampus-dependent forms of fear
conditioning.

Nicotine both activates and desensitizes nAChRs (Decker et
al., 1995; Jones et al., 1999). Thus, acute systemic nicotine may
enhance contextual fear conditioning via activation, desensitiza-
tion, or activation and subsequent desensitization of �4�2
nAChRs. However, if desensitization of �4�2 nAChRs is critical
for the effect of acute systemic nicotine on contextual fear condi-
tioning, then it would be expected that functional inactivation of
these receptors via intrahippocampal DH�E administration
would enhance contextual fear conditioning. This result was not
seen. Thus, the present results support a necessary role for either
�4�2 nAChR activation or �4�2 nAChR activation, followed by
desensitization in the effect of acute systemic nicotine on contex-
tual fear conditioning.

In contrast to the role �4�2 nAChRs seem to play in the
enhancement of contextual fear conditioning by acute nicotine,
�7 nAChRs do not seem to be critical to the effect despite their
dense localization in the hippocampus (Alkondon and Albuquer-
que, 1993; Séguéla et al., 1993; Dominguez del Toro et al., 1994).
In agreement with previous work (Paylor et al., 1998; Wehner et
al., 2004; Davis and Gould, 2007), the present study found that �7
nAChR KO mice demonstrated normal contextual fear condi-
tioning and enhancement of contextual fear conditioning by
acute nicotine. Possible developmental compensatory alterations
resulting from deletion of the �7 gene could limit the interpret-
ability of these results. However, these data, along with the MLA
results, suggest that �7 nAChRs are not necessary for the enhanc-
ing effect of nicotine on learning and memory.

The results indicating that MLA infusions nonsignificantly
reduce the enhancement of contextual fear conditioning by nic-
otine in �7 nAChR KO mice suggest that at doses commonly used
in infusion experiments, MLA may not be as selective for �7
nAChRs as is assumed. Additional support for this contention

Figure 4. The effect of intrahippocampal MLA on the enhancement of contextual fear con-
ditioning by systemic nicotine in �7 nAChR KO and WT mice. A, In both KO and WT mice,
systemic nicotine enhanced contextual fear conditioning. Intrahippocampal MLA (27.00 �g per
side) had the same effect in both KO and WT mice on the ability of nicotine to enhance contex-
tual fear conditioning. *p � 0.05, compared with the intrahippocampal saline–systemic saline
group. Error bars represent SEM. B, Dots represent the tip of infusion tracts for KO mice. Num-
bers represent distance in millimeters posterior to bregma. Pictures were modified from Paxi-
nos and Franklin (2001).
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has come from studies indicating that MLA binds to a population
of non-�7 nAChRs (Mogg et al., 2002), and the effects of MLA on
nicotine-evoked Ca 2� influx (Ridley et al., 2002) and dopamine
release from synaptosomes (Mogg et al., 2002) differ from those
of the classic �7 nAChR antagonist, �-bungarotoxin. Further-
more, Klink et al. (2001) found that MLA inhibited dopaminergic
release from neuronal slices obtained from �7 nAChR KO mice.
Indeed, MLA has been found to bind to �6-containing nAChRs
(Mogg et al., 2002), and at higher concentrations, �3- and �4-
containing receptors (Drasdo et al., 1992; Palma et al., 1996). The
more selective �-bungarotoxin was not used because of its irre-
versible binding characteristics and its convulsant and locomotor
reduction properties (Kempsill and Pratt, 2000). Thus, the non-
significant MLA-associated reduction of the enhancing effect of
nicotine on contextual fear conditioning seen in the present stud-
ies is most likely attributable to the action of MLA at non-�7
nAChRs.

Differential involvement of the �4�2 and the �7 nAChRs may
reflect their divergence in functional characteristics and cellular
localization. �7 nAChRs exhibit low affinity for nicotine and
desensitize rapidly after activation by the drug, whereas �4�2
nAChRs exhibit high affinity for nicotine and desensitize more
slowly after activation (Alkondon and Albuquerque, 1993). Thus,
the activation of �4�2 and �7 nAChRs are associated with long-
lasting (tonic) and short-lasting (phasic) synaptic responses, re-
spectively (Alkondon et al., 1999). Furthermore, �7 nAChRs lo-
calized to pyramidal cells can influence synaptic plasticity (Ji et
al., 2001), whereas both �7 and �4�2 nAChRs appreciably con-
tribute to the modulation of hippocampal pyramidal cell activity
and plasticity by innervating GABAergic interneurons (Alkon-
don et al., 1998, 1999; Ji and Dani, 2000; Alkondon and Albu-
querque, 2001). Therefore, the data from the present study sug-
gest that nicotine may have its effect on modulating contextual
fear conditioning by altering the tonic activation of hippocampal
interneurons as opposed to acting directly at hippocampal pyra-
midal cells.

There are at least two possible broad mechanisms down-
stream from �4�2 nAChRs by which nicotine may act to enhance
contextual fear conditioning. First, activation of �4�2 nAChRs
may increase the strength of signaling pathways that are normally
involved in contextual fear conditioning. For example, the
extracellular-regulated kinases (ERKs) have been implicated in
contextual fear conditioning (Sweatt, 2001), and nicotine is
known to increase phosphorylation of ERK in PC12 h cells by
activation of non-�7 nAChRs (Nakayama et al., 2001) and in
mouse neuroblastoma N1E-115 cells (Tomizawa and Casida,
2002). Thus, nicotine-associated increases in ERK activation may
increase the strength of synaptic alterations that may underlie
learning. In support, Raybuck and Gould (2007) demonstrated
that decreasing ERK activity blocked the enhancing effect of nic-
otine on contextual fear conditioning. Alternatively, nicotine
may activate a pathway that is not usually recruited during con-
textual fear learning. Activation of such a pathway may act in
parallel with those usually activated to enhance learning. Deter-
mining the downstream mechanisms by which activation of hip-
pocampal �4�2 nAChRs effects learning and memory is an im-
portant next step in understanding how nicotine alters cognition.
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