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a b s t r a c t

NMDA glutamate receptors (NMDARs) and nicotinic acetylcholine receptors (nAChRs) are both involved
in learning and synaptic plasticity. Increasing evidence suggests processes mediated by these receptors
may interact to modulate learning; however, little is known about the neural substrates involved in these
interactive processes. The present studies investigated the effects of nicotine on MK-801 hydrogen
maleate (MK-801) and DL-2-Amino-5-phosphonovaleric acid (APV)-induced disruption of contextual
fear conditioning in male C57BL/6J mice, using direct drug infusion and selective nAChR antagonists to
define the brain regions and the nAChR subtypes involved. Mice treated with MK-801 showed a deficit in
contextual fear conditioning that was ameliorated by nicotine. Direct drug infusion demonstrated that
the NMDAR antagonists disrupted hippocampal function and that nicotine acted in the dorsal hippo-
campus to ameliorate the deficit in learning. The high-affinity nAChR antagonist Dihydro-b-erythroidine
hydrobromide (DhbE) blocked the effects of nicotine on MK-801-induced deficits while the a7 nAChR
antagonist methyllycaconitine citrate salt hydrate (MLA) did not. These results suggest that NMDARs and
nAChRs may mediate similar hippocampal processes involved in contextual fear conditioning. Further-
more, these results may have implications for developing effective therapeutics for the cognitive deficits
associated with schizophrenia because a large subset of patients with schizophrenia exhibit cognitive
deficits that may be related to NMDAR dysfunction and smoke at much higher rates than the healthy
population, which may be an attempt to ameliorate cognitive deficits.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Signaling through glutamate N-methyl-D-aspartic acid receptors
(NMDARs) is critically involved in learning (Nakazawa et al., 2004)
and synaptic plasticity (Malenka and Bear, 2004). Processes medi-
ated by NMDARs support both short-term and long-term alter-
ations in neural function that underlie changes in short- and long-
term memory (for review see Lynch, 2004). The cholinergic system
is also involved in learning and synaptic plasticity; cholinergic
antagonists disrupt learning (Anagnostaras et al., 1995; Gale et al.,
2001), and agonists such as nicotine enhance learning (Kenney
and Gould, 2008; Levin et al., 2006) and synaptic plasticity as
measured by long-term potentiation (LTP) (Buccafusco et al., 2005).
Increasing evidence suggests that NMDAR-mediated and nicotinic
acetylcholine receptor (nAChR)-mediated processes may interact
: þ1 215 204 5539.
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during learning (Ciamei et al., 2001; Gould and Lewis, 2005; Levin
et al., 1998) and changes in these processes may occur in mental
illnesses that involve altered cognitive function (Gao et al., 2000;
Harrison et al., 1991). Thus, understanding how NMDAR- and
nAChR-mediated processes interact to alter learning may
contribute to greater understanding of mental illnesses.

Schizophrenia is a psychiatric disorder characterized by positive
symptoms (i.e., auditory hallucinations), negative symptoms
(i.e., lack of affect), and cognitive deficits (i.e., difficulties with
learning and concentration) (Gold and Harvey, 1993; Lewis and
Lieberman, 2000). The cognitive deficits may be related to altered
hippocampal function. The hippocampus is critically involved in
learning, memory, and other cognitive processes (Eichenbaum
et al., 2007; Squire, 1992) and patients with schizophrenia show
physical abnormalities of the hippocampus that include altered
neuronal size, organization, and shape (for review see Harrison,
2004). In addition to altered hippocampal structure, patients with
schizophrenia have altered glutamate signaling (Eastwood et al.,
1997, 1995; Harrison and Eastwood, 1998; Kerwin et al., 1990;
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Porter et al., 1997) and decreased expression of glutamate receptor
genes in post-mortem hippocampal and parahippocampal tissue
(Gao et al., 2000; Harrison et al., 1991). NMDARs are involved in
synaptic plasticity (Herron et al., 1986; Muller and Lynch, 1990) and
learning (Bannerman et al., 1995; Miserendino et al., 1990;
Fanselow and Kim, 1994; Fanselow et al., 1994; Gould et al., 2002;
Stiedl et al., 2000) and thus changes in their function in the
hippocampus may further contribute to cognitive deficits associ-
ated with schizophrenia. In fact, altering NMDAR function produces
similar cognitive and neurochemical alterations (Duncan et al.,
2006; Javitt et al., 1996; Kondziella et al., 2006; Krystal et al.,
1994; Lisman et al., 2010; Luby et al., 1959; Newcomer
et al., 1999; Umbricht et al., 2000).

In addition to changes in NMDAR signaling, schizophrenia is
associated with altered nAChR function (Breese et al., 2000;
Freedman et al., 1995). As mentioned, nAChRs are involved in
cognitive processes (Kenney and Gould, 2008; Levin et al., 2006;
Tinsley et al., 2004) and thus changes in nAChR function could
contribute to cognitive deficits seen with schizophrenia. Interest-
ingly, over 80% of patients with schizophrenia smoke compared to
30% of the normal population (de Leon et al., 1995; Leonard et al.,
2001), and patients with schizophrenia who smoke usually use
high nicotine content products and obtain more nicotine from
cigarettes when compared to smokers without a mental illness
(Olincy et al., 1997). It has been suggested that patients with
schizophrenia use nicotine to self-medicate; thereby alleviating the
cognitive symptoms associated with the disorder (Martin and
Freedman, 2007; Olincy and Stevens, 2007; Olincy et al., 1997). It
is unknown, however, how nicotine could ameliorate these cogni-
tive deficits. Nicotine could decrease deficits directly associated
with changes in nAChR function. In addition, if nAChR- and
NMDAR-mediated processes interact, nicotine could reduce
cognitive deficits associated with NMDAR dysfunction.

Multiple lines of evidence suggest that nicotine could act to
ameliorate hippocampal-based learning deficits associated with
changes in NMDAR function. Nicotine attenuated the effects of
dizocilpine maleate (NMDAR antagonist also known as MK-801) on
working and reference memory (Levin et al., 1998; Tsukada et al.,
2005) and on signal detection errors (Rezvani and Levin, 2003). In
addition, subthreshold doses of MK-801 blocked nicotine enhance-
ment of memory consolidation (Ciamei et al., 2001), and co-admin-
istration of subthreshold doses ofMK-801 and the nAChR antagonist
mecamylmine disrupted contextual fear conditioning (Gould and
Lewis, 2005). However, the neural basis for nicotine’s effects on
NMDAR antagonist-induced deficits in learning is unknown.

It is the hypothesis of this study that nicotine will ameliorate
deficits in contextual fear conditioning associated with NMDAR
antagonism and that this is a hippocampally mediated effect. To
test this, the effects of systemic nicotine on systemic NMDAR
antagonist-induced deficits in fear conditioning were examined.
This was followed by studies that examined if systemic nicotine
would reverse deficits in fear conditioning produced by direct
infusion of an NMDAR antagonist into the dorsal hippocampus and
examined if direct infusion of nicotine into the dorsal hippocampus
would reverse systemic NMDAR antagonist-induced deficits in fear
conditioning. In addition, the nAChR subunits involved in the
effects of nicotine on these NMDAR antagonist-induced deficits are
unknown. Neuronal nAChRs are part of a broad family of pen-
tameric ion channels comprised of either an a (a2e10) or a and
b (b2e4) subunits (Decker et al., 1995). Both a7 and b2-containing
nAChRs are involved in cognitive effects of nicotine and may both
be involved in schizophrenia (Arthur and Levin, 2002; Breese et al.,
2000; Davis and Gould, 2007; Davis et al., 2007; Freedman et al.,
1995). Furthermore, a7 and a4b2* (*denotes potential other
subunits) nAChRs are found in the dorsal hippocampus (Alkondon
and Albuquerque, 1993; Zarei et al., 1999), which suggests that
either or possibly both of these nAChRs are involved in the effects of
nicotine on NMDAR antagonist-induced deficits. Therefore, the
effects of a7 and a4b2* nAChR antagonists on nicotine amelioration
of NMDAR antagonist-induced deficits in fear conditioning were
examined. Through examining the interactive effects of nAChR and
NMDAR signaling on learning and the underlying substrates, these
studies may further understanding of the neural substrates of
learning and provide information useful in developing treatments
for the cognitive deficits associated with schizophrenia as current
therapeutics for schizophrenia commonly treat the positive
symptoms with modest or no efficacy for treating the cognitive and
negative symptoms (Goldberg et al., 2010; Keefe et al., 1999;
Meltzer and McGurk, 1999).

2. Materials and methods

2.1. Subjects

Male C57BL/6J mice (n ¼ 7e14 per group) (Jackson Laboratory, Bar Harbor, ME)
were housed four to a cagewith food andwater available ad libitum.Mice in the direct
infusion studies were single housed following cannulation. All mice were tested
between 8 and 12 weeks of age. The lightedark cycle was 12:12 h with lights on at
0700 h and all testing occurred between 0800 h and 1700 h. All procedures were
approved by the Temple University Institutional Animal Care and Use Committee.

2.2. Apparatus

Training and context testing took place in four identical conditioning chambers
(18� 19� 38 cm) with aluminum side walls, Plexiglas front and back walls, and grid
floors. Each conditioning chamber was housed in a sound-attenuating cubicle
(conditioning chambers and sound-attenuating cubicles from MED Associates, St.
Albans, VT, USA). Each cubicle contained a ventilation fan which provided air
exchange and background noise (69 dB). A speaker mounted to the wall of each
chamber produced an 85-dB white noise conditioned stimulus (CS). The grid floors
of the conditioning chambers were connected to a shock scrambler and generator.
The shock unconditioned stimuli (US) were 2 s 0.57 mA shocks. An IBM PC-
compatible computer running MED-PC software interfaced with the conditioning
chamber to control stimuli administration. The CS test took place in a different room
with altered chambers that differed in size (20� 23 � 19 cm) and construction from
the conditioning chambers. The altered chambers, also in sound-attenuating cubi-
cles, were additionally altered by covering the metal grid floor with flat plastic, the
sound-attenuating cubicles contained a dark background rather than a white
background, and vanilla extract was added as an olfactory cue. Ventilation fans
(70 dB) were located in the sides of the sound-attenuating cubicles. Speakers
mounted to the outside walls of the altered context generated an 85 dB white noise
CS during testing for the evaluation of the auditory CSeUS association. All chambers
were cleaned with 70% ethanol before and after each use.

2.3. Surgery

Mice were anesthetized using isoflurane gas (5% induction, 2% maintenance)
and placed in a stereotaxic apparatus from David Kopf Instruments (Tujunga, CA).
Bilateral stainless-steel guide cannulae (C232G, 22 gauge; Plastics One, Roanoke, VA)
were placed into the appropriate location and fixed to the skull with dental cement.
Dummy cannulae (C232DC; Plastics One) were inserted into the guide cannulae to
prevent clogging. Coordinates determined from bregma using the mouse brain atlas
(Paxinos and Franklin, 2001) were as follows: hippocampus: �1.7 mm posterior;
�1.5 mm mediolateral; �2.3 mm ventral; above control (cortex): �1.7 mm poste-
rior; �1.5 mm mediolateral; �1.3 mm ventral; below control (thalamus): �1.7 mm
posterior; �1.5 mm mediolateral; �4.0 mm ventral. Ketoprofen (2.0 mg/kg) was
administered subcutaneously for post-operative pain. Animals were allowed at least
5 days to recover before behavioral procedures began.

2.4. Drugs and administration

2.4.1. Systemic administration
Nicotine hydrogen tartrate (nicotine doses are reported in baseweight), (þ)-MK-

801 hydrogenmaleate,methyllycaconitine citrate salt hydrate (MLA), and dihydro-b-
erythroidine hydrobromide (DhbE) (Sigma Co., St Louis, MO, USA) were dissolved in
physiological saline. Mice received an injection of MK-801 (0 or 0.1 mg/kg, intraper-
itoneal (i.p.)) 15 min prior to training. The dose of MK-801 used was determined
through a dose response curve analysis that demonstrated a dose that disrupted
contextual fear conditioningwhile leaving cued fear conditioning largely intact (data
not shown). MK-801 pretreatment time was based on previous studies (Gould and
Lewis, 2005; Lewis and Gould, 2004). Mice received MLA (0, 10 or 20 mg/kg,
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subcutaneous (s.c.)) or DhbE (0 or 4mg/kg, s.c.) 30minprior to training. Higher doses
of MLA may produce nonspecific effects that include antagonist activity at a4b2
nAChRs in addition to inhibiting a7 nAChRs (see Hashimoto et al., 2005). Mice
received nicotine (0 or 0.18mg/kg, i.p.) 5min prior to training. Nicotine pretreatment
time was based on a previous study (Petersen et al., 1984). The dose of nicotine was
determinedbyadose response analysis (datanot shown). Thedose of nicotineused in
the current studies doesnotenhancecontextual fear conditioning (see Fig.1),which is
consistent with previous work from our laboratory that showed that doses higher
than 0.09 mg/kg nicotine do not enhance contextual fear conditioning in C57BL/6
mice (Gould and Higgins, 2003). All injections were at 10 ml/kg dose volume.

2.4.2. Direct infusion
DL-2-Amino-5-phosphonovaleric acid (APV) and nicotine hydrogen tartrate

(Sigma Co, St Louis, MO, USA) were dissolved in physiological saline. Mice received
APV (0 or 0.25 mg/side) 10 min prior to training based on the work of Stiedl and
colleagues (2000). The dose of APV was determined through a dose response
analysis (data not shown). Mice received nicotine (0 or 0.75 mg/side) 5 min prior to
training. Infusion pretreatment timewas based on previous work (Gulick and Gould,
2009) and dose was based on preliminary dose response curve (data not shown). For
direct infusions, mice were gently restrained and dummy cannulae were removed
and replaced with 22-G infusion cannulae. Drugs were bilaterally infused at a rate of
0.50 ml/min. Infusion cannulae were attached to polyethylene tubing (PE50; Plastics
One), which was attached to a 10 ml Hamilton (Reno, NV) syringe. Drug adminis-
tration was controlled by a micro-infusion pump (KDS 100; KD Scientific, New
Hope, PA). Injection cannulae were left in place for 1 min after infusion to allow for
drug diffusion away from the cannulae.

2.5. General experimental procedure

Mice were fear conditioned as described in Gould and Higgins (2003). All drug
administration occurred on training day. During training and testing, each mouse
was scored as either freezing or active once every 10 s. Freezing was defined as an
absence of visible movement except for respiration (Blanchard and Blanchard,1969).
For training, the mice were placed in conditioning chambers for 5.5 min. They
received two co-terminating CS (30 s, 85 dB white noise)-US (2 s, 0.57 mA foot
shock) presentations. Baseline freezing behavior was recorded during the first 120 s
of the training session. At 120 s, the first CS sounded for 30 s. The US was presented
during the last 2 s of the CS. Mice received a second CSeUS pairing identical to the
first. The mice remained in the chamber 30 s after the second CSeUS presentation.

Approximately 24 h after training, mice were assessed for freezing to the
context. To evaluate freezing to the context, mice were placed in the conditioning
chamber and freezing behavior was recorded for 5 min. Approximately 1 h after
contextual fear conditioning testing, freezing to the CS was evaluated. Mice were
placed in the altered chambers for 6 min. During the first 180 s (Pre-CS or gener-
alized freezing period) freezing in the absence of the CS was assessed to measure
generalized freezing. During the final 180 s (CS or cued freezing period), the CS was
presented and freezing behavior to the CS was assessed.

2.6. Histology

Brains were placed in a 10% formalin solution (Fisher Scientific, Pittsburgh, PA)
for at least 24 h before 60 mm thick coronal sections were sliced at �18 �C. The
sections were stained with cresyl violet and cannula placements were determined
using a light microscope. Infusions have been estimated to diffuse to about 1 mm3

(Holt and Maren, 1999; Lewis and Gould, 2007a,b); data from animals with place-
ments outside of the target area were excluded from analysis.
Fig. 1. The interaction between systemic MK-801 and systemic nicotine on fear condi-
tioning. Mice treated with MK-801 froze significantly less to the context than mice
treated with saline, nicotine, or both MK-801 and nicotine. There was no effect on
freezing to the cue. Error bars represent � the standard error of the mean. The *

indicates significantly different than all other groups (p < 0.05).
2.7. Statistical analysis

To examine the interactive effects of nicotine and the NMDAR antagonists on
fear conditioning, a 2� 2 factorial analysis of variance (ANOVA) was performed with
each drug acting as a between subjects factor. To further analyze the effects of each
drug in these studies and to examine the effects of the nAChR antagonists on
nicotine’s ameliorative effect, one way ANOVA was performed on baseline, context,
pre-CS, and CS freezing. Tukey’s honestly significant difference or GameseHowell
post-hoc tests were performed depending on the homogeneity of the data set to
examine the difference between groups. Any subjects with values more than 2.5
standard deviations away from the mean were deemed outliers and excluded from
analysis, which totaled 9 throughout all experiments. Group sizes are reported in the
figures. All statistical analyses were completed using SPSS Version 16.0.

3. Results

Due to themultiple drug combinations tested, the groupswill be
identified by the active drug or drugs only (i.e., MK-801 rather than
MK-801 and saline) whenever possible.

3.1. Systemic nicotine ameliorates contextual fear conditioning
deficits associated with systemic MK-801

To determine if nicotine was able to ameliorate the deficits in
contextual conditioning produced by MK-801, mice were adminis-
tered systemic nicotine (0.18 mg/kg) and MK-801 (0.1 mg/kg) prior
to training of fear conditioning. A 2 � 2 ANOVA revealed a signifi-
cant effect of MK-801 on contextual freezing: F (3, 40) ¼ 32.844,
p < 0.05, a significant effect of nicotine on contextual freezing: F (3,
40) ¼ 5.814, p < 0.05, and a significant interaction between the
drugs: F (3, 40)¼ 4.933, p< 0.05. Tukey’s post-hoc analysis revealed
that mice receiving 0.1 mg/kg MK-801 froze significantly less than
mice receiving nicotine, saline, or MK-801 and nicotine (p< 0.05 for
all comparisons) (Fig. 1). There were no significant differences in
baseline, generalized or cued freezing.

3.2. Systemic administration of nicotine ameliorates the contextual
fear conditioning deficits associated with direct infusion of APV

Systemic administration of nicotine (0.18 mg/kg) was paired
with direct infusion of the NMDAR antagonist APV (0.25 mg/side)
into the hippocampus to examine if the hippocampus is involved in
the interactive effects of nicotine and NMDAR antagonism on
learning. A 2 � 2 ANOVA revealed a significant effect of APV on
freezing to the context: F (3, 46) ¼ 9.745, p < 0.05, a significant
effect of nicotine on contextual freezing: F (3, 46) ¼ 4.849, p< 0.05,
but no significant interaction between the drugs (p ¼ 0.111). Post-
hoc analyses revealed that mice infused with APV into the dorsal
hippocampus froze significantly less to the context than mice
infused with saline, mice administered systemic nicotine, or mice
infused with APV and administered systemic nicotine (p < 0.05 for
all comparisons) (Fig. 2). There were no significant differences in
baseline, generalized or cued freezing.

3.3. The hippocampus is involved in nicotine’s ameliorative effect

To further elucidate the role of the hippocampus in the
ameliorative effects of nicotine, direct infusion of nicotine (0.75 mg/
side) in combination with systemic administration of MK-801
(0.1 mg/kg) was examined. A 2 � 2 ANOVA revealed a significant
effect of MK-801 on freezing to the context: F (3, 35) ¼ 12.734,
p < 0.05, a significant effect of nicotine on freezing to the context
and the cue: F (2, 35) ¼ 6.921, p < 0.05 and F (3, 35) ¼ 6.905,
p < 0.05, respectively, and a significant interaction between the
drugs on freezing to the cue: F (3, 35) ¼ 13.709, p < 0.05 but not to
the context (p¼ 0.21). Post-hoc analyses revealed that mice treated
withMK-801 froze less to the context thanmice treatedwith saline,



Fig. 4. The interaction between direct infusion of nicotine into areas above and below the
hippocampus with systemic administration of MK-801 on fear conditioning. Mice treated
with saline froze significantly more to the context than mice treated with MK-801 or
both MK-801 and nicotine. Schematics of the drug infusion sites in the dorsal hippo-
campus are included. Circles represent the tip of the infusion tracts, and numbers
represent distance in mm posterior to bregma. Error bars represent � the standard
error of the mean. The * indicates significantly different from saline (p < 0.05).

Fig. 2. The interaction between direct infusion of APV with systemic administration of
nicotine on fear conditioning. Mice treated with APV froze significantly less to the
context than mice treated with saline, nicotine, or both APV and nicotine. There was
no effect on freezing to the cue. Schematics of the drug infusion sites in the dorsal
hippocampus are included. Circles represent the tip of the infusion tracts, and
numbers represent distance in mm posterior to bregma. Error bars represent � the
standard error of the mean. The * indicates significantly different than all other
groups (p < 0.05).
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mice directly infused with nicotine, or mice treated systemically
with MK-801 and directly infused with nicotine (p < 0.05 for all
analyses). Post-hoc analyses also revealed that mice administered
systemic MK-801 froze less to the cue than mice treated with saline
or those receiving systemic MK-801 and direct infusions of nicotine
(p < 0.05 for all comparisons) (Fig. 3). There were no significant
differences in baseline or generalized freezing.

To rule out effects of the drug in areas outside of the hippo-
campus due to drug diffusion, nicotine (0.75 mg/side) was infused
above the dorsal hippocampus into the cortex and below the
hippocampus into the thalamus and MK-801 (0.1 mg/kg) was
administered systemically. One way ANOVA revealed a significant
effect of drug on freezing to the context: F (3, 26) ¼ 5.564, p < 0.05.
There were no statistical differences between the above and below
data for saline controls, therefore the data was pooled. Post-hoc
analyses revealed that the saline treated group froze significantly
more than all other groups (p < 0.05 for all comparisons) (Fig. 4).
There were no significant differences in baseline, generalized or
cued freezing.
Fig. 3. The interaction between direct infusion of nicotine into the dorsal hippocampus
with systemic administration of MK-801 on fear conditioning. Mice treated with MK-801
froze less to the context and the cue than mice treated with saline, nicotine, or both
MK-801 and nicotine. Schematics of the drug infusion sites in the dorsal hippocampus
are included. Circles represent the tip of the infusion tracts, and numbers represent
distance in mm posterior to bregma. Error bars represent � the standard error of the
mean. The * indicates significantly different than all other groups (p < 0.05).
3.4. Nicotine acts through high-affinity nAChRs to ameliorate
NMDAR antagonist-inducted deficits

To determine which nAChR subtypes were involved in the
ameliorative effects of nicotine on NMDAR antagonist-induced
deficits in contextual conditioning, mice were administered
different nAChR subtype antagonists with nicotine and MK-801.
One way ANOVA analysis of the high-affinity nAChR antagonist
DhbE (4 mg/kg) in combination with MK-801 (0.1 mg/kg) and
nicotine (0.18 mg/kg) revealed a significant drug effect on contex-
tual freezing: F (3, 26) ¼ 21.660, p < 0.05. Post-hoc analyses
revealed that contextual fear conditioning after administration of
DhbE along with MK-801 and nicotine was not significantly
different from contextual fear conditioning after administration of
MK-801 (p > 0.05) but was significantly different from saline and
MK-801 in combination with nicotine (p < 0.05 for both compari-
sons). These results show that the high-affinity nAChR antagonist
DhbE was able to block the ameliorating effect of nicotine on the
MK-801-induced deficit (Fig. 5). There were no significant differ-
ences in baseline, generalized or cued freezing.

One way ANOVA on the effects of the a7 nAChR antagonist MLA
(10 and 20 mg/kg) in combination with MK-801 (0.1 mg/kg) and
nicotine (0.18 mg/kg) on fear conditioning revealed a significant
Fig. 5. The interaction between DhbE and MK-801 and nicotine on fear conditioning. The
high-affinity nAChR antagonist DhbE was able to block the ameliorating effect of
nicotine on the MK-801-induced deficit. Error bars represent � the standard error of
the mean. The * indicates significantly different from saline (p < 0.05).



Fig. 7. The effects of nAChRs antagonists on fear conditioning. 20 mg/kg MLA caused
a deficit in freezing to the context, DhbE and 10 mg/kg MLA did not. Error bars rep-
resent � the standard error of the mean. The * indicates significantly different from
saline (p < 0.05).
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effect of drug combination on baseline freezing, freezing to the
context, and cued freezing for MLA: F (4, 34) ¼ 28.607; F (4,
34) ¼ 24.572; and F (4, 34) ¼ 10.227, respectively, p < 0.05 for all
comparisons. Post-hoc analyses revealed that mice that were
administered 10 mg/kg MLA in combination with MK-801 and
nicotine froze to a similar extent to those that received only saline
or MK-801 and nicotine (p > 0.05 for all comparisons). For the
combination of 20 mg/kg MLAwith MK-801 and nicotine, post-hoc
analyses revealed freezing that was significantly lower than the
saline, the MK-801 and nicotine, and the 10 mg/kg MLA with
MK-801 and nicotine groups for freezing to the context (p< 0.05 for
all comparisons). Furthermore, freezing to the cue was significantly
less in 20 mg/kg MLA with MK-801 and nicotine group than all
other groups (p < 0.05 for all comparisons), while baseline freezing
was significantly greater than all other groups (p < 0.05 for all
comparisons) (Fig. 6). There were no significant differences in
generalized freezing. The lower dose of MLA did not block nico-
tine’s amelioration of MK-801-induced deficits while the higher
dose may have produced nonspecific effects that may be unrelated
to a7 nAChR-mediated processes (see Hashimoto et al., 2005). The
effects of the nAChR antagonists alone on fear conditioning were
examined; the doses tested were 4 mg/kg for DhbE and 10 and
20 mg/kg for MLA. One way ANOVAwith drug as between subjects
effect revealed a significant effect of drug on freezing to the
context: F (3, 27) ¼ 12.252, p < 0.05. Post-hoc analyses revealed
that that the group administered 20 mg/kg MLA froze significantly
less to the context than all other groups (p < 0.05 for all analyses)
(Fig. 7). There were no significant differences in baseline, general-
ized or cued freezing.

Finally, to examine if combined administration of nicotine and
nAChR antagonist produced unexpected results, a third study
examined the effects on fear conditioning of administering DhbE
(4 mg/kg) or MLA (20 mg/kg) in combination with nicotine. A
significant effect of drug on baseline freezing was shown: F (2,
21)¼ 8.178, p< 0.05. Post-hoc analyses revealed that mice receiving
the combination of 20 mg/kg MLA and nicotine (0.18 mg/kg) froze
marginally more than the other groups during the baseline period
(p ¼ 0.056). There was also a significant effect of drug on freezing to
the context: F (2, 21) ¼ 4.729, p < 0.05. Post-hoc analyses showed
that mice receiving the combination of 20 mg/kg MLA and nicotine
froze less than the other groups to the context (p < 0.05 for all
comparisons) (Fig. 8). There were no significant differences in
generalized or cued freezing.
Fig. 6. The interaction between MLA and MK-801 and nicotine on fear conditioning. The
low affinity receptor nAChR antagonist MLA (10 mg/kg) was not able to block the
ameliorating effect of nicotine. With 20 mg/kg MLA, a deficit in freezing to the context
and the cue was observed. Furthermore, increased baseline freezing was also present
in this group. Error bars represent � the standard error of the mean. The * indicates
significantly different from saline (p < 0.05).
4. Discussion

The present results provide evidence for a functional interaction
between NMDARs and nAChRs during learning. Nicotine reversed
NMDAR antagonist-induced learning deficits. This effect was hip-
pocampally mediated as demonstrated by using direct infusions of
nicotine into the dorsal hippocampus paired with systemic
administration of the NMDAR antagonist MK-801 and by using
direct infusions of the NMDAR antagonist APV into the dorsal
hippocampus paired with systemic administration of nicotine. In
addition to identifying the dorsal hippocampus as a site where
nAChR and NMDAR signaling may interact to modulate learning,
the study also found that the effects of nicotine on NMDAR-induced
learning deficits were mediated by high-affinity nAChRs, a broad
family of receptors that include the a4b2 nAChRs (Ramirez-Latorre
et al., 1998). These findings have implications for both under-
standing the neurobiology of learning and memory, as they suggest
that nAChRs and NMDARs have common downstream targets
involved in synaptic plasticity, and understanding mental illnesses
that involve changes in cognition and NMDAR and/or nAChR
function, such as schizophrenia and Alzheimer’s disease (Konradi
and Heckers, 2003; Woodruff-Pak and Gould, 2002).
Fig. 8. The effects of MLA or DhbE with nicotine on fear conditioning. Mice treated with
20 mg/kg MLA and nicotine showed increased baseline freezing but significantly less
contextual freezing compared to all other groups. Error bars represent � the standard
error of the mean. The * indicates significantly different from saline (p < 0.05). The #
indicates marginal significance compared to saline (p ¼ 0.056).
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Nicotine binding to a4b2 nAChRs could ameliorate NMDAR
antagonist-associated deficits through either pre or postsynaptic
mechanisms. Presynaptically, nAChR activation stimulates gluta-
mate release (Gray et al., 1996; McGehee et al., 1995). In addition,
Aramakis and Metherate (1998) demonstrated that nicotine acts at
presynaptic nAChRs in rat auditory cortex to increase glutamate
release onto postsynaptic NMDARs. Thus, nicotine may ameliorate
NMDAR antagonist-associated deficits in learning by increasing
synaptic levels of glutamate.

It is also possible that nicotine acts postsynaptically to amelio-
rate the effects of NMDAR antagonists on learning. The NMDAR,
unlike most receptors, is both ligand and voltage gated (Nowak
et al., 1984). Therefore, binding of glutamate to an NMDAR is not
enough to gate calcium ion influx; the membrane needs concurrent
depolarization to remove themagnesium block in the ion pore. This
depolarization along with glutamate binding will trigger an influx
of calcium through NMDAR ion channels (Rathouz et al., 1996; Zarei
et al., 1999). Glutamate binding to a-amino-3-hydroxy-5-methyl-
4-isoxazole propionate receptors (AMPARs) is thought to mediate
the necessary depolarization for NMDAR activation (Herron et al.,
1986). However, there is behavioral evidence that nAChRs may
act in an analogous manner to AMPARs (Gould and Lewis, 2005).
Specifically, in the hippocampus, postsynaptic currents were
present in pyramidal cells after antagonism of NMDARs and
AMPARs, and these residual currents were completely inhibited by
broad spectrum nAChR antagonism by d-tubocurarine and partially
inhibited by a7 specific antagonists MLA and a-bungarotoxin (Hefft
et al., 1999) indicating that some current may be mediated by non-
a7 type receptors. If nAChRs are contributing to the depolarization
necessary for NMDAR activation in the hippocampus, these
receptors should be located postsynaptically in the hippocampus,
which has been reported (Alkondon et al., 2003). Thus, nAChRs
could contribute to activation of NMDAR signaling by providing the
postsynaptic depolarization necessary for NMDAR activation.

Nicotine could also ameliorate the NMDAR antagonist-induced
deficit in learning by directly activating cell signaling cascades
activated by NMDARs. Both nAChRs and NMDARs gate calcium
influx (Fisher and Dani, 2000; Krupp et al., 1999; Zhang et al., 1998).
It is possible that nicotine ameliorates NMDAR antagonist-induced
deficits in contextual fear conditioning by gating a sufficient
amount of calcium to directly activate learning-related cell
signaling cascades (Dajas-Bailador and Wonnacott, 2004; Gould,
2006; Tinsley et al., 2004). For example, nicotine has been shown
to induce cell signaling cascades involving PKA activation and CREB
phosphorylation (Chiamulera et al., 2008; Hu et al., 2002; Welsby
et al., 2006). Nicotine may also modulate learning through activa-
tion of the extracellular regulated kinase 1/2 (ERK1/2) cascade,
a member of the mitogen activated protein kinase family of
proteins that is involved in synaptic plasticity and hippocampus-
dependent learning (Kelleher et al., 2004; Nakayama et al., 2001;
Sweatt, 2001; Tomizawa and Casida, 2002; Welsby et al., 2006).
In support, inhibition of ERK1/2 blocked the nicotine enhancement
of contextual fear conditioning (Raybuck and Gould, 2007). Clearly,
more work is needed to understand how nAChRs and NMDARs
interact to alter learning and synaptic plasticity.

An alternative explanation for the data is that the NMDAR
antagonists produce state dependent deficits and nicotine
ameliorates these deficits. However, while possible, there are
reasons this explanation may not fully account for our findings. It
has been shown that MK-801 can produce state dependent deficits
in a discriminative goal-tracking task when nicotine serves as a CS
(Murray et al., 2010). However, rats in this study received both
MK-801 and nicotine and still showed deficits. If nicotine was
rescuing state dependent deficits, then no deficits should have been
seen when both nicotine and MK-801 were administered. In
addition, it is not clear that MK-801 produces state dependent
deficits in contextual fear conditioning. In the present study, mice
administered 0.1 mg/kg MK-801 on training day showed deficits in
contextual fear conditioning. If the MK-801 deficit in contextual
fear conditioning was state dependent, then no deficit should occur
if MK-801 is administered before both training and testing.
However, using similar fear conditioning procedures to those used
in the current studies, Lu and Wehner (1997) showed that
0.1 mg/kg MK-801 administered prior to training and testing
caused a deficit in contextual fear conditioning. In addition, Bast
et al. (2003) argued that because the MK-801 induced deficit
after dorsal hippocampal infusions was confined to the contextual
portion of the task and cued conditioning remained intact, similar
to our results, state dependent effects are not driving the results in
contextual fear conditioning. Finally, state dependent effects of MK-
801 on passive avoidance and extinction of conditioned fear were
not seen (Baker and Azorlosa, 1996; Kim and McGaugh, 1992;
Nakagawa and Iwasaki, 1996).

For most of the current experiments, the NMDAR antagonist-
induced deficits in fear conditioning were limited to the contextual
association; however, in one experiment a deficit was seen in cued
fear conditioning. This replicates previous findings suggesting that
contextual fear conditioning may be more sensitive to NMDAR
inhibition than auditory cued fear conditioning (Bast et al., 2003;
Goeldner et al., 2009; Gould et al., 2002). The deficit in cued fear
conditioning seenwith systemicMK-801 administration could have
been due to effects of MK-801 in the amygdala. The amygdala is
critically involved in both cued and contextual fear conditioning
(Phillips and LeDoux, 1992) and contains NMDARs (Maren et al.,
1996). In support, direct infusion of APV into the amygdala dis-
rupted acoustic fear potentiated startle and fear conditioning
(Fanselow and Kim, 1994; Fanselow et al., 1994; Kim et al., 1991;
Laurent and Westbrook, 2009; Maren et al., 1996; Miserendino
et al., 1990; Savonenko et al., 2003). It is also possible that the
observed deficit in cued fear conditioning was due to the effects of
MK-801 in other brain regions, including the hippocampus. While
studies have shown that the hippocampus is not necessary for cued
fear conditioning (Phillips and LeDoux, 1992), increasing evidence
suggests that disrupting hippocampal function can, in some cases,
alter cued fear conditioning (Bardgett et al., 2003; Bast et al., 2001;
Yin et al., 2002; Zhang et al., 2001). Because the hippocampus sends
efferent projections to the amygdala (Ishikawa and Nakamura,
2006; Maren and Fanselow, 1995; Pitkanen et al., 2000), changes
in hippocampal function via systemic NMDA antagonism could
disrupt non-contextual memory formation.

MK-801 has been shown to have inhibitory effects at nAChRs
(Amador and Dani, 1991; Ramoa et al., 1990). While MK-801 effects
on nAChRs are seen with higher doses than those used in the
present study, it is possible that the interactive effects of MK-801
and nicotine on learning were due to both drugs acting on nAChRs.
However, the current study also found that nicotine reversed
learning deficits associated with infusion of APV into the dorsal
hippocampus. A search of the literature did not find evidence for
APV having effects on nAChRs. Therefore, the current results are
interpreted as nicotine reversing learning deficits associated with
disruption of NMDAR function.

Finally, our finding that high-affinity nAChRs in the hippo-
campus are critical for the ameliorative effects of nicotine on
NMDAR antagonist-induced deficits in contextual fear conditioning
may contribute to further understanding schizophrenia. Several
theories of schizophrenia propose that changes in the glutamate
system contribute to the disorder (Bickel and Javitt, 2009; Lindsley
et al., 2006; Olney et al., 1999; Weiner and Arad, 2009). In support
of these theories, lower levels of Glu1 and Glu2 AMPAR mRNA
(Eastwood et al., 1997, 1995; Harrison et al., 1991; Kerwin et al.,
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1990) and decreased NR1 NMDAR mRNA as well as increases in
NR2b NMDAR mRNA (Gao et al., 2000) expression are associated
with schizophrenia. Also, decreased NMDAR binding was found in
hippocampi from patients with schizophrenia (Beneyto et al.,
2007). In addition, schizophrenia is also associated with changes
in hippocampal nAChR number and function (de Leon et al., 1995;
Leonard et al., 2001), and patients with schizophrenia smoke at
high rates (80%) (Durany et al., 2000; Leonard et al., 2001; Olincy
et al., 1997). It has been proposed that this high rate of smoking
may reflect self-medication (Martin and Freedman, 2007; Olincy
and Stevens, 2007; Olincy et al., 1997), which could be an attempt
to counter NMDAR and/or nAChR dysfunction. This fits with the
current results that nicotine ameliorated deficits in learning asso-
ciated with NMDAR inhibition.

The potential role of the a7 nAChR in schizophrenia has received
much attention (Breese et al., 2000; Freedman et al., 1995);
however, the present findings suggest that high-affinity nAChRs
could also be involved. This supports research showing that
changes in high-affinity receptors in patients with schizophrenia
may be associated with cognitive deficits (Breese et al., 2000) and
research suggesting that targeting high-affinity nAChR may be
effective in the treatment of the cognitive deficits associated with
schizophrenia (Radek et al., 2010). A better understanding of the
nature of the interaction between high-affinity nAChRs and
NMDARs will increase understanding of the neurobiology of
learning and cognitive dysfunction observed in patients with
schizophrenia. This should aid in the development of pharmaco-
logical interventions that provide more than modest relief for the
cognitive deficits associated with schizophrenia.
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