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Smoking is the largest preventable cause of death in the United States. Furthermore, a recent study found that o10% of quit attempts

resulted in continuous abstinence for 1 year. With the introduction of pharmacotherapies like Chantix (varenicline), a selective a4b2
nicotinic partial agonist, successful quit attempts have significantly increased. Therefore, novel subtype-specific nicotinic drugs, such as

sazetidine-A, present a rich area for investigation of therapeutic potential in smoking cessation. The present studies examine the anxiety-

related behavioral and functional effects of the nicotinic partial agonists varenicline and sazetidine-A during withdrawal from chronic

nicotine in mice. Our studies indicate that ventral hippocampal-specific infusions of sazetidine-A, but not varenicline, are efficacious in

reducing nicotine withdrawal-related anxiety-like phenotypes in the novelty-induced hypophagia (NIH) paradigm. To further investigate

functional differences between these partial agonists, we utilized voltage-sensitive dye imaging (VSDi) in ventral hippocampal slices to

determine the effects of sazetidine-A and varenicline in animals chronically treated with saline, nicotine, or undergoing 24 h withdrawal.

These studies demonstrate a functional dissociation of varenicline and sazetidine-A on hippocampal network activity, which is directly

related to previous drug exposure. Furthermore, the effects of the nicotinic partial agonists in VSDi assays are significantly correlated with

their behavioral effects in the NIH test. These findings highlight the importance of drug history in understanding the mechanisms through

which nicotinic compounds may be aiding smoking cessation in individuals experiencing withdrawal-associated anxiety.
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INTRODUCTION

Tobacco addiction affects an estimated 1.2 billion people
and about 80% of smokers attempting to quit fail (Polosa
and Benowitz, 2011). Nicotine, the addictive compound in
tobacco, exerts its biological effects through activation of
the nicotinic acetylcholine receptor (nAChR) (for review,
see Benowitz, 2009). Drugs targeting nAChRs are an area of
intense investigation for smoking cessation pharmacothera-
pies. Varenicline, the most effective medication for smoking
cessation currently available (Chantix; Pfizer), is a potent
partial agonist for a4b2 nAChRs, as well as a weak partial
agonist at a3b4 nAChRs and a full agonist at a7 nAChRs
(Coe et al, 2005; Rollema et al, 2007). Sazetidine-A is a
recently developed nicotinic compound with high affinity
and selectivity for a4b2 nAChRs, but not a3b4 or a7

nAChRs (Xiao et al, 2006), that quickly and thoroughly
desensitizes the receptor after brief partial agonism (Xiao
et al, 2006; Zwart et al, 2008). However, though both
varenicline and sazetidine-A are a4b2 partial agonists, their
differing activity profile, as well as subtype specificity, may
result in divergent behavioral effects.

While the rewarding properties of nicotine have been
extensively studied (Corrigall et al, 1992, 1994; Grieder et al,
2012; Laviolette et al, 2008; Laviolette and van der Kooy,
2003), the neural substrates associated with withdrawal are
not as well characterized. Activation of diverse brain
regions has been correlated with cognitive withdrawal
symptoms and craving (Azizian et al, 2009; Davis and
Gould, 2009; McClernon and Gilbert, 2004). Although
craving and cognitive impairments are reliable markers of
nicotine withdrawal (Kenney and Gould, 2008; Levin et al,
2006; McClernon et al, 2004; Rezvani and Levin, 2001),
anxiety has been shown to impact relapse rate as well (Dani
and Harris, 2005; DiMatteo et al, 2000). Furthermore,
nicotine withdrawal itself induces an increased anxiety state
in both human (Dani et al, 2005; Hogle et al, 2010; Picciotto
et al, 2002; Piper et al, 2011; Pomerleau et al, 2005) and
animal models (Costall et al, 1989; Irvine et al, 2001;
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Jackson et al, 2008, 2009; Jonkman et al, 2005; Stoker et al,
2008). A recent functional imaging study in smokers
correlated affect with aberrant activation in the hippocam-
pus during smoking cue presentation (McClernon et al,
2008). In addition, a follow-up study observed that
hippocampal volume could be correlated with successful
quit attempts (Froeliger et al, 2010). Hippocampal volume
can also be correlated with anxiety levels in patients with
anxiety disorders (Bremner et al, 1995; Stein et al, 1997).
Furthermore, studies in rodents have shown that lesions
to the hippocampus impact anxiety behaviors, including
hyponeophagia (Bannerman et al, 2003, 2004; McHugh et al,
2004, 2011; Kalisch et al, 2006). Therefore, the present study
examined the effects of sazetidine-A and varenicline
following chronic nicotine exposure and withdrawal in
two rodent models of anxiety, the novelty-induced hypo-
phagia (NIH) test and the marble-burying test. In addition,
hippocampal network function associated with the effects of
sazetidine-A and varenicline during nicotine withdrawal
was investigated.

MATERIALS AND METHODS

Animals

Male 129SvEv;C57Bl/6J F1 hybrid mice (7–12 weeks of age;
25–35 g; Taconic) were pair-housed and maintained on
a 12-h light/dark cycle with food and water available
ad libitum in accordance with the University of Pennsylvania
Animal Care and Use Committee. All experimental testing
sessions were conducted between 0900 and 1500 h, with
animals randomly assigned to treatment conditions and
tested in counterbalanced order.

Drugs

Doses of nicotine tartrate (Sigma-Aldrich, St Louis, MO),
varenicline tartrate (Pfizer, Groton, CT), and sazetidine-A
HCl (RTI International, Research Triangle Park, NC) are
reported as free base weight. For injection studies, all drugs
were prepared immediately before use in 0.9% saline.

Osmotic Minipumps

Nicotine tartrate was dissolved in sterile 0.9% saline
solution and infused through subcutaneous osmotic
minipumps for 14 days (Model 2002; Alzet, Palo Alto, CA).
Mice were anesthetized with an isoflurane/oxygen vapor
mixture (1–3%), and osmotic minipumps were inserted
subcutaneously using aseptic surgery techniques. Mini-
pumps were placed parallel to the spine at shoulder level
with the flow moderator directed away from the wound. The
wound was closed with 7 mm stainless steel wound clips
(Reflex; Cellpoint Scientific, Gaithersburg, MD).

Minipump treatment groups. In all experiments, animals
were implanted with osmotic minipumps to deliver chronic
administration of either nicotine (18 mg/kg/day) or saline.
Following 2 weeks of chronic administration, mice were
anesthetized with an isoflurane/oxygen vapor mixture
(1–3%), an incision was made above the pump at shoulder
level and the pump was either removed (to initiate

spontaneous withdrawal from either nicotine or saline) or
left in place (to serve as sham surgical controls in the
nicotine and saline groups). The incision was then closed
with 7 mm stainless steel wound clips. In all experiments,
mice were tested in behavioral paradigms or killed for tissue
collection at 24 h following surgery.

Cannula Implantation Surgery

Mice were trained in the NIH test before surgery. Mice were
anesthetized with an isoflurane/oxygen vapor mixture
(5% induction, 2–3% maintenance) and placed in a
stereotaxic device (Kopf Instruments, Tujunga, CA). Bilat-
eral stainless steel guide cannulae (Plastics One, Roanoke,
VA) were inserted into the ventral hippocampus and fixed
to the skull with dental cement. Dummy cannulae (Plastics
One) were inserted into the guide cannulae to prevent
clogging. Coordinates for the ventral hippocampus, which
were used previously (Kenney et al, 2012), were determined
using the atlas of Paxinos and Franklin (2001): � 2.8 mm
posterior from Bregma, ±3.0 mm mediolateral, and
� 4.0 mm ventral to skull surface. Metacam (1 mg/kg;
Midwest Veterinary Supply, Burnsville, MN) was adminis-
tered subcutaneously following surgery to minimize post-
operative pain. All animals were housed with one littermate
and allowed at least 10 days to recover before infusions and
behavioral testing were initiated.

Infusion of Drugs

Varenicline tartrate and sazetidine-A HCl were prepared
immediately before use in 0.9% saline. Mice were gently
restrained and dummy cannulae removed and replaced with
22 gauge infusion cannulae attached to PE50 polyethylene
tubing (Plastics One) and a 10-ml Hamilton syringe (Reno,
NV). Drugs were infused at a rate of 0.50 ml/min and an
injection volume of 0.50 ml per side using a microinfusion
pump (KD Scientific, New Hope, PA) over the period of
1 min. Total bilateral infusion procedures lasted 5–7 min.
Infusion cannulae were left in place for 1 min following
infusion to allow drug to diffuse away from cannulae tip.
Direct infusions, as opposed to i.c.v. or systemic infusions,
have very good anatomical precision, as the spread of
infusion using this procedure is B1 mm3 after 24–48 h
(Davis et al, 2007; Lewis and Gould, 2007). Behavioral
testing was carried out 10–15 min after the infusion
procedure because previous data with various behavioral
assays as well as locomotor studies indicated that this
was the best time and the earliest time point to observe
a behavioral effect without drug delivery impacting
the anxiety measure (Turner et al, 2010). A 5-min time
window was allotted to allow the animal time to recover
from the infusion procedure and to move the animal to the
behavioral testing area. Drug doses and infusion rates were
based on prior studies (Hendrickson et al, 2010; Turner
et al, 2010), and any animal exhibiting a clogged cannula
was excluded from the data analysis. Following NIH testing,
mice were killed and brains were immersion fixed in a 4%
formalin solution (Fisher Scientific, Waltham, MA) before
sectioning. The sections were stained with cresyl violet and
cover slipped and cannula placements were determined
using a light microscope.
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NIH Test

The NIH test is a well-validated model of anxiety-like
behavior in mice (Balu et al, 2013; Bechtholt et al, 2007a,
b; Dulawa and Hen, 2005; Gamble-George et al, 2013;
Goeldner et al, 2012; Gur et al, 2007; Merali et al, 2003;
Onksen et al, 2012; Turner et al, 2010), which is sensitive to
acute treatment with anxiolytic drugs, such as chlordiazep-
oxide (Merali et al, 2003; Turner et al, 2010), but not acute
treatment with antidepressants (Gur et al, 2007; Santarelli
et al, 2003). One week before training and for the duration
of the experiment, mice were housed in groups of two.
Training consisted of daily sessions in which mice were
exposed to a highly palatable food (Reese’s peanut butter
chips; Nestle, Glendale, CA (ingredients: partially defatted
peanuts, sugar partially hydrogenated vegetable oil, corn
syrup solids, dextrose, reduced minerals whey, salt vanillin,
artificial flavor, soy lecithin)) in a clear plastic dish. Plastic
dividers (dividing the standard mouse cage lengthwise)
were placed inside each cage to separate the mice during the
training and home cage testing periods. Mice were
acclimated to the barriers for 1 h before placement of food.
Food was placed in the cage for 15 min and latency to
consume was measured. By the 12th day, a baseline latency
to approach and consume the food was reached such that
there was o20% variability between mice. Following
training, mice were implanted with 14-day osmotic mini-
pumps filled with nicotine (18 mg/kg/day) or 0.9% saline.
Testing in the home cage (Home Day 1), novel environment,
and home cage (Home Day 2) occurred on the last 3 days of
minipump viability. On Home Day 1, all animals received a
saline injection 10 min before presentation of food; follow-
ing testing, minipumps were surgically removed for the
withdrawal groups and sham surgeries were performed on
the chronic nicotine group as well as saline animals.
Twenty-four hours later on Novel Test Day, animals were
acclimated for 1 h and injected 10 min before testing in
the novel environment with sazetidine-A (0.01, 0.1, and
1.0 mg/kg), varenicline (0.01, 0.1, and 1.0 mg/kg), or saline.
Mice were removed from the home cage and placed in an
empty standard cage with no bedding. The cage was wiped
with a cleanser (Pine Sol, 1 : 10 dilution) to emit a novel
odor and placed in a white box with bright light
illumination (2150 lux). Latency to consume was recorded.
Mice were tested once again in the home environment on
day 3 (Home Day 2), but were injected with either saline or
drug. On both home test days, the amount consumed was
recorded as grams peanut butter chips to ensure there were
no appetitive treatment effects. Data with the 1.0 mg/kg dose
of sazetidine-A were excluded due to profound reduction in
locomotor activity.

Marble-Burying Test

The marble-burying test is a rodent model of anxiety that
has high predictive value to detect anxiolytic-like activity of
acutely administered drugs (Nicolas et al, 2006). Mice were
implanted with 14-day osmotic minipumps filled with
nicotine (18 mg/kg/day) or 0.9% saline. Following chronic
treatment, animals were tested in the marble-burying test
(Turner et al, 2010, 2011). After a period of acclimation
(1 h), mice were injected i.p. with saline, sazetidine-A, or

varenicline at the doses indicated. Ten minutes later, the
mice were placed individually in small cages (26� 20� 14
cm), in which 20 marbles had been equally distributed on
top of mouse bedding (5-cm deep), and a wire lid was
placed on top of the cage. Mice were left undisturbed for
15 min, after which time the number of buried marbles (ie,
those covered by bedding three-quarters or more) was
counted by a blind observer. Again, data with the 1.0 mg/kg
dose of sazetidine-A were excluded due to profound
hypolocomotion.

Locomotor Activity

Locomotor activity was assessed in a white Plexiglas box
(40� 40� 40 cm), which was wiped down with 70% ethanol
between animals. To ensure consistent results, animals
undergoing chronic treatment were acclimated to the open
field environment for 15 min each day over a period of 3
days. On the fourth day, animals in all treatment groups
were injected with either saline or the nicotinic drugs. Ten
minutes later, they were placed in the locomotor activity
box for 15 min. Locomotion was quantified using the
TopScan suite (Clever Sys, Reston, VA).

Receptor Binding

Cortical and hippocampal tissues were homogenized in
50 mM Tris–HCl buffer, pH 7.4 at 24 1C, and centrifuged
twice at 35 000 g for 10 min in fresh buffer. The membrane
pellets were resuspended in fresh buffer and added to tubes
containing [3H]Epibatidine (EB; Perkin-Elmer, Boston, MA)
or [3H]2-FA-85380 (a kind gift from AstraZeneca, Wilming-
ton, DE) with or without competing drugs. Incubations
were performed in Tris buffer at pH 7.4 for 2 h at 24 1C with
[3H]EB and [3H]2-FA-85380. Bound receptors were
separated from free ligand by vacuum filtration over GF/C
glass-fiber filters (Brandel, Gaithersburg, MD) that were
prewet with 0.5% polyethyleneimine, and the filters were
then counted in a liquid scintillation counter. Non-specific
binding was determined in the presence of 300 mM nicotine,
and specific binding was defined as the difference between
total binding and non-specific binding.

Voltage-Sensitive Dye Imaging

Mice undergoing chronic treatment with saline, nicotine
(18 mg/kg/day), or 24 h nicotine withdrawal (24 h WD) were
decapitated following isoflurane anesthesia. The brain was
removed and horizontal hippocampal slices (350 mm) were
cut with an Integraslice 7550 PSDS (Campden Instruments,
Lafayette, IN) in an ice-cold artificial cerebrospinal fluid
(ACSF) containing an equiosmolar concentration of
sucrose. ACSF consisted of 130 mM NaCl, 3 mM KCl,
1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM glucose, 1 mM
MgCl2, 2 mM CaCl2 (pH 7.2–7.4 when saturated with 95%
O2/5% CO2). Hippocampal slices (between � 5.60 and
� 6.60 from Bregma) were then transferred to a static
interface chamber (34 1C) for 30 min and kept at 22–25 1C
thereafter, until transfer to the recording chamber. The
osmolarity of all solutions was 305–315 mOsm.

Slices were stained with 0.125 mg/ml of the voltage-
sensitive dye di-3-ANEPPDHQ (D36801, Invitrogen) in
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ACSF for 20 min, and imaged in an oxygenated interface
chamber (34 1C) using an 80� 80 CCD camera recording at
a 2-kHz frame rate (NeuroCCD: RedShirtImaging, Decatur,
GA). Epi-illumination was provided by a custom LED
illuminator. Compared with the more commonly used
photodiode array, the CCD chip well size (215 000 electrons)
requires use of relatively low light intensities minimizing
photodynamic damage. A 10� objective lens (Olympus,
Tokyo, Japan) imaged a 2.5� 2.5 mm CA1 region
(32� 32 mm region per pixel). Schaffer collateral stimulation
was administered with the electrode placed near the border
of CA1 in the stratum radiatum (SR). Each trial consisted of
12 stimuli, 20 s apart.

Data Analyses

Voltage-sensitive dye imaging. While in some experi-
ments multiple slices were tested from the same animal,
these were treated as replicates and n refers to the total
number of animals in each group. VSD data were analyzed
in IGOR (Wavemetrics, Lake Oswego, OR) on 12 trial
averages as previously described (Ang et al, 2005; Ortinski
et al, 2010). Briefly, fluorescence changes were calculated as
the percentage change in fluorescence divided by the resting
fluorescence (dF/F). Fitted double exponentials were sub-
tracted from this normalized dF/F to compensate for
photobleaching. Local VSD signals were quantified from
visually identified regions of interest (ROIs) in the SR of the
CA1 in the hippocampus. Identical ROIs were used during
analysis of within-slice parameters, while strict adherence to
anatomical landmarks was used to ensure consistency of
ROI areas across slices. To make comparisons between
groups, we averaged the peak dF/F signal during an
integration window corresponding to the peak of the
response. To evaluate the extent of spatial activation, we
measured the percent of area significantly activated in each
ROI by summing the number of pixels that exhibited
significant depolarization after stimulation (D0.04% dF/F,
corresponding to responsesX3 SD over noise levels). This
‘active’ pixel number was normalized to the total number of
pixels in the ROI and the average number of pixels in a
10-ms window around the peak was calculated.

General data analysis. Statistical analyses were performed
with GraphPad Prism 5.0 software package (GraphPad
Software, San Diego, CA). Differences between groups were
assessed using one- or two-way ANOVA followed by
Bonferroni’s multiple comparison tests. To better assess
significant correlations between in vivo behavior and CA1
reactivity, we used group data in the generation of plotted
points for a Pearson correlation analysis with 95% CI. All
data are expressed as mean±SEM.

RESULTS

Withdrawal from Chronic Nicotine Elicits an
Anxiogenic Effect in the NIH Test

In humans, nicotine withdrawal is often characterized by an
increase in anxiety. To model this pre-clinically, we utilized
the NIH test, a well-validated model of anxiety-like behavior
in mice (Balu et al, 2013; Bechtholt et al, 2007a, b; Dulawa

et al, 2005; Goeldner et al, 2012; Gur et al, 2007; Merali et al,
2003; Onksen et al, 2012; Turner et al, 2010). Animals
chronically treated with nicotine show a reduced latency
to feed in a novel environment relative to saline controls,
indicating an anxiolytic response (Figure 1) (Turner et al,
2010). In contrast, those animals undergoing 24 h WD show
an increased latency to feed relative to saline controls,
indicative of an anxiogenic response. These effects were not
attributable to changes in appetitive behavior as there are
no differences in the latency to feed (P40.05) or in the
amount consumed (P40.05) in the home environment on
Home Day 1 or Home Day 2.

Chronic In Vivo Treatment Increases nAChRs in the
Hippocampus and Cortex

A hallmark of chronic nicotine administration is the
upregulation of nicotinic receptors in the brain (Marks
et al, 1983; Schwartz and Kellar, 1983) and recent studies in
humans have suggested a functional role of these receptors
in relapse vulnerability (Cosgrove et al, 2009). Radioligand
binding to nicotinic receptors is an effective way of
evaluating upregulation. Epibatidine is a broad-spectrum
nAChR ligand that binds with very high affinity
(25–300 pM) to all known heteromeric nAChRs (Avalos
et al, 2002; Houghtling et al, 1995; Xiao and Kellar, 2004). In
contrast, [3H]2-FA-85380 binds selectively to b2-containing
nAChRs (Brody et al, 2006; Deuther-Conrad et al, 2006;
Vaupel et al, 2005). Therefore, examination of the nAChR
binding sites labeled by these two ligands in the ventral
hippocampus (which is an area important in modulating
anxiety responses) and in the cortex (which possesses
almost exclusively a4b2 nAChRs) helps to grossly identify

Figure 1 Behavioral effects of chronic nicotine and nicotine withdrawal.
Chronic nicotine is anxiolytic while 24 h withdrawal (WD) from nicotine is
anxiogenic in the NIH test. Mice were implanted with 14-day osmotic
minipumps filled with saline or nicotine. On day 13, osmotic minipumps
were extracted from ½ of the animals to elicit spontaneous withdrawal
from either saline or nicotine. After chronic treatment, mice were tested in
the NIH paradigm and the 24-h WD time point corresponds to novel day
testing. Latency to approach and consume food is shown as seconds±
SEM. Chronic treatment with nicotine significantly reduced the latency to
consume food in a novel environment (***Po0.001). In contrast,
spontaneous withdrawal from nicotine at the 24-h time point (24 h WD)
significantly increased the latency to consume food in a novel environment,
compared with both saline (***Po0.001) and chronic nicotine
(###Po0.001) (n¼ 6).
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those receptors possessing a b2 subunit in the upregulated
pool of nAChRs. Following chronic administration of
nicotine, [3H]epibatidine (1.5 nM) binding to both hippo-
campal and cortical homogenates was increased (Figure 2ai
and ii), indicating significant upregulation of heteromeric
nAChRs following in vivo treatment with nicotine. Further-
more, binding experiments using a saturating concentration
of [3H]2-FA-85380 (1.8 nM) demonstrate that this upregu-
lated pool of nAChRs in both the hippocampus and the
cortex contains the b2 subunit (Figure 2bi and ii). In both
the hippocampus and cortex, nAChR upregulation persisted
despite 24 h cessation of nicotine treatment (Figure 2b),
indicating that these increased numbers of receptors are
present during withdrawal. Therefore, investigation of
drugs specific for these receptor subtypes is relevant.

Effects of Sazetidine-A and Varenicline in the NIH Test
and Marble-Burying Test During Nicotine Withdrawal

Aversive symptoms such as anxiety during smoking
abstinence often prompt relapse and the upregulation of
b2-containing nAChRs has been suggested to underlie both
the aversive symptoms and relapse vulnerability (Cosgrove
et al, 2009). Therefore, understanding the effects of
potential smoking cessation aids targeting b2-containing

nAChRs on nicotine withdrawal-induced anxiety is critical.
To do this, we examined the effects of varenicline and
sazetidine-A in animals undergoing 24 h WD from nicotine
in both the NIH test and the marble-burying test. As shown
previously, chronic nicotine has a significant anxiolytic
effect while nicotine withdrawal produces a strong anxio-
genic response in this test (Figure 3a and b). However, an
acute i.p. administration of sazetidine-A (0.01 or 0.1 mg/kg)
given to a mouse undergoing nicotine withdrawal 10 min
before testing reversed the anxiogenic effects of 24 h WD
(Figure 3a). In contrast, acute administration of varenicline
at a range of doses (0.01, 0.1, or 1.0 mg/kg) did not
ameliorate nicotine withdrawal behaviors in the NIH test
(Figure 3b). To evaluate the effects of these drugs in another
model of anxiety, we utilized the marble-burying test, which
has been shown to be sensitive to both acute and chronic
administration of nicotinic compounds in drug-naive
animals (Anderson and Brunzell, 2012; Turner et al, 2010,
2011). In this task, we observe that treatment with
sazetidine-A (0.1 mg/kg) as well as varenicline (1.0 mg/kg)
significantly reduces the number of marbles buried in this
task compared with animals undergoing 24 h WD
(Figure 3c). Because altered locomotor activity can con-
found results both in the NIH test and in the marble-
burying test, treatment effects on locomotor activity were
evaluated. However, as shown in Figure 3d, no differences
in locomotor activity were observed.

Hippocampal-Specific Injection of Sazetidine-A, But Not
Varenicline, Rescues Anxiogenic Nicotine Withdrawal
Effects in the NIH Test

The selective differential effects of sazetidine-A and
varenicline in the NIH test suggested divergent effects on
the neural substrates driving this behavioral response. The
NIH test is an anxiety model that is sensitive to ventral
hippocampal perturbation (Bannerman et al, 2002, 2003;
McHugh et al, 2004), suggesting that the behavioral effects
of sazetidine-A and varenicline may be mediated within this
structure. To determine if the ventral hippocampus is a
critical neural substrate underlying the behavioral effects of
sazetidine and varenicline in the NIH, we injected these
compounds directly into this structure during 24 h WD. As
shown in Figure 4a, infusion of sazetidine-A at either the
low (10 pM) or high (1000 pM) concentration resulted in
significant reduction in the latency to feed during 24 h WD
in the NIH test. In contrast, ventral hippocampal infusions
of varenicline at either dose (10 or 1000 pM) had no
significant effect on the latency to feed in the novel
environment.

Alterations in Anxiety-like Behavioral Responses in the
NIH are Paralleled by Functional Changes in the
Hippocampal Network Activity

Because of the ventral hippocampal-specific effects of these
drugs in the NIH test, we chose to evaluate their effects on
ventral hippocampal network activity. However, to do this,
we first investigated hippocampal functional changes
following in vivo treatment with chronic nicotine and
withdrawal, which may impact the efficacy of these drugs.
To do this, evoked responses were recorded from ventral

Figure 2 Chronic nicotine and 24 h nicotine WD effects on nicotinic
receptor regulation in the hippocampus and cortex. Homogenate-binding
experiments with a saturating concentration of (a) [3H]epibatidine ([3H]EB,
1.5 nM) or (b) [3H]2-FA-85380 (1.8 nM) were performed on hippocampal
(i) and cortical (ii) homogenates. Chronic nicotine upregulated heteromeric
nAChRs labeled by (a) [3H]EB and (b) [3H]2-FA-85380 in both the
hippocampus (i) and the cortex (ii), which persisted following 24 h of
nicotine withdrawal (**Po0.01; ***Po0.001) (n¼ 3–7).
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hippocampal slices taken from animals treated with saline,
chronic nicotine (18 mg/kg/day), or 24 h WD.

Electrical stimulation of the Schaffer collateral pathway
(Figure 5a and b) results in robust activation of the CA1, a
region of the hippocampus sensitive to stress-induced
synaptic remodeling (Dalla et al, 2009; Joels et al,
2004, 2008; McEwen, 2001; McEwen and Magarinos,
2001; Shors et al, 1997, 2001) and shown to be selectively
affected in individuals with anxiety disorders (Cole et al,
2010). As shown in Figure 5ci and ii (þ 10ms), responses
evoked in the CA1 by Schaffer collateral stimulation
were significantly increased following chronic administra-
tion of nicotine relative to saline controls. In contrast,
hippocampal slices from animals undergoing 24 h WD

showed responses comparable to saline controls (Figure 5ci
and iii, þ 10 ms). These increases with nicotine and
decreases with 24 h WD are reflected both in the intensity
of response (Figure 5d) and in the amount of area recruited
following stimulation (Figure 5e). Interestingly, although
there was an apparent loss of inhibition following
chronic nicotine treatment which is evident 100 ms after
the stimulation (Figure 5ci and ii, þ 100 ms), there was no
effect of in vivo treatment on Tau (Figure 5f), a measure-
ment reflecting inhibitory activity. This suggests that
chronic administration of nicotine impacts predominantly
the excitatory components governing network activity of
the CA1, which return to control levels following 24 h
of WD.

Figure 3 Effect of sazetidine-A and varenicline on nicotine withdrawal-induced behaviors in the NIH test and marble-burying test. Mice treated with
saline, chronic nicotine, or 24 h withdrawal from chronic nicotine were tested in the NIH paradigm, the marble-burying test, or in the open field. (a, b) On
Novel Test Day, mice received intraperitoneal injections of saline or drug 10min before testing. The mean latency to approach and consume food is shown
as seconds±SEM. Chronic nicotine reduced the latency to consume food in the novel environment relative to both saline (***Po0.001; *Po0.05) and 24 h
WD (###Po0.001, #Po0.05). Nicotine withdrawal significantly increased the latency to approach and consume food in the novel environment compared
with saline (***Po0.001; **Po0.01). No significant treatment effects were observed in the home environment (n¼ 7–13). (a) Acute sazetidine-A
treatment at the low dose (0.01mg/kg) during 24 h WD significantly reduced latencies compared with 24 h WD (###Po0.001), while the 0.1mg/kg
sazetidine-A dose administered during nicotine withdrawal significantly reduced latency to feed relative to both saline treatment (***Po0.05) and 24 h WD
(###Po0.001) (n¼ 7–13). (b) In contrast, acute treatment with varenicline (0.1mg/kg) during 24 h nicotine withdrawal remained significantly elevated from
saline levels (*Po0.05) and no dose of varenicline resulted in significantly different values relative to 24 h WD (n¼ 7–13). (c) Chronic treatment with
nicotine resulted in significantly fewer marbles buried in the marble-burying test compared with saline (*Po0.05). Additionally, the chronic nicotine
treatment group as well as administration of sazetidine-A (0.1mg/kg) or varenicline (1.0mg/kg) during 24 h WD resulted in significantly fewer marbles buried
compared with 24 h WD (###Po0.001; ##Po0.01) (n¼ 6–8). (d) There were no significant treatment effects on locomotor activity (n¼ 7–8).
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Previous Nicotine Exposure Differentially Impacts
Effects of Sazetidine-A and Varenicline on CA1 Evoked
Responses

To investigate underlying functional mechanisms associated
with the behavioral response to sazetidine-A and vareni-
cline during nicotine withdrawal, we examined the effects of
these drugs in vitro on ventral hippocampal function
following in vivo administration of nicotine and 24 h WD.
Microdialysis studies in naı̈ve animals have found low
micromolar levels of endogenous acetylcholine in the
hippocampus (Marrosu et al, 1995). In addition, deposition
studies show that varenicline levels in brain following an
acute administration remain in the low micromolar range
for up to 6 h (Rollema et al, 2010). Based on these studies,
we chose to utilize bath application of low micromolar
concentrations of the partial agonists. As shown previously,
hippocampal responsivity was increased following chronic
nicotine administration and returned to saline levels after
24 h of nicotine cessation (Figure 6a, top row). In saline-
treated animals (Figure 6a, first column), bath application
of sazetidine-A (1 mM) slightly dampened baseline activity
while varenicline (1 mM) mildly enhanced it. Conversely, in
nicotine-treated animals (Figure 6a, middle column),

sazetidine-A application had no effect while varenicline
greatly attenuated the increased excitability resulting from
chronic in vivo treatment with nicotine. During nicotine
WD (Figure 6a, last column), bath application of sazetidine-
A enhances the CA1 responsivity to near nicotine-treated
levels, while varenicline application results in a small
attenuation of the evoked response. Thus, the modulatory
effects of sazetidine-A and varenicline in the hippocampus
differ depending on the in vivo drug history (eg, saline,
nicotine, or 24 h WD) (Figure 6b). Sazetidine-A effectively
reduces CA1 excitability in a saline-treated animal, has no
measurable effect in the nicotine-treated animal, and
significantly enhances CA1 excitability in animals under-
going 24 h WD. In contrast, varenicline mildly enhances
CA1 excitability in naı̈ve animals, while attenuating
responses in both the nicotine and 24 h WD groups.

Correlation of Ventral Hippocampal Function with
Anxiety-like Behavior in the NIH Test

To determine if there is an association between hippocam-
pal function and nicotine withdrawal-related anxiety
behaviors, we correlated CA1 excitability in the hippocam-
pus with the NIH behavioral responses in all treatment
groups. We found that heightened CA1 evoked responses in
the hippocampus significantly correlate with reduced
anxiety in the NIH test (Figure 6c). These data conclude
that increased hippocampal excitability accompanies both
anxiolytic effects of chronic nicotine (Figures 1a and 2) and
anxiolytic effects of sazetidine-A in 24 h WD animals
(Figure 2). Conversely, reduced hippocampal excitability
accompanies anxiogenic effects observed in 24 h WD
animals (Figures 1a and 2) and following treatment with
varenicline during 24 h WD (Figure 2).

DISCUSSION

Gray and McNaughton (1996, 2000) have proposed the
hippocampus as the neurobiological correlate of trait
anxiety in the brain and theorized that those systems
responsible for anxious behaviors during conflict are
mediated by the hippocampus. Recently, this has been
demonstrated experimentally in human subjects in fMRI
connectivity studies showing that the hippocampus controls
emotional responses in the amygdala and other brain
regions (Hahn et al, 2010). Furthermore, there is a large
body of rodent literature demonstrating that lesions of the
ventral hippocampus specifically, but not the dorsal
hippocampus or amygdala, impact anxiety behaviors in
conflict and hyponeophagia paradigms like the NIH test
(Bannerman et al, 2002, 2003, 2004; McHugh et al, 2004,
2011). This hippocampal control of emotional responses
could be accomplished via endogenous cholinergic drive
within the hippocampus working synergistically with
GABAergic inputs from the septum to affect hippocampal
circuitry, thus directly inhibiting anxiety responses
(Degroot and Treit, 2003, 2004).

Nicotine withdrawal results in an increase in anxiety
symptoms (for review, see Dani et al, 2005, Picciotto et al,
2008, and Picciotto et al, 2002), which can be disso-
ciated from fear responses during nicotine withdrawal

Figure 4 Hippocampal-specific infusions of sazetidine-A, but not
varenicline, rescue anxiety-like nicotine withdrawal impairments. (a) Mice
undergoing 24 h withdrawal from chronic nicotine were tested in the NIH
paradigm. On Novel Test Day, mice received intrahippocampal infusions of
saline or drug 10–15min before testing. The mean latency to approach and
consume food is shown as seconds±SEM. Hippocampal-specific treatment
with sazetidine-A at either 10 or 1000 pM reduced the latency to consume
food in the novel environment (*Po0.05; **Po0.01), compared with
nicotine withdrawal. In contrast, intrahippocampal treatment with vareni-
cline (10 or 1000 pM) during nicotine withdrawal had no effect. No
significant treatment effects were observed in the home environment.
(b) Schematic of bilateral infusion sites in the ventral hippocampus (n¼ 6–7).
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(Hogle et al, 2010). Clinically, studies in smoking popula-
tions have found that hippocampal activation due to
smoking cue presentation is associated with anxiety
symptoms in abstinent smokers (McClernon et al, 2008).
Furthermore, hippocampal volume has been shown to
predict smoking cessation treatment outcomes (Froeliger
et al, 2010). Though clinical studies have described
associations between nicotine withdrawal-induced anxiety,
hippocampal function, and smoking cessation treatment
outcomes, the present studies are the first concerted effort
to (1) determine the anxiolytic efficacy of these drugs in

nicotine-dependent animals and (2) evaluate the effect of
these drugs on hippocampal network function following
chronic treatment with nicotine and withdrawal.

Our results show that the NIH test is sensitive to the
effects of chronic nicotine and 24 h nicotine withdrawal. In
concordance with clinical findings in abstinent smokers
(McClernon et al, 2008), these alterations in anxiety-related
behaviors are paralleled by a nicotine-induced change in
ventral hippocampal activation; specifically, chronic nico-
tine increases evoked responses from the CA1 of the
hippocampus following Schaffer collateral stimulation

Figure 5 CA1 responsivity to Schaffer collateral stimulation is increased following in vivo chronic nicotine treatment. (a) Diagram of hippocampus circuitry
illustrates the stimulus paradigm utilized in this study. A stimulating electrode was placed in the Schaffer collateral axons from CA3 pyramidal cells and a
recording electrode was placed in the distal end of SR in CA1. The light gray line represents the pyramidal cell layer and the dotted black line delineates the
path of the Schaffer collateral axons. The dark gray box depicts the area visualized in b. (b) Horizontal slices containing the hippocampus were visualized
under a 10� lens. The black triangle shows the stimulating electrode placement and the white triangle shows the placement of the recording electrode.
Labels correspond to: SO—stratum oriens, SR—stratum radiatum, SLM—stratum lacunosum moleculare, CTX—cortex, DG—dentate gyrus.
(c) Representative images of the average pixel changes for the duration indicated following stimulation demonstrates the peak excitatory (top panel,
þ 10ms) and inhibitory (bottom panel, þ 100ms) responses in saline (i), nicotine (ii), or 24 h nicotine WD (iii) groups. Changes in membrane voltage are
illustrated in red (excitation) or blue (inhibition). (d–f) Chronic administration of nicotine increased both the amplitude of peak excitation (d) and the area
of peak excitation (e) in stratum radiatum (SR) compared with saline (*Po0.05; **Po0.01) and 24 h nicotine withdrawal (##Po0.01) conditions.
No differences in tau (f) were observed in the SR between treatment groups. All data are presented as mean±SEM (n¼ 6–14).
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(Figures 5 and 6). The first report of increased excitability
as a consequence of in vivo nicotine administration was
recently described in the hippocampus using single-cell
and extracellular field recordings; this study found that
increased excitability in CA1 pyramidal neurons persists
even after prolonged withdrawal (24 h–9 months) (Penton
et al, 2011). We extend these single-cell findings to demons-
trate the alterations in hippocampal network function
following chronic nicotine treatment and withdrawal,
specifically demonstrating an increase in network-level
neuronal activity following chronic in vivo nicotine admin-
istration (Figure 5). Recent voltage-sensitive dye imaging
(VSDi) studies have demonstrated the importance of
cholinergic signaling in the integration of excitatory inputs,
specifically via a4b2 nAChRs (Bell et al, 2011; McQuiston,
2010). Continuous modulation of these inputs, as in the case
with chronic nicotine exposure, may lead to the long-lasting
CA1 hyperexcitability, which we observe following chronic
nicotine treatment and withdrawal. This hyperexcitability
may underlie many of the nicotine withdrawal symptoms
(Kenney et al, 2008).

In addition to the functional changes observed following
chronic in vivo nicotine and nicotine withdrawal, we also
show that the a4b2 selective nicotinic compounds sazeti-
dine-A and varenicline exhibit very different effects during
nicotine withdrawal. Previous studies show that both
sazetidine-A and varenicline ameliorate cognitive with-
drawal symptoms (Raybuck et al, 2008; Rezvani et al, 2011)
and reduce nicotine self-administration (Levin et al, 2010;
O’Connor et al, 2010; Rezvani et al, 2010). Furthermore,
both varenicline and sazetidine-A have shown antidepres-
sant efficacy in the forced swim test (Caldarone et al, 2011;
Kozikowski et al, 2009; Mineur et al, 2011; Rollema et al,
2009; Turner et al, 2010). In contrast, in conflict anxiety
paradigms like the NIH test, we have previously shown that
chronic sazetidine-A has anxiolytic effects, while varenicline
does not (Turner et al, 2010). However, these previous
studies examined the effects of sazetidine-A and varenicline
in naı̈ve animals, in not nicotine-dependent animals. The
present studies examine the effects of these drugs following
24 h withdrawal from chronic nicotine treatment. During
nicotine withdrawal, we find that acute administration
of sazetidine-A, whether administered i.p. or specifically
infused into the ventral hippocampus, successfully rescued
nicotine-withdrawal deficits in the NIH test (Figures 3a
and 4). In contrast, neither i.p. injections nor hippocampal
infusions of varenicline had any effect on nicotine-
withdrawal deficits in the NIH test (Figures 3b and 4).
While nicotine withdrawal may potentially impair cognitive
processing related to novelty, it is unlikely that this impacts
our interpretation of the NIH test. First, our previous work
has shown that while nicotine withdrawal at the same dose
significantly impairs hippocampal-dependent contextual
learning in C57/Bl6 mice, the 129SvEv;C57Bl/6J F1 hybrid
mice utilized in these studies do not exhibit learning
impairments (Wilkinson et al, 2013). Second, these studies
specifically target alterations in the ventral hippocampus,
which in contrast to the dorsal hippocampus, is thought to
contribute to anxiety-related phenotypes and not spatial
memory, per se. For example, lesions to the ventral
hippocampus affect anxiety but not spatial learning in
rodents (Bannerman et al, 2002, 2003, 2004; McHugh et al,

Figure 6 Effects of sazetidine-A and varenicline on CA1 excitatory
responses are dependent upon in vivo drug treatment. (a) Representative
images of the average pixel changes for the peak excitatory responses
(þ 10ms) in saline (i), nicotine (ii), or 24 h nicotine WD (iii) groups are
shown at baseline (top row), during bath application of sazetidine-A (1mM,
middle row), or during bath application of varenicline (1mM, bottom row).
Excitatory changes in membrane voltage are illustrated in red. (b) Effects of
in vitro application of sazetidine-A and varenicline on peak SR excitatory
responses are shown as mean percent change from their respective in vivo
drug treatment baseline. In vitro sazetidine-A (1mM) treatment attenuates
CA1 excitatory responses in saline animals, has no effect in chronic nicotine-
treated animals, and enhances peak excitatory responses during 24 h
withdrawal from chronic nicotine. In contrast, in vitro treatment with
varenicline (1mM) slightly enhances CA1 excitatory responses in saline
animals, while significantly attenuating CA1 excitatory responses in both
chronic nicotine and 24 h nicotine withdrawal conditions. Significantly
different from respective saline in vivo condition: *Po0.05; **Po0.01;
***Po0.001. Significantly different from respective nicotine in vivo condition:
#Po0.05. Data represent mean changes observed in 7–14 animals per
group. (c) The amplitude of peak SR excitation significantly correlated
with the latency to feed in the NIH paradigm on Novel Test Day
(Po0.05). Group data for the in vivo treatment groups are represented in
the correlational graphs. Dashed lines indicate the 95% CI (n¼ 5–7 per
group).

a4b2 Drugs in the hippocampus and nicotine withdrawal
JR Turner et al

2043

Neuropsychopharmacology



2004, 2011). And third, we have previously shown that while
there is a selective deficit in spatial object recognition
during nicotine withdrawal, there was no effect on novel
object recognition (Kenney et al, 2011), suggesting that the
cognitive impairments following nicotine withdrawal are
not novelty related. Because alterations in motor ability
following chronic treatment with nicotine and/or 24 h WD
would seriously impede proper interpretation of our NIH
test results, we evaluated the effects of our treatments in an
open field analysis. None of these effects were due to
differences in locomotion (Figure 3d). We also find that the
dissociable effects of varenicline and sazetidine-A are also
paradigm specific. For example, in the marble-burying test,
we observe that acute treatment with either sazetidine-A
(0.1 mg/kg) or varenicline (1.0 mg/kg) during 24 h WD is
anxiolytic, which is similar to our previous observations
with acute or chronic treatment of sazetidine-A and
varenicline in naı̈ve animals (Turner et al, 2010, 2011).
However, the precise neural substrates underlying the
marble-burying task are unknown.

In addition, the dissociable effects of varenicline and
sazetidine-A were also evident in vitro, where application of
sazetidine-A potentiated evoked responses in the hippo-
campus, while application of varenicline did not. Current
studies indicate a network level balance between activation
and desensitization is important in eliciting the behavioral
effects of nicotinic compounds (for review, see Picciotto
et al, 2008). In vitro studies show that low concentrations of
sazetidine-A profoundly desensitize a4b2 nAChRs for
prolonged periods (Xiao et al, 2006; Zwart et al, 2008).
This is in contrast to varenicline, where recent evidence
suggests that the therapeutic window for varenicline
corresponds to the point at which there is enough unbound
agonist to elicit combined desensitization and receptor
activation (Rollema et al, 2010). Therefore, these results
may be due to differential effects of varenicline and
sazetidine-A on nAChR activation and desensitization
(Caldarone et al, 2011; Rollema et al, 2010; Xiao et al,
2006; Zwart et al, 2008).

Nicotine dependence impacts 46 million American adults
(CDC, 2007). Current treatment options, whether nicotine
replacement therapy, bupropion, or varenicline, have a best
treatment outcome of o20% of participants maintaining
abstinence for 12 months (Gonzales et al, 2006). Further-
more, while prolonged varenicline treatment has been
shown to significantly decrease relapse rates during the
period of administration (Lee et al, 2008), 450% of the test
subjects relapsed at 1 year post quit irrespective of the
treatment group (Tonstad et al, 2006). This phenomenon of
increased relapse rate following cessation of varenicline
treatment may be related to varenicline’s ability to induce
nAChR upregulation (Turner et al, 2011). Of interest,
sazetidine-A does not upregulate nAChRs (Hussmann et al,
2012). Though the consequence of this upregulation is not
fully understood, a recent SPECT study has suggested that
nicotinic receptor availability is directly related to increased
relapse rate (Cosgrove et al, 2009). However, studies
examining the effects of smoking cessation drugs are often
conducted in naı̈ve animals and it is therefore unknown
whether or not the upregulated pool of nAChRs is critical
for therapeutic efficacy of smoking cessation aids, perhaps
making the findings less representative of clinical outcomes.

These studies, which directly assess two candidate pharma-
cotherapeutics during 24 h withdrawal from chronic nico-
tine, demonstrate that the effects of both sazetidine-A and
varenicline are critically dependent upon previous nicotine
administration. Thus, these combined studies provide a
paradigm for using currently available drugs to broadly
probe nAChR plasticity. In doing so, we provide a novel
behaviorally validated outcome measure for future drug and
therapy development that target the still recalcitrant
problem of successful smoking cessation.
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