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Introduction: Clinical and preclinical studies suggest that reg-
ulation of nicotinic acetylcholine receptors (nAChR) maybe
involved in the etiology of withdrawal symptoms.

Methods: We evaluated heteromeric nAChR regulation via
[*H]epibatidine binding following cessation of chronic nicotine
or varenicline treatment. Animals were concurrently tested in
the marble-burying test to evaluate treatment-related effects.

Results: We found that both nicotine (18 mg/kg/day, free
base) and varenicline (1.8 mg/kg/day) chronically administered
for 14 days upregulated nAChRs significantly in the cortex, hip-
pocampus, striatum, and thalamus. The duration of upregula-
tion (up to 72 hr) was both drug and region specific. In addition
to nAChR upregulation, chronic administration of both nico-
tine and varenicline had anxiolytic-like effects in the marble-
burying test. This effect was maintained for 48 hr following
cessation of varenicline but was absent 24 hr following cessation
from nicotine. Additionally, marble-burying behavior positively
correlated to the regulation of cortical nAChRs following cessa-
tion of either treatment.

Conclusions: Varenicline has been shown to be an efficacious
smoking cessation aid, with a proposed mechanism of action
that includes modulation of dopamine release in reward areas of
the brain. Our studies show that varenicline elicits both anxio-
Iytic effects in the marble-burying test as well as region- and
time-specific receptor upregulation. These findings suggest re-
ceptor upregulation as a mechanism for its efficacy as a smoking
cessation therapy.

Introduction

Smoking is the largest preventable cause of death and disease in
the United States, with about 46 million U.S. adults currently
smoking (Centers for Disease Control and Prevention, 2007).
Furthermore, repeated quit attempts are common in smoking
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individuals, and a recent study found that less than 10% of quit
attempts resulted in continuous abstinence for 1 year (Gonzales
et al., 2006). Reasons cited for this impaired ability to remain
abstinent include prolonged withdrawal symptoms comprised
of both attentional (Rukstalis, Jepson, Patterson, & Lerman,
2005) and affective (Cook, Spring, McChargue, & Hedeker,
2004; Pomerleau et al., 2005) elements. With the advent of new-
er pharmacotherapies like Chantix (varenicline), successful quit
attempts have significantly increased. Varenicline, a nicotinic
acetylcholine receptor (nAChR) partial agonist, is reported to
increase continuous abstinence rates to ~50% following 12
weeks of treatment, which is significantly better than bupropion
(~30%) or placebo (~18%; Cahill, Stead, & Lancaster, 2009;
Gonzales et al., 2006; Nides et al., 2008). The rationale for vare-
nicline’s success is thought to be due to its dual actions on nico-
tinic signaling in the brain: (a) It acts as a partial agonist to
elicit moderate amounts of dopamine from nerve terminals and
(b) it has higher affinity at the receptor than nicotine and thus
blocks nicotine’s rewarding effects following an acute relapse
(Rollema et al., 2007). However, the benefit of varenicline treat-
ment is reduced by half at 1 year postquit (Gonzales et al., 2006),
suggesting that other mechanisms may be important in main-
taining long-term abstinence rates.

While varenicline is proposed to work via modulation of
dopamine release in the mesolimbic reward pathways, a poten-
tial alternative to the dopamine reward hypothesis of smoking
relapse is related to the direct effects of nicotine on select sub-
types of nAChRs. Chronic administration of nicotine results in
a robust upregulation of receptors, predominantly the o432*
nAChR subtype (Flores, Rogers, Pabreza, Wolfe, & Kellar,
1992). Though the mechanism is not fully understood, this up-
regulation has been demonstrated in cell culture (Xiao et al,,
2006), rodents (Marks, Burch, & Collins, 1983; Schwartz &
Kellar, 1983), monkeys (Kassiou et al., 2001), and humans
(Perry, Davila-Garcia, Stockmeier, & Kellar, 1999) and serves as
a hallmark of chronic nicotine treatment. Although many stud-
ies have examined nicotine withdrawal symptoms, few studies
have drawn parallels between the upregulation of nAChRs
via chronic nicotine and withdrawal phenotypes. A recent single
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photon emission computed tomography (SPECT) study us-
ing a ligand specific to f2-containing receptors has suggested
that increased relapse rate is directly related to nicotinic recep-
tor availability (Cosgrove et al., 2009). Furthermore, the study
demonstrated that these receptors remain elevated in the clinical
population up to 12 weeks. Few preclinical studies have estab-
lished a withdrawal time course for receptors to return to baseline
following chronic nicotine treatment (Collins, Luo, Selvaag, &
Marks, 1994; Hulihan-Giblin, Lumpkin, & Kellar, 1990; Pietila,
Lahde, Attila, Ahtee, & Nordberg, 1998), and none have correlated
this time course with any behavioral outcomes. Furthermore,
studies examining varenicline’s effects on nAChR regulation are
completely lacking.

While its effects on receptor regulation are unknown, vare-
nicline can enhance both positive affect and cognitive function
during smoking cessation in clinical studies (Patterson et al.,
2009) and can augment the effects of antidepressants in
depressed smokers (Philip, Carpenter, Tyrka, Whiteley, & Price,
2009) as well as in a preclinical model of antidepressant efficacy
(Rollema, Guanowsky, et al., 2009). Depression and anxiety of-
ten accompany nicotine withdrawal (Dani & Harris, 2005).
However, the impact of varenicline on anxiety-related behav-
iors has not been well studied. Furthermore, the effects of nico-
tinic compounds on various preclinical tests of anxiety have
been mixed as studies examining the effects of nicotine in the
elevated zero maze, the elevated plus maze, and the mirror
chamber have yielded diverse and conflicting results (Picciotto,
Brunzell, & Caldarone, 2002). One potential paradigm used to
evaluate putative anxiolytic compounds that is sensitive to nico-
tine as well as a variety of anxiolytic compounds is the marble-
burying test (Broekkamp, Rijk, Joly-Gelouin, & Lloyd, 1986;
Ichimaru, Egawa, & Sawa, 1995; Njung’e & Handley, 1991;
Turner, Castellano, & Blendy, 2010). Therefore, in the present
study, we examined the effects of chronic nicotine and vareni-
cline on marble burying in a comprehensive time course of
withdrawal in parallel with nicotinic receptor binding.

Materials and methods

Animals

Male 129Sv];C57Bl/6] F1 hybrid mice (6—12 weeks of age, 25-35 g)
were bred, group 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 9:00 and 11:00 a.m., with animals randomly assigned
to treatment conditions and tested in counterbalanced order.

Drugs

Doses of nicotine tartrate (Sigma-Aldrich, St. Louis, MO) and
varenicline tartrate (provided by Pfizer Global Research and
Development, Groton, CT) are reported as free-base weight.

Osmotic Minipumps

Nicotine tartrate and varenicline tartrate were dissolved in ster-
ile 0.9% saline solution and infused through subcutaneous os-
motic 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 sub-
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cutaneously using aseptic surgery techniques. Minipumps were
placed parallel to the spine at shoulder level with the flow mod-
erator directed away from the wound. The wound was closed
with 7-mm stainless steel wound clips (Reflex, Cellpoint
Scientific, Gaithersburg, MD). Two weeks following minipump
implantation, withdrawal was induced by surgical removal of the
osmotic minipumps (saline, nicotine, and varenicline) at specific
timepoints prior to testing (24 hr, 48 hr, 72 hr, or 7 days).

Marble-Burying Test

After 1-hr acclimation, mice (n = 6 per group) were placed indi-
vidually in small cages (26 x 20 x 14 cm) in which 20 marbles
had been equally distributed on top of mouse bedding (5-cm
deep), and a lid was placed on top of the cage. Mice were left
undisturbed for 15 min, after which time a blind observer
counted the number of buried marbles (i.e., those covered by
bedding three quarters or more).

Receptor Binding

Brain regions examined were constrained by a minimal tissue
amount required for homogenate-binding assays. Tissues were
harvested from animals immediately following behavioral
testing. The samples were homogenized in 50 mM Tris—HCl
(Sigma-Aldrich) buffer, pH 7.4 at 24°C, and centrifuged twice
at 35,000 X g for 10 min in fresh buffer. The membrane pellets
were resuspended in fresh buffer and added to tubes containing
a saturating concentration (2 nM) of [*H]epibatidine ([°’H]EB;
PerkinElmer, Boston, MA), an excellent ligand because of its
extremely low nonspecific binding and its high-affinity binding
to all heteromeric nAChRs. Incubations were performed in Tris
buffer at pH 7.4 for 2 hr at 24°C with [*H]EB. Bound receptors
were separated from free ligand by vacuum filtration over GF/C
glass fiber filters (Brandel, Gaithersburg, MD) that were pre-
treated with 0.5% polyethyleneimine (Sigma-Aldrich). The fil-
ters were then counted in a liquid scintillation counter.
Nonspecific binding was determined in the presence of 300 uM
nicotine, and specific binding was defined as the difference be-
tween total binding and nonspecific binding.

Data Analysis

Using the GraphPad Prism 5.0 software package (GraphPad
Software, San Diego, CA), statistical analyses of the differences
between groups were assessed using two-way analysis of variance
followed by Bonferroni’s multiple comparison tests. To better
assess the time course and significant correlations between
nAChR-binding densities and the number of marbles buried in
the marble-burying test, we used group data in the generation of
plotted points for a Pearson correlation analysis with 95% CI.

Both nicotine and varenicline treatment results in long-lasting
upregulation of nicotinic receptors in the cortex, striatum,
hippocampus, and thalamus. Although a hallmark of chronic
nicotine administration is the upregulation of heteromeric
nicotinic receptors, no previous studies have examined the effect
of chronic varenicline, an 042 nAChR partial agonist, on
nAChR regulation in vivo. Furthermore, few studies have exam-
ined the time course for return of receptors to baseline levels fol-
lowing cessation of chronic treatment. Therefore, to determine
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if heteromeric nAChRs were upregulated following chronic ad-
ministration of nicotine and varenicline and to evaluate the
time course of upregulated nAChRs to return to baseline, we
treated mice with either nicotine or varenicline for 14 days and
then examined receptor levels with [’H]EB, which binds with
very high affinity to all heteromeric nAChR subtypes in brain.

As shown in Figure 1A-D, both chronic nicotine (18 mg/kg/
day, free base) and chronic varenicline (1.8 mg/kg/day) admin-
istration resulted in significant upregulation of nAChRs in the
cortex, striatum, hippocampus, and thalamus. Drug-specific ef-
fects were observed in the cortex (A), striatum (B), and hippo-
campus (C), where the upregulation induced by varenicline
treatment was significantly longer lasting compared with chron-
ic nicotine treatment. Additionally, a region-specific effect was
observed. Overall upregulation of nAChRs following cessation
of treatment remained significantly elevated for up to 72 hr in
the cortex (A) and striatum (B), while the hippocampus (C) and
thalamus (D) rapidly downregulated nAChRs following termi-
nation of treatment.

Chronic nicotine and varenicline have anxiolytic-like effects
in the marble-burying test and duration of this effect correlates
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to regulation of the 04f2* nAChR subtype. We previously
found both acute nicotine and acute varenicline to have anxio-
Iytic effects in the marble-burying paradigm (Turner et al,
2010). However, the effects of chronic nicotine or varenicline
administration in this test are unknown. Therefore, to evaluate if
changes in anxiety behaviors correlated with receptor upregula-
tion, chronically treated animals were tested in the marble-burying
paradigm prior to receptor-binding studies with [*H]EB.

As shown in Figure 2A, both chronic nicotine (18 mg/kg/
day) and chronic varenicline (1.8 mg/kg/day) resulted in a re-
duced number of marbles being buried, indicating an anxiolytic-
like response. In nicotine-treated animals, this effect was only
observed during drug administration and behavior returned to
baseline by 24 hr. However, in varenicline-treated animals, an
anxiolytic-like effect was observed up to 48 hr following cessa-
tion of treatment.

One strength of the experimental design was the ability to
directly correlate behaviors observed in the marble-burying test
with nAChR levels as evaluated by [’H]EB binding. Of interest,
in the cortex, [*H]EB binding was significantly correlated with
marble-burying behavior in both the nicotine and the varenicline
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Figure 1. Effects of chronic treatment of nicotine and varenicline on nicotinic receptor regulation. Homogenate-binding experiments with a satu-

rating concentration of [*H]epibatidine ([*H]EB, 2 nM) were performed on cortical (A), striatal (B), hippocampal (C), and thalamic (D) tissues
from chronically treated animals. (A) Cortical homogenates from mice that received chronic treatment with nicotine (18 mg/kg/day) or varenicline
(1.8 mg/kg/day) had significantly higher levels of [’H]EB binding relative to saline-treated controls, which persisted for up to 72 hr. (B) Striatal
homogenates from mice that received chronic treatment with nicotine (18 mg/kg/day) or varenicline (1.8 mg/kg/day) had significantly higher levels
of [’H]EB binding relative to saline-treated controls, which persisted for up to 72 hr. (C) Hippocampal homogenates from mice that received chron-
ic treatment with nicotine (18 mg/kg/day) or varenicline (1.8 mg/kg/day) had significantly higher levels of [*H]EB binding relative to saline-treated
controls, which persisted for up to 24 hr. (D) Thalamic homogenates from mice that received chronic treatment with nicotine (18 mg/kg/day) or
varenicline (1.8 mg/kg/day) had significantly higher levels of [’H]EB binding relative to saline-treated controls (***p = .001; **p = .01;
*p =.5; N =6 per group). WD = withdrawal.
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Figure 2. Chronic nicotine and varenicline had anxiolytic effects in
the marble-burying test, which correlated to nAChR levels in the cortex.
(A) Animals chronically treated with either nicotine (18 mg/kg/day) or
varenicline (1.8 mg/kg/day) buried fewer marbles than saline controls.
In contrast to the nicotine treated group, this effect persisted for 48 hr in
the varenicline-treated animals (***p = .001; **p = .01). (B) Treatment
with either nicotine (18 mg/kg/day) or varenicline (1.8 mg/kg/day) re-
sulted in a significant correlation between density of cortical nAChRs
and the number of marbles buried in all treatment groups (p < .02).
Group data for the respective treatment groups (nicotine or varenicline)
are represented in the correlational graphs. In each of the panels, the
hollow square (o) represents the 0-hr timepoint, filled triangle (V)
represents the 24-hr withdrawal (WD) timepoint, hollow circle (O) rep-
resents the 48-hr WD timepoint, filled square (M) represents the 72-hr
WD timepoint, filled circle (®) represents the 7-day WD timepoint, and
hollow triangle (A) represents the grouped saline data. Dashed lines
indicate the 95% CI (N = 5-8 per group).

treatment groups across all timepoints, where higher levels of
nAChRs corresponded to fewer marbles buried (Figure 2B). No
significant correlation was observed between the density of nic-
otinic receptors in the striatum, hippocampus, or thalamus with
the number of marbles buried (data not shown).

Our findings indicate that both chronic nicotine and chronic
varenicline induce significant nAChR upregulation in cortex,
striatum, hippocampus, and thalamus. These effects were lon-
ger lasting in the varenicline treatment group than in the nico-
tine treatment group. This may be explained by differences in
nicotine and varenicline pharmacokinetics and metabolism in
the mouse. Previous work has shown that nicotine is rapidly
metabolized, resulting in a very short half-life in the mouse
of 6-7 min (Matta et al., 2007). In contrast, varenicline is not
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effectively metabolized and exhibits a relatively long half-life in
the mouse of 1.4 hr (Obach et al., 2006). Differences in receptor
affinities for nicotine and varenicline may also account for their
differences in the timecourse of nAChR regulation. The Ki of
varenicline for 0432 nAChRs (0.4 nM) is ~10x higher than that
of nicotine (6.0 nM; Rollema, Hajos, et al., 2009). However, we
used chronic doses that reflect this difference in affinity (18 mg/
kg/day nicotine vs. 1.8 mg/kg/day varenicline).

Both chronic nicotine and chronic varenicline produced ef-
fects in the marble-burying test in mice. Similar to the binding
data, varenicline’s effect on marble burying was longer lasting
than that of nicotine. By 24 hr following cessation of drug
administration, nicotine was no longer anxiolytic, while the
varenicline-treated groups continued to display anxiolytic effects
up to 48 hr following cessation of treatment. Unlike previous
studies examining symptoms of nicotine withdrawal (Fowler,
Arends, & Kenny, 2008; Jackson, McIntosh, Brunzell, Sanjakdar, &
Damaj, 2009; Stoker, Semenova, & Markou, 2008), no anxio-
genic withdrawal effect was apparent in the marble-burying test.
This lack of withdrawal phenotype in the marble-burying test
may lie with the test itself. A recent study reported that marble
burying does not directly correlate with other tests of anxiety
(open-field and light—dark box) and may more accurately re-
flect measures of perseverative behavior (Thomas et al., 2009).
While the Thomas et al. study examined anxiety-like behavior
in the marble-burying test, it did not correlate anxiolytic efficacy
in multiple tests of anxiety. However, the present study com-
pared anxiolytic efficacy of nicotinic compounds, and in this
regard, the marble-burying test has been shown to be responsive
to clinically relevant medications for anxiety disorders, both
anxiolytics such as chlordiazepoxide and antidepressants such
as fluoxetine (Broekkamp et al., 1986; Ichimaru et al., 1995;
Nicolas, Kolb, & Prinssen, 2006; Njung’e & Handley, 1991).
Furthermore, in recent studies, we have shown that acute doses
of nicotine and varenicline have anxiolytic-like effects in the
marble-burying test and the novelty-induced hypophagia test
(a test sensitive to both anxiolytics as well as antidepressants;
Turner et al., 2010).

In both the nicotine- and varenicline-treated groups, the
anxiolytic effects in the marble-burying task could be signifi-
cantly correlated to nicotinic receptor levels in the cortex but
not to nAChR levels in the other brain regions. While the cortex
may play a role in mediating marble-burying behavior, this cor-
relation may also reflect a difference in nAChR subtypes within
this brain region. Heteromeric nAChRs in the cortex are almost
exclusively made up of the 04f2 subtype, which is the subtype
most readily upregulated following chronic administration of
nicotine (Gaimarri et al., 2007). Thus, regulation of this subtype
may underlie the affective effects of both nicotine and vareni-
cline. This is supported by the observation that a4* or B2*
knockout mice do not express anxiogenic phenotypes following
nicotine withdrawal (Fowler et al., 2008).

Many smokers experience anxiety symptoms during acute
abstinence, which may contribute to relapse (Dani & Harris,
2005). Not surprisingly, adherence to treatment for tobacco de-
pendence has been shown to predict abstinence rates (Hays,
Leischow, Lawrence, & Lee, 2010). There are many factors un-
derlying poor adherence to treatment regimens, one of which
is affective state (DiMatteo, Lepper, & Croghan, 2000). The
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significance of nAChR upregulation in the etiology of smoking
behavior is not well understood. The present data demonstrate
a striking temporal correlation between nAChR upregulation
and anxiolytic-like response to chronic nicotine and vareni-
cline. Determining if these outcomes are causally related will be
important. Furthermore, understanding how varenicline ex-
tends receptor upregulation compared with nicotine may lead to
the development of more effective therapies for smoking cessation.
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