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ABSTRACT
Extensive evidence indicates that varenicline reduces nicotine
craving and withdrawal symptoms by modulating dopaminergic
function at �4�2* nicotinic acetylcholine receptors (nAChRs)
(the asterisk indicates the possible presence of other nicotinic
subunits in the receptor complex). More recent data suggest
that �6�2* nAChRs also regulate dopamine release and medi-
ate nicotine reinforcement. The present experiments were
therefore done to test the effect of varenicline on �6�2*
nAChRs and their function, because its interaction with this
subtype is currently unclear. Receptor competition studies
showed that varenicline inhibited �6�2* nAChR binding (Ki �
0.12 nM) as potently as �4�2* nAChR binding (Ki � 0.14 nM) in
rat striatal sections and with �20-fold greater affinity than
nicotine. Functionally, varenicline was more potent in stimulat-
ing �6�2* versus �4�2* nAChR-mediated [3H]dopamine re-

lease from rat striatal synaptosomes with EC50 values of 0.007
and 0.086 �M, respectively. However, it acted as a partial
agonist on �6�2* and �4�2* nAChR-mediated [3H]dopamine
release with maximal efficacies of 49 and 24%, respectively,
compared with nicotine. We also evaluated varenicline’s action
in striatum of monkeys, a useful animal model for comparison
with humans. Varenicline again potently inhibited monkey stri-
atal �6�2* (Ki � 0.13 nM) and �4�2* (Ki � 0.19 nM) nAChRs in
competition studies. Functionally, it potently stimulated both
�6�2* (EC50 � 0.014 �M) and �4�2* (EC50 � 0.029 �M)
nAChR-mediated [3H]dopamine release from monkey striatal
synaptosomes, again acting as a partial agonist relative to
nicotine at both subtypes. These data suggest that the ability of
varenicline to interact at �6�2* nAChRs may contribute to its
efficacy as a smoking cessation aid.

Introduction
Tobacco use leads to major health problems worldwide and

is a leading cause of preventable deaths. Smoking decreases
life expectancy because of tobacco-related cancer, cardiovas-
cular disease, and pulmonary disease and leads to increased
susceptibility to numerous other adverse conditions. Despite
the availability of smoking cessation therapies, most smokers
fail to quit because of the addictive nature of tobacco (Hat-
sukami et al., 2008; Dwoskin and Bardo, 2009; Benowitz,
2010; De Biasi and Dani, 2011; Raupach and van Schayck,
2011). Although tobacco contains numerous chemicals, the
presence of nicotine is thought to underlie smoking addiction.
Nicotine seems to exert its rewarding effects by acting at
nicotinic acetylcholine receptors (nAChRs) and increasing
neurotransmission in the mesolimbic and nigrostriatal dopa-

minergic pathways (Dwoskin and Bardo, 2009; Wise, 2009;
Benowitz, 2010; De Biasi and Dani, 2011).

The primary nAChRs in CNS dopaminergic systems that
mediate the addictive effects of nicotine are the �4�2* and
�6�2* subtypes (the asterisk indicates the possible presence
of other subunits in the receptor complex) (Barik and Won-
nacott, 2009; Changeux, 2010; Mao and McGehee, 2010; De
Biasi and Dani, 2011). Evidence for this idea stemmed from
studies showing that mice lacking the �4, �6, and/or �2
nAChR subunits fail to self-administer nicotine, whereas
re-expression of these subunits in the ventral tegmental area
of knockout mice restored nicotine self-administration (Pic-
ciotto et al., 1998; Marubio et al., 2003; Maskos et al., 2005;
Pons et al., 2008; Jackson et al., 2009; Gotti et al., 2010). In
addition, infusion and systemic administration of drugs that
selectively inhibit �4�2* and/or �6�2* nAChRs blocked be-
haviors linked to nicotine reward and reinforcement (Corri-
gall et al., 1992, 1994; Jackson et al., 2009; Brunzell et al.,
2010; Wooters et al., 2011).

Because the �4�2* and �6�2* nAChRs play an important
role in addictive behaviors, these receptors represent impor-
tant therapeutic targets for smoking cessation therapies. In-

This work was supported by the National Institutes of Health National
Institute of Neurological Disorders and Stroke [Grants NS 59910, NS 65851];
the National Institutes of Health National Institute on Drug Abuse [Grant
DA015663]; and the Tobacco-Related Disease Research Program [Grant 17RT-
0119].

Article, publication date, and citation information can be found at
http://jpet.aspetjournals.org.

http://dx.doi.org/10.1124/jpet.112.194852.

ABBREVIATIONS: nAChR, nicotinic acetylcholine receptor; CNS, central nervous system; �-CtxMII, �-conotoxin MII; BSA, bovine serum albumin.

1521-0103/12/3422-327–334$25.00
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS Vol. 342, No. 2
Copyright © 2012 by The American Society for Pharmacology and Experimental Therapeutics 194852/3780812
JPET 342:327–334, 2012

327



deed, numerous studies have shown that varenicline, a Food
and Drug Administration-approved drug widely used to help
people quit smoking, potently acts as a partial agonist at
�4�2* nAChRs (Coe et al., 2005; Gonzales et al., 2006;
Jorenby et al., 2006; Rollema et al., 2007). This action at
�4�2* nAChRs is postulated to block the reinforcing effects of
nicotine while also relieving craving and withdrawal symp-
toms (Biala et al., 2010; O’Connor et al., 2010; De Biasi and
Dani, 2011; George et al., 2011). However, smoking relapse
rates remain high even with varenicline treatment (McNeil
et al., 2010; Raupach and van Schayck, 2011). In addition,
varenicline is not without side effects, including nausea and
serious psychiatric problems (Jorenby et al., 2006; Moore et
al., 2011; Williams et al., 2011).

Thus there is an urgent need to develop better smoking
cessation drugs. To achieve this, it is important to under-
stand the receptors with which varenicline interacts in the
brain. Initial studies suggested that the primary impact of
varenicline was on �4�2* nAChRs; however, subsequent
work showed that varenicline had a significant effect at �7
nAChRs, �3�4* nAChRs, and 5-hydroxytryptamine type 3
receptors (Coe et al., 2005; Mihalak et al., 2006; Grady et al.,
2010; Ween et al., 2010; Chatterjee et al., 2011; Lummis et
al., 2011). Although �6�2* nAChRs play an important role in
addiction, the effect of varenicline on �6�2* nAChR-medi-
ated function in CNS dopaminergic systems is currently un-
clear (Anderson et al., 2009; Grady et al., 2010). The goal of
the present study was to investigate the potential of vareni-
cline to interact with �6�2* nAChRs and modulate dopami-
nergic function. The results show that varenicline is a potent
partial agonist at �6�2* nAChRs in striatum of both rats and
monkeys.

Materials and Methods
Animals. Male Sprague-Dawley rats (200–250 g) were purchased

from Charles River Laboratories (Hollister, CA). Upon arrival, they
were housed in a temperature-controlled room with a 12-h light/dark
cycle with free access to food and water. The animals were killed
several days later by decapitation.

Squirrel monkeys (Saimiri sciureus) (600–1050 g) were purchased
from World Wide Primates (Miami, FL). Animals were housed sep-
arately in a temperature-controlled room with a 12-h light/dark
cycle. Food (consisting of monkey chow, fruits, and vegetables) was
given twice daily, and water was provided ad libitum. The monkeys
initially underwent a 1-month state-mandated quarantine. Monkeys
were then euthanized according to the recommendations of the Panel
on Euthanasia of the American Veterinary Medical Association.
They were injected with 1.5 ml of euthanasia solution intraperi-
toneally (390 mg of sodium pentobarbital and 50 mg of phenytoin
sodium/ml) followed by 1.5 ml/kg of the same solution adminis-
tered intravenously.

All procedures were performed according to the National Insti-
tutes of Health’s Guide for the Care and Use of Laboratory Ani-
mals (Institute of Laboratory Animal Resources, 1996) and ap-
proved by the Institutional Animal Care and Use Committee at
SRI International.

Tissue Preparation. Rat brains were quickly removed and bi-
sected coronally at a midstriatal level. The striatum from the ante-
rior portion of the brain was dissected and used to measure [3H]do-
pamine release. The posterior brain was frozen in isopentane on dry
ice and stored at �80°C. Eight-micrometer sections were cut at
�20°C by using a cryostat (Leica Microsystems Inc., Bannockburn,
IL), thaw-mounted onto poly-L-lysine-coated slides, dried, and stored
at �80°C.

Monkey brains were rapidly removed and rinsed in cold phos-
phate-buffered saline. They were placed in a squirrel monkey brain
mold and cut into 2-mm-thick blocks by using stainless-steel blades.
The slice at level A14.0-15.0 was bisected along the midline. The
striatum from one half of the brain slice was dissected for the
measurement of synaptosomal [3H]dopamine release. The other half
was immediately frozen in isopentane on dry ice and stored at
�80°C. These blocks were later used for preparation of 10-�m-thick
sections at �20°C by using a cryostat.

[125I]�-Conotoxin MII Autoradiography. Striatal �6�2*
nAChRs were determined by using [125I]�-CtxMII (specific activity,
2200 Ci/mmol) binding as described previously (Quik et al., 2001,
2003). Striatal sections were preincubated for 15 min at room tem-
perature in binding buffer [144 mM NaCl, 1.5 mM KCl, 2 mM CaCl2
1 mM MgSO4, 20 mM HEPES, and 0.1% bovine serum albumin
(BSA), pH 7.5] plus 1 mM phenylmethylsulfonyl fluoride in the
absence or presence of the indicated concentrations of varenicline
(Sigma-Aldrich, St. Louis, MO) or nicotine (Sigma-Aldrich). This was
followed by 1-h incubation at room temperature in binding buffer
also containing 0.5% BSA, 5 mM EDTA, 5 mM EGTA, and 10 �g/ml
each of aprotinin, leupeptin and pepstatin A, plus 0.5 nM [125I]�-
CtxMII, also with or without competing ligands. Nonspecific binding
was determined by using nicotine (100 �M). Binding was terminated
by washing the slides for 10 min at room temperature in binding
buffer, 10 min in ice-cold binding buffer, and twice for 10 min in
0.1�buffer at 0°C, with two final 10-s washes in ice-cold deionized
water. The striatal sections were dried and exposed to Kodak MR
film (Eastman Kodak Co., Rochester, NY) for several days with
3H-microscale standards (GE Healthcare, Chalfont St. Giles, Buck-
inghamshire, UK).

[125I]Epibatidine Autoradiography. Striatal �4�2* nAChRs
were assessed by using [125I]epibatidine (specific activity, 2200 Ci/
mmol; GE Healthcare) (Quik et al., 2003; Huang et al., 2011) in the
presence of 10�7 M �-CtxMII. Slides were preincubated in buffer pH
7.0 containing 50 mM Tris-HCl, 120 mM NaCl, 5 mM KCl, 2.5 mM
CaCl2, and 1.0 mM MgCl2 in the absence or presence of the indicated
concentrations of varenicline or nicotine. They were then incubated
in the same buffer containing 0.015 nM [125I]epibatidine for 40 min
with or without competing ligands. Nonspecific binding was assessed
in the presence of nicotine (100 �M). The sections were then washed,
dried, and exposed to Kodak MR film for several days together with
3H-microscale standards.

[3H]Dopamine Release. Synaptosomal [3H]dopamine release
was done as described previously (McCallum et al., 2005). Striatal
tissue (�15 mg) was homogenized in 2 ml of cold homogenization
buffer (0.32 M sucrose and 5 mM HEPES, pH 7.5) and centrifuged at
12,000g for 20 min. The pellets were resuspended in 0.8 ml of uptake
buffer (128 mM NaCl, 2.4 mM KCl, 3.2 mM CaCl2, 1.2 mM KH2PO4,
1.2 mM MgSO4, 25 mM HEPES, pH 7.5, 10 mM glucose, 1 mM
ascorbic acid, and 0.01 mM pargyline), followed by incubation for 10
min at 37°C. [3H]dopamine (4 �Ci, final dopamine concentration of
100 nM; PerkinElmer Life and Analytical Sciences, Waltham, MA)
was added, and the synaptosomes were incubated for 5 min. An 80-�l
aliquot was then pipetted onto 5-mm-diameter A/E glass-fiber filters
(Gelman Instrument Co., Ann Arbor, MI) and perfused with uptake
buffer also containing 0.1% BSA and 10 �M nomifensine at a rate of
1 ml/min for 10 min before fraction collection. Several baseline frac-
tions were then collected, followed by stimulation with either nico-
tine or varenicline at the indicated concentrations for 18 s. Some
filters were pre-exposed to �-CtxMII (50 nM) for 3 min before agonist
stimulation. Twelve fractions (18 s each) were collected per sample,
including basal release before and after stimulation. Radioactivity
was counted with a liquid scintillation counter.

Quantitation of the Autoradiographic Images and Data
Analysis. The ImageQuant program from GE Healthcare was used
to determine optical density values. A calibration curve of radioac-
tivity (nCi/mg tissue) versus optical density was generated by using
3H-microscale standards, which allowed for conversion to femtomole
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per milligram of tissue. The 3H standards were calibrated for 125I
autoradiography as described previously (Artymyshyn et al., 1990).
The sample optical density readings were within the linear range of
the standards. Nonspecific binding was subtracted from total tissue
binding to determine specific binding. Competition analyses were
done by using Prism (GraphPad Software, Inc., San Diego, CA).

[3H]dopamine release was determined as described previously
(McCallum et al., 2005), with release calculated as counts over basal
release from samples immediately before and after stimulation. Release
units were corrected for the wet weight of each tissue sample. Stimu-
lated release was then normalized to baseline to yield units of release as
a fraction of baseline. �4�2* and �6�2* nAChR-mediated release com-
ponents were distinguished by using �-CtxMII, with release remaining
in the presence of the toxin designated as that occurring via �4�2*
nAChRs. The �6�2* receptor-mediated component was assessed by
subtracting �4�2* nAChR-mediated release from total release. Rmax

and EC50 values for dose-response curves were calculated by nonlinear
regression equations using Prism.

Results
Varenicline Potently Interacts at Both �6�2* and

�4�2* nAChRs in Rat Striatum. Receptor autoradiogra-
phy was done to investigate the effect of varenicline on
nAChR binding. Competition analyses of [125I]�-CtxMII
binding at varying concentrations of varenicline (10�12 to
10�7 M) showed that varenicline potently inhibited �6�2*
nAChR binding with a Ki value of 0.12 � 0.02 nM (Fig. 1;
Table 1). Varenicline also potently inhibited [125I]epibatidine
binding in the presence of �-CtxMII (�-CtxMII-resistant
[125I]epibatidine binding), which was used as a measure of
�4�2* nAChRs. [125I]epibatidine competition studies yielded
a Ki value of 0.14 � 0.01 nM, which was very similar to that
for varenicline at �6�2* nAChRs (Fig. 1; Table 1). These data
indicate that varenicline interacts equally well with �6�2*
and �4�2* nAChRs in rat striatum.

Nicotine competition studies of [125I]�-CtxMII (�6�2*
nAChRs) and �-CtxMII-resistant [125I]epibatidine (�4�2*
nAChRs) binding yielded Ki values of 1.68 � 0.15 and 3.77 �
0.76 nM, respectively (Fig. 1; Table 1). Thus varenicline is
approximately 20 times more potent than nicotine at �6�2*
and �4�2* nAChRs in rat striatum.

Varenicline Acts as a Potent Partial Agonist at �6�2*
nAChRs to Stimulate [3H]Dopamine Release from Rat
Striatal Synaptosomes. As an approach to evaluating func-
tional effects of varenicline, we measured [3H]dopamine re-
lease from rat striatal synaptosomes. The results (Fig. 2)
show that total varenicline-evoked [3H]dopamine release was
�60% lower than that evoked by nicotine, in agreement with
previous studies (Rollema et al., 2007; Anderson et al., 2009).
To determine varenicline’s impact on release mediated by
either �4�2* and �6�2* nAChRs [3H]dopamine release was
measured in the presence of �-CtxMII. The results show that
varenicline-stimulated release was less than that induced by
nicotine at both nAChR subtypes (Fig. 2; Table 2). Vareni-
cline-evoked �6�2* nAChR-mediated [3H]dopamine release
was 49% of that evoked by nicotine, whereas release medi-
ated via �4�2* nAChRs was 24% of nicotine-stimulated re-
lease (Fig. 2; Table 2).

Although varenicline was less efficacious than nicotine, it
was a more potent agonist at both �6�2* and �4�2* nAChRs
compared with nicotine. The EC50 values for varenicline-
stimulated �6�2* and �4�2* nAChR-mediated release were

0.007 and 0.086 �M, respectively (Table 3), compared with
0.19 and 5.42 �M, respectively, for nicotine.

A point of note is that both varenicline and nicotine inter-
acted somewhat more potently at �6�2* than at �4�2*
nAChRs. The ratios of the EC50 values for �6�2*/�4�2* were
0.083 and 0.036 for varenicline and nicotine, respectively.
Thus varenicline may be a more potent partial agonist at
�6�2* than �4�2* nAChRs in rat striatum.
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Fig. 1. Varenicline potently interacts at both �6�2* and �4�2* nAChRs
in rat striatum. [125I]�-CtxMII autoradiography was used to determine
the effect of varenicline on �6�2* nAChRs, while [125I]epibatidine binding
in the presence of �-CtxMII was done to evaluate effects on �4�2*
nAChRs (top panel). The bottom panel depicts the effect of nicotine on rat
striatal �6�2* and �4�2* nAChRs for comparison. Values represent the
mean � S.E.M. of 8 rats.

TABLE 1
Ki values for varenicline at �6�2* and �4�2* nAChRs in rat and
monkey striatum
	125I
�-CtxMII competition studies were done in rat and monkey striatum to mea-
sure �6�2* nAChRs, whereas 	125I
epibatidine binding in the presence of �-CtxMII
was used to detect �4�2* nAChRs. Results show that varenicline potently interacts
with both �6�2* and �4�2* nAChRs. Data with nicotine are provided for comparison.
The values represent the mean � S.E.M. of eight rats or three monkeys.

Drug Animal
Ki Ratio of Ki Values

�6�2*/�4�2*
�6�2* nAChRs �4�2* nAChRs

nM

Varenicline Rat 0.12 � 0.02 0.14 � 0.01 0.86
Monkey 0.13 � 0.01 0.19 � 0.11 0.68

Nicotine Rat 1.68 � 0.15 3.77 � 0.76 0.46
Monkey 0.61 � 0.09 1.43 � 0.24 0.43
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Varenicline Potently Competes for Both �6�2* and
�4�2* nAChRs in Monkey Striatum. We next examined
the effect of varenicline at �6�2* and �4�2* nAChRs in
monkey striatum. Competition binding studies with [125I]�-
CtxMII showed that varenicline (10�12 to 10�7 M) potently
inhibited binding to �6�2* nAChRs in monkey striatal sec-
tions with a Ki of 0.13 � 0.01 nM (Fig. 3; Table 1). The
monkey striatum is a relatively large structure that can
readily be subdivided into distinct regions, including the
medial and lateral caudate and ventral and dorsal putamen.
Because previous work had shown that these areas were
differentially affected by treatments (Quik et al., 2001; Mc-
Callum et al., 2006), we assessed the effect of varenicline in
the striatal subregions. The Ki values of varenicline at �6�2*
nAChRs were as follows (n � 3): medial caudate, 0.11 � 0.01
nM; lateral caudate, 0.13 � 0.01 nM; ventral putamen,
0.14 � 0.01 nM; and dorsal putamen, 0.11 � 0.01 nM. Be-
cause the Ki values for varenicline at �6�2* nAChRs were
similar in the different areas, only the competition curve for
the total striatum is provided in Fig. 3.

The Ki of varenicline at striatal �4�2* nAChRs was deter-
mined by measuring [125I]epibatidine binding in the presence
of �-CtxMII. The value for the total striatum was 0.19 � 0.11
nM (Fig. 3; Table 1). This was very similar to that for the
individual subregions, which were as follows (n � 3): medial
caudate, 0.16 � 0.10 nM; lateral caudate, 0.18 � 0.10 nM;
ventral putamen, 0.18 � 0.10 nM; and dorsal putamen,
0.20 � 0.12 nM. Thus, varenicline acts with a similar potency
at �4�2* and �6�2* nAChRs in monkey striatum.

As for the rat, nicotine had a lower affinity than vareni-
cline at both �6�2* and �4�2* nAChRs in monkey striatum.
[125I]�-CtxMII and �-CtxMII-resistant [125I]epibatidine com-
petition binding experiments in monkey striatum yielded Ki

values of 0.61 � 0.09 and 1.43 � 0.24 nM, respectively (Fig.
3; Table 1). There was no difference in the Ki values for either
�6�2* or �4�2* nAChRs in the different striatal subregions
(data not shown). Thus, varenicline is approximately six
times more potent than nicotine at �6�2* and �4�2* nAChRs
in competition binding studies in monkey striatum.

Varenicline Is a Partial Agonist at Monkey Striatal
�6�2* nAChRs. Varenicline-evoked [3H]dopamine release
was next determined from monkey striatal synaptosomes to
investigate its functional characteristics in striatum of a
model that may more closely resemble humans. Total vareni-
cline-evoked [3H]dopamine release in monkey striatum was
�80% lower than that evoked by nicotine (Fig. 4). This was
caused by a decline in both varenicline-evoked �6�2* and

TABLE 2
Rmax values for varenicline-evoked 	3H
dopamine release from rat and monkey striatum
Rat and monkey striatal synaptosomes were exposed to nicotine or varenicline to evoke 	3H
dopamine release. Release was done in the absence and presence of �-CtxMII
to identify the component mediated by �6�2* and �4�2* nAChRs. Release units were normalized to the wet weight of each tissue sample as detailed under Materials and
Methods. Varenicline acts as a partial agonist at �6�2* and �4�2* nAChRs in both rat and monkey striatum. The values represent the mean of four to eight rats or three
monkeys. The numbers in parentheses are the 95% confidence intervals.

Animal

Maximal Dopamine Release, Rmax

Nicotine Varenicline

Units % Control Units % Control

�6�2* nAChR- mediated Rat 2.69 (2.10–3.28) 100 1.31 (0.90–1.71) 49
Monkey 2.45 (2.09–2.81) 100 0.32 (0.21–0.42) 13

�4�2* nAChR-mediated Rat 13.26 (10.80–15.72) 100 3.23 (2.63–4.01) 24
Monkey 1.04 (0.74–1.33) 100 0.44 (0.33–0.54) 42
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Fig. 2. Varenicline acts as a partial agonist at rat striatal �6�2* nAChRs.
Top, the dose-response curve of varenicline and nicotine on total synap-
tosomal [3H]dopamine release from rat striatum. Middle, �6�2* nAChR-
mediated release was defined as the difference in release in the absence
and presence of 50 nM �-CtxMII. Bottom, �4�2* nAChR-mediated re-
lease was designated as that occurring in the presence of �-CtxMII. Both
�6�2* and �4�2* varenicline-mediated maximal [3H]dopamine release
were lower than that evoked by nicotine, although varenicline was more
potent than nicotine. The values represent the mean � S.E.M. of four to
eight rats.
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�4�2* nAChR-mediated release, which were 13 and 42%,
respectively, of that induced by nicotine (Fig. 4; Table 2).

Although varenicline again elicited less [3H]dopamine re-
lease compared with nicotine, it was a more potent agonist at
both �6�2* and �4�2* nAChRs (Fig. 4, middle and bottom).
Varenicline’s EC50 value for �6�2* nAChR-mediated release
was 0.014 �M, and for �4�2* nAChR-mediated release it was
0.029 �M (Table 3). These values were both lower than the
EC50 values for nicotine-evoked release, which were 0.68 �M
for �6�2* nAChRs and 1.21 �M for �4�2* nAChRs. Again,
both varenicline and nicotine interacted somewhat more po-

tently at �6�2* than at �4�2* nAChRs, with ratios of the
EC50 values for �6�2*/�4�2* being 0.49 and 0.56 for vareni-
cline and nicotine, respectively. Thus varenicline also seems
to be a potent partial agonist at �6�2* nAChRs in monkey
striatum.

Discussion
Numerous studies indicate that varenicline potently and

selectively interacts at �4�2* nAChRs (Mihalak et al., 2006;
Rollema et al., 2007; Reperant et al., 2010; Brandon et al.,
2011; Maloku et al., 2011; Dutra et al., 2012; Lotfipour et al.,
2012; Shim et al., 2012). In fact, it has been suggested that
varenicline exerts its beneficial effects as a smoking cessa-
tion aid by targeting this nAChR population. Varenicline’s
ability to interact more potently at �4�2* nAChRs than nic-
otine, but yet only act as a partial agonist in stimulating
dopamine release, has been postulated to underlie its poten-
tial to reduce nicotine craving and withdrawal symptoms
(Coe et al., 2005; Gonzales et al., 2006; Mihalak et al., 2006;
Rollema et al., 2007; Reperant et al., 2010). However, accu-
mulating studies now indicate that �4�2* nAChRs are not
the only ones involved in addiction and withdrawal, but
�6�2* nAChRs also play a role (Picciotto et al., 1998; Maru-
bio et al., 2003; Maskos et al., 2005; Pons et al., 2008; Jackson
et al., 2009; Gotti et al., 2010). Indeed, �6�2* nAChRs have
been shown to have a critical and possibly dominant effect on
dopaminergic neurotransmission in the mesolimbic and ni-
grostriatal dopaminergic system (Meyer and McIntosh, 2006;
Exley et al., 2008; Perez et al., 2008, 2011; Brody et al., 2009).
Moreover, their function is modified by nicotine exposure
(Perez et al., 2008, 2011). These observations underscore the
importance of determining whether varenicline also interacts
with �6�2* nAChRs to more fully understand its mechanism
of action as a smoking cessation aid.

Thus far, a limited number of studies have investigated the
ability of varenicline to act at �6�2* nAChRs in the rodent
dopaminergic system with conflicting results. The first of
these evaluated effects of varenicline on [3H]dopamine re-
lease from rat striatal slices (Anderson et al., 2009). These
investigators showed that there was no shift in the EC50

value of the �-CtxMII-sensitive release component in the
presence of varenicline, a finding that suggested that vareni-
cline did not affect �6�2* nAChR dopamine release. By con-
trast, a more recent report showed that varenicline potently
interacted at �6�2* nAChRs in [125I]�-CtxMII receptor com-
petition studies (Ki � 5.5 nM) using mouse membranes and
was also a potent partial agonist (EC50 � 77 nM) in eliciting
�6�2* nAChR-mediated [3H]dopamine release from striatal
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Fig. 3. Varenicline potently competes for both �6�2* and �4�2* nAChRs
in monkey striatum. [125I]�-CtxMII autoradiography was used to test the
effect of varenicline on �6�2* nAChRs, while [125I]epibatidine binding in
the presence of �-CtxMII was conducted to determine the effect on �4�2*
nAChRs (top panel). The effects of nicotine on �6�2* and �4�2* nAChRs
are shown in the bottom panel for comparison. The values represent the
mean � S.E.M. of 3 monkeys.

TABLE 3
EC50 values for varenicline-evoked 	3H
dopamine release in rat and monkey striatum
Rat and monkey striatal synaptosomes were exposed to varenicline or nicotine to evoke 	3H
dopamine release. Release was done in the absence and presence of �-CtxMII
to identify the component mediated by �6�2* and �4�2* nAChRs. The data show that varenicline stimulated release somewhat more potently via �6�2* compared with �4�2*
nAChRs from rat and monkey striatal synaptosomes. The values represent the mean of four to eight rats or three monkeys. The numbers in parentheses are the 95%
confidence intervals.

Drug Animal
Dopamine Release, EC50

Ratio of EC50Values �6�2*/�4�2*
�6�2* nAChRs �4�2* nAChRs

�M

Varenicline Rat 0.007 (0.001–0.15) 0.086 (0.023–0.31) 0.083
Monkey 0.014 (0.001–0.40) 0.029 (0.002–0.39) 0.49

Nicotine Rat 0.19 (0.012–3.23) 5.42 (2.71–10.84) 0.036
Monkey 0.68 (0.28–1.65) 1.21 (0.22–6.51) 0.56
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synaptosomes (Grady et al., 2010). Another series of studies
in oocytes also showed that varenicline activated expressed
�6�2�3* nAChR concatamers at nanomolar concentrations
(75–178 nM) (Kuryatov and Lindstrom, 2011).

In view of these divergent findings, we initiated the cur-
rent study and investigated whether varenicline acts at
�6�2* nAChRs by using two different animal models. Our
studies in rats showed that varenicline potently binds to
�6�2* nAChRs with �20-fold higher affinity than nicotine. It
is noteworthy that the binding affinity of varenicline for
�6�2* nAChRs was very similar to that of �4�2* nAChRs, in
agreement with Grady et al. (2010). In addition, our data
show that varenicline evoked striatal �6�2* nAChR-medi-
ated [3H]dopamine release, and its potency at the �6�2*

nAChR was greater than at the �4�2* subtype. Varenicline
also had a higher affinity than nicotine at both the �6�2* and
�4�2* nAChRs. However, varenicline-evoked total [3H]dop-
amine release was only one-third of the total nicotine-evoked
release, supporting the idea that varenicline acts as a partial
agonist. Work with �-CtxMII to delineate the contribution of
the �6�2* and �4�2* nAChRs to varenicline-evoked release
showed that varenicline was a partial agonist at both sub-
types, in agreement with others (Grady et al., 2010).

We also did experiments to evaluate varenicline’s ability to
act at nAChRs in striatum of nonhuman primates, which
offers the advantage that it more closely resembles humans
with respect to genetics, anatomy, and physiology. The re-
sults are the first to show that varenicline interacts with high
affinity at striatal �6�2* nAChRs and �4�2* nAChRs in
receptor competition studies. Moreover, varenicline’s Ki val-
ues at both subtypes is several times greater than that ob-
served for nicotine, as in the rat. The results also show that
varenicline stimulated [3H]dopamine release from monkey
striatal synaptosomes more potently than nicotine at the
�6�2* and �4�2* nAChR subtypes. On the other hand, it was
much less efficacious in stimulating [3H]dopamine release
compared with nicotine at both nAChR subtypes. Thus, the
results in monkeys corroborate those in the rat with respect
to varenicline’s ability to interact at �6�2* nAChRs.

The current results show that in acute experiments vareni-
cline has a higher potency but is less efficacious than nicotine
at �6�2* nAChRs in both monkey and rat striatum. Thus the
mode of interaction of varenicline at �6�2* nAChRs is simi-
lar to that at �4�2* nAChRs, as shown here and reported by
others (Grady et al., 2010). These data suggest that the
antismoking effects of varenicline may be caused by an in-
teraction at both �2* nAChR populations. Because �6�2*
nAChRs exhibit a more restricted localization in the CNS
than �4�2* nAChRs, drugs targeting �6�2* nAChRs may
be more selective for smoking cessation, with fewer side ef-
fects compared with varenicline, which activates multiple
subtypes.

With respect to a long-term mechanism of action, chronic
varenicline exposure may subsequently lead to nAChR de-
sensitization (Ortiz et al., 2012). This idea is consistent with
an extensive literature suggesting that nicotine and other
nAChR agonists induce their behavioral effects via this
mechanism (Picciotto et al., 2008; Buccafusco et al., 2009;
Bordia et al., 2010; Mineur and Picciotto, 2010; Grady et al.,
2012). Desensitization would result in a further reduction in
dopamine release, with varenicline acting like a virtual an-
tagonist. Such a mechanism of action to explain the effects of
varenicline on smoking cessation is consistent with the result
of extensive studies showing that �2, �4, or �6 nAChRs
knockout mice fail to self-administer nicotine (Picciotto et al.,
1998; Marubio et al., 2003; Maskos et al., 2005; Pons et al.,
2008). With respect to the CNS site of action, the present
results show that varenicline potently interacts at �6�2* and
�4�2* nAChRs in striatum, a region implicated in the re-
warding and addictive effects of nicotine (Wise, 2009; Chan-
geux, 2010). Another critical site of action would be the
mesolimbic dopamine system, which is a major contributor to
reward function and addiction, as well as the habenulo-in-
terpeduncular pathway, which has been implicated in the
addictive effects of smoking (Dani and Bertrand, 2007; De
Biasi and Dani, 2011).
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Fig. 4. Varenicline is a partial agonist at monkey striatal �6�2* nAChRs.
Top, the dose-response curve of varenicline and nicotine on total [3H]do-
pamine release from monkey striatum. Middle and bottom, �4�2*
nAChR-mediated release (bottom) was designated as that occurring in
the presence of 50 nM �-CtxMII, with �6�2* nAChR-mediated release
defined as the difference in release in the absence and presence of
�-CtxMII (middle). Both maximal �6�2* and �4�2* varenicline-stimu-
lated [3H]dopamine release were less than that evoked by nicotine, al-
though varenicline seemed to act more potently at both subtypes than
nicotine. The values represent the mean � S.E.M. of three monkeys.
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In summary, the present data demonstrate that varenicline
binds with high affinity to �6�2* nAChRs in rat and monkey
striatum. They also show that varenicline is a potent partial
agonist in stimulating �6�2* nAChR-mediated dopamine re-
lease from striatal synaptosomes in both animal models. Be-
cause the striatum is implicated in motivational effects of nic-
otine (Wise, 2009; Changeux, 2010), these observations may
suggest that varenicline’s action at �6�2* nAChRs contributes
to its efficacy as a smoking cessation aid.

Authorship Contributions

Participated in research design: Bordia and Quik.
Conducted experiments: Bordia, Hrachova, and Chin.
Contributed new reagents or analytic tools: McIntosh.
Performed data analysis: Bordia, Hrachova, Chin, and Quik.
Wrote or contributed to the writing of the manuscript: Bordia,

Hrachova, Chin, McIntosh, and Quik.

References
Anderson DJ, Malysz J, Grønlien JH, El Kouhen R, Håkerud M, Wetterstrand C,

Briggs CA, and Gopalakrishnan M (2009) Stimulation of dopamine release by
nicotinic acetylcholine receptor ligands in rat brain slices correlates with the
profile of high, but not low, sensitivity �4�2 subunit combination. Biochem Phar-
macol 78:844–851.

Artymyshyn R, Smith A, and Wolfe BB (1990) The use of 3H standards in 125I
autoradiography. J Neurosci Methods 32:185–192.

Barik J and Wonnacott S (2009) Molecular and cellular mechanisms of action of
nicotine in the CNS. Handb Exp Pharmacol 192:173–207.

Benowitz NL (2010) Nicotine addiction. N Engl J Med 362:2295–2303.
Biala G, Staniak N, and Budzynska B (2010) Effects of varenicline and mecamyl-

amine on the acquisition, expression, and reinstatement of nicotine-conditioned
place preference by drug priming in rats. Naunyn Schmiedebergs Arch Pharmacol
381:361–370.

Bordia T, Campos C, McIntosh JM, and Quik M (2010) Nicotinic receptor-mediated
reduction in L-DOPA-induced dyskinesias may occur via desensitization. J Phar-
macol Exp Ther 333:929–938.

Brandon TH, Drobes DJ, Unrod M, Heckman BW, Oliver JA, Roetzheim RC, Karver
SB, and Small BJ (2011) Varenicline effects on craving, cue reactivity, and smok-
ing reward. Psychopharmacology (Berl) 218:391–403.

Brody AL, Mandelkern MA, Costello MR, Abrams AL, Scheibal D, Farahi J, London
ED, Olmstead RE, Rose JE, and Mukhin AG (2009) Brain nicotinic acetylcholine
receptor occupancy: effect of smoking a denicotinized cigarette. Int J Neuropsy-
chopharmacol 12:305–316.

Brunzell DH, Boschen KE, Hendrick ES, Beardsley PM, and McIntosh JM (2010)
�-Conotoxin MII-sensitive nicotinic acetylcholine receptors in the nucleus accum-
bens shell regulate progressive ratio responding maintained by nicotine. Neuro-
psychopharmacology 35:665–673.

Buccafusco JJ, Beach JW, and Terry AV Jr (2009) Desensitization of nicotinic
acetylcholine receptors as a strategy for drug development. J Pharmacol Exp
Ther 328:364 –370.

Changeux JP (2010) Nicotine addiction and nicotinic receptors: lessons from genet-
ically modified mice. Nat Rev Neurosci 11:389–401.

Chatterjee S, Steensland P, Simms JA, Holgate J, Coe JW, Hurst RS, Shaffer CL,
Lowe J, Rollema H, and Bartlett SE (2011) Partial agonists of the �3�4* neuronal
nicotinic acetylcholine receptor reduce ethanol consumption and seeking in rats.
Neuropsychopharmacology 36:603–615.

Coe JW, Brooks PR, Vetelino MG, Wirtz MC, Arnold EP, Huang J, Sands SB, Davis
TI, Lebel LA, Fox CB, et al. (2005) Varenicline: an �4�2 nicotinic receptor partial
agonist for smoking cessation. J Med Chem 48:3474–3477.

Corrigall WA, Coen KM, and Adamson KL (1994) Self-administered nicotine acti-
vates the mesolimbic dopamine system through the ventral tegmental area. Brain
Res 653:278–284.

Corrigall WA, Franklin KB, Coen KM, and Clarke PB (1992) The mesolimbic dopa-
minergic system is implicated in the reinforcing effects of nicotine. Psychophar-
macology (Berl) 107:285–289.

Dani JA and Bertrand D (2007) Nicotinic acetylcholine receptors and nicotinic
cholinergic mechanisms of the central nervous system. Annu Rev Pharmacol
Toxicol 47:699–729.

De Biasi M and Dani JA (2011) Reward, addiction, withdrawal to nicotine. Annu Rev
Neurosci 34:105–130.

Dutra SJ, Stoeckel LE, Carlini SV, Pizzagalli DA, and Evins AE (2012) Varenicline
as a smoking cessation aid in schizophrenia: effects on smoking behavior and
reward sensitivity. Psychopharmacology (Berl) 219:25–34.

Dwoskin LP and Bardo MT (2009) Targeting nicotinic receptor antagonists as novel
pharmacotherapies for tobacco dependence and relapse. Neuropsychopharmacol-
ogy 34:244–246.

Exley R, Clements MA, Hartung H, McIntosh JM, and Cragg SJ (2008) �6-
Containing nicotinic acetylcholine receptors dominate the nicotine control of do-
pamine neurotransmission in nucleus accumbens. Neuropsychopharmacology 33:
2158–2166.

George O, Lloyd A, Carroll FI, Damaj MI, and Koob GF (2011) Varenicline blocks
nicotine intake in rats with extended access to nicotine self-administration. Psy-
chopharmacology (Berl) 213:715–722.

Gonzales D, Rennard SI, Nides M, Oncken C, Azoulay S, Billing CB, Watsky EJ,
Gong J, Williams KE, Reeves KR, et al. (2006) Varenicline, an �4�2 nicotinic
acetylcholine receptor partial agonist, vs sustained-release bupropion and placebo
for smoking cessation: a randomized controlled trial. JAMA 296:47–55.

Gotti C, Guiducci S, Tedesco V, Corbioli S, Zanetti L, Moretti M, Zanardi A, Rimon-
dini R, Mugnaini M, Clementi F, et al. (2010) Nicotinic acetylcholine receptors in
the mesolimbic pathway: primary role of ventral tegmental area �6�2* receptors
in mediating systemic nicotine effects on dopamine release, locomotion, and rein-
forcement. J Neurosci 30:5311–5325.

Grady SR, Drenan RM, Breining SR, Yohannes D, Wageman CR, Fedorov NB,
McKinney S, Whiteaker P, Bencherif M, Lester HA, et al. (2010) Structural
differences determine the relative selectivity of nicotinic compounds for native
�4�2*-, �6�2*-, �3�4*- and �7-nicotine acetylcholine receptors. Neuropharmacol-
ogy 58:1054–1066.

Grady SR, Wageman CR, Patzlaff NE, and Marks MJ (2012) Low concentrations of
nicotine differentially desensitize nicotinic acetylcholine receptors that include �5
or �6 subunits and that mediate synaptosomal neurotransmitter release. Neuro-
pharmacology 62:1935–1943.

Hatsukami DK, Stead LF, and Gupta PC (2008) Tobacco addiction. Lancet 371:2027–
2038.

Huang LZ, Grady SR, and Quik M (2011) Nicotine reduces L-DOPA-induced dyski-
nesias by acting at �2 nicotinic receptors. J Pharmacol Exp Ther 338:932–941.

Institute of Laboratory Animal Resources (1996) Guide for the Care and Use of
Laboratory Animals 7th ed. Institute of Laboratory Animal Resources, Commis-
sion on Life Sciences, National Research Council, Washington, DC.

Jackson KJ, McIntosh JM, Brunzell DH, Sanjakdar SS, and Damaj MI (2009) The
role of �6-containing nicotinic acetylcholine receptors in nicotine reward and
withdrawal. J Pharmacol Exp Ther 331:547–554.

Jorenby DE, Hays JT, Rigotti NA, Azoulay S, Watsky EJ, Williams KE, Billing CB,
Gong J, Reeves KR, and Varenicline Phase 3 Study Group (2006) Efficacy of
varenicline, an �4�2 nicotinic acetylcholine receptor partial agonist, vs placebo or
sustained-release bupropion for smoking cessation: a randomized controlled trial.
JAMA 296:56–63.

Kuryatov A and Lindstrom J (2011) Expression of functional human �6�2�3* ace-
tylcholine receptors in Xenopus laevis oocytes achieved through subunit chimeras
and concatamers. Mol Pharmacol 79:126–140.

Lotfipour S, Mandelkern M, Alvarez-Estrada M, and Brody AL (2012) A single
administration of low-dose varenicline saturates �4�2(*) nicotinic acetylcholine
receptors in the human brain. Neuropsychopharmacology 37:1738–1748.

Lummis SC, Thompson AJ, Bencherif M, and Lester HA (2011) Varenicline is a
potent agonist of the human 5-hydroxytryptamine3 receptor. J Pharmacol Exp
Ther 339:125–131.

Maloku E, Kadriu B, Zhubi A, Dong E, Pibiri F, Satta R, and Guidotti A (2011)
Selective �4�2 nicotinic acetylcholine receptor agonists target epigenetic mecha-
nisms in cortical GABAergic neurons. Neuropsychopharmacology 36:1366–1374.

Mao D and McGehee DS (2010) Nicotine and behavioral sensitization. J Mol Neu-
rosci 40:154–163.

Marubio LM, Gardier AM, Durier S, David D, Klink R, Arroyo-Jimenez MM, McIn-
tosh JM, Rossi F, Champtiaux N, Zoli M, et al. (2003) Effects of nicotine in the
dopaminergic system of mice lacking the �4 subunit of neuronal nicotinic acetyl-
choline receptors. Eur J Neurosci 17:1329–1337.

Maskos U, Molles BE, Pons S, Besson M, Guiard BP, Guilloux JP, Evrard A,
Cazala P, Cormier A, Mameli-Engvall M, et al. (2005) Nicotine reinforcement
and cognition restored by targeted expression of nicotinic receptors. Nature
436:103–107.

McCallum SE, Parameswaran N, Bordia T, McIntosh JM, Grady SR, and Quik M
(2005) Decrease in �3*/�6* nicotinic receptors but not nicotine-evoked dopa-
mine release in monkey brain after nigrostriatal damage. Mol Pharmacol
68:737–746.

McCallum SE, Parameswaran N, Perez XA, Bao S, McIntosh JM, Grady SR, and
Quik M (2006) Compensation in pre-synaptic dopaminergic function following
nigrostriatal damage in primates. J Neurochem 96:960–972.

McNeil JJ, Piccenna L, and Ioannides-Demos LL (2010) Smoking cessation-recent
advances. Cardiovasc Drugs Ther 24:359–367.

Meyer EL, Yoshikami D, and McIntosh JM (2008) The neuronal nicotinic acetylcho-
line receptors alpha 4* and alpha 6* differentially modulate dopamine release in
mouse striatal slices. J Neurochem 105:1761–1769.

Mihalak KB, Carroll FI, and Luetje CW (2006) Varenicline is a partial agonist at
�4�2 and a full agonist at �7 neuronal nicotinic receptors. Mol Pharmacol 70:801–
805.

Mineur YS and Picciotto MR (2010) Nicotine receptors and depression: revisiting and
revising the cholinergic hypothesis. Trends Pharmacol Sci 31:580–586.

Moore TJ, Furberg CD, Glenmullen J, Maltsberger JT, and Singh S (2011) Suicidal
behavior and depression in smoking cessation treatments. PLoS One 6:e27016.

O’Connor EC, Parker D, Rollema H, and Mead AN (2010) The �4�2 nicotinic
acetylcholine-receptor partial agonist varenicline inhibits both nicotine self-
administration following repeated dosing and reinstatement of nicotine seeking in
rats. Psychopharmacology (Berl) 208:365–376.

Ortiz NC, O’Neill HC, Marks MJ and Grady SR (2012) Varenicline blocks �2*-
nAChR-mediated response and activates �4*-nAChR-mediated responses in mice
in vivo. Nicotine Tob Res 14:711–719.

Perez XA, Bordia T, McIntosh JM, Grady SR, and Quik M (2008) Long-term nicotine
treatment differentially regulates striatal �6�4�2* and �6(non�4)�2* nAChR
expression and function. Mol Pharmacol 74:844–853.

Perez XA, Ly J, McIntosh JM, and MQ (2011) Chronic nicotine exposure depresses
dopaminergic function in nonhuman primate nucleus accumbens, at the Nicotinic
Acetylcholine Receptors: Wellcome Trust Scientific Conference; 2011 May 18–21;
Cambridge, UK. Wellcome Trust, London, UK.

Picciotto MR, Addy NA, Mineur YS, and Brunzell DH (2008) It is not “either/or”:

Varenicline and �6�2* nAChRs 333



activation and desensitization of nicotinic acetylcholine receptors both contribute
to behaviors related to nicotine addiction and mood. Prog Neurobiol 84:329–342.
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