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Abstract
Varenicline, an α4β2 nicotinic acetylcholine receptor partial agonist developed as a smoking
cessation aid, showed antidepressant-like activity in the forced swim test in two mouse strains. In
addition, a low varenicline dose significantly enhanced the effects of moderately active doses of the
selective serotonin reuptake inhibitor sertraline. These findings are consistent with the notion that
reducing α4β2 nicotinic acetylcholine receptor activity either by antagonists or by partial agonists
that can partially activate or desensitize acetylcholine receptors is associated with antidepressant-
like properties. These data suggest that varenicline may have antidepressant potential and can
augment antidepressant responses of selective serotonin reuptake inhibitors when combined.
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1. Introduction
Neuronal nicotinic acetylcholine receptor antagonists and partial agonists may have utility in
the treatment of depression, either alone or combined with antidepressants (Shytle et al, 2003;
Picciotto et al, 2008). Preclinical studies in the forced swim test and the tail suspension test,
established mouse models of antidepressant efficacy, have demonstrated antidepressant-like
activity of the non-selective nicotinic acetylcholine receptor antagonist mecamylamine and the
selective α4β2 nicotinic acetylcholine receptor partial agonists, cytisine (Caldarone et al.,
2004; Rabenstein et al., 2006; Mineur et al., 2007) and ispronicline (Gatto et al., 2004). A
recent study confirmed the antidepressant-like properties of mecamylamine, but found that a
full agonist of the α4β2 subtype and an agonist or antagonist of the α7 subtype lacked efficacy
in the forced swim test and the tail suspension test (Andreasen et al., 2008). Recent clinical
studies (Dunbar et al, 2007; George et al., 2008) have demonstrated that mecamylamine has
an antidepressant-enhancing effect upon co-administration with selective serotonin reuptake
inhibitors (SSRIs). Taken together, these data suggest that selectively reducing the activity of
α4β2 nicotinic acetylcholine receptors by the action of either antagonists or partial agonists is
associated with antidepressant effects. Partial agonists can modulate ACh signaling not only
via their decreased efficacy at the receptor, but also via inactivating nicotinic acetylcholine
receptors by desensitization (Hogg and Bertrand, 2007; Picciotto et al., 2008).
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This study used the mouse forced swim test to investigate the antidepressant potential of the
selective α4β2 nicotinic acetylcholine receptor partial agonist varenicline (Coe et al., 2005),
an efficacious smoking cessation aid (Cahill et al., 2007). Varenicline has at least 100-fold
higher affinity for α4β2 than for other subtypes, is a 45% agonist as compared with nicotine
and can potently desensitize α4β2 nicotinic acetylcholine receptors with an IC50 value of 6 nM
for inhibiting nicotine-evoked currents (Rollema et al., 2007). The antidepressant-like effects
of varenicline were assessed in two independent laboratories in two different mouse strains,
C57BL/6J and CD-1, with each lab using a slightly different modification of the forced swim
test. In CD-1 mice, varenicline’s antidepressant-like effects were also compared with the
effects of two classical antidepressants, the SSRI sertraline and the tricyclic antidepressant
amitriptyline, the latter of which is known to produce a consistent and robust response in the
forced swim test (e.g. Caldarone et al., 2004). Finally, varenicline was also tested in CD-1 mice
after co-administration with sertraline, to examine possible synergistic effects of combining
this nicotinic acetylcholine receptor partial agonist with a classical antidepressant.
Enhancement of antidepressant-like activity in the forced swim test by co-administration of
mecamylamine and amitriptyline was previously described (Caldarone et al., 2004) and this
augmentation strategy has been clinically demonstrated by adding mecamylamine to
antidepressant treatments (Dunbar et al., 2007; George et al., 2008).

2. Materials and Methods
Forced swim test experiments were performed in C57BL/6J mice (Jackson Laboratory, Bar
Harbor, ME, USA) at Yale University and in CD-1 mice (Charles River Laboratories,
Wilmington, MA, USA) at Pfizer Inc. In both sets of experiments male mice were housed under
standard conditions (temperature 21 ± 2 °C, 12:12 h light/dark cycle, lights on at 07:00 h, food
and water ad lib) for at least 2 weeks and experiments were performed when mice were 14–
16 weeks old and weighed 30–35 grams. Varenicline tartrate (Pfizer, Groton, CT, USA) was
dissolved in water and administered i.p., sertraline HCl (Pfizer, Groton, CT, USA) was
dissolved in 1% acetic acid and administered s.c., and amitriptyline HCl (Sigma, St. Louis,
MO, USA) was dissolved in water and administered s.c. All test compounds were administered
to C57BL/6J and CD-1 mice at a volume of 10 ml/kg with pretreatment times of 30–60 min,
based on the half life of varenicline in mice of 1.4 h (Obach et al., 2006). C57BL/6J mice were
placed in beakers filled with 15 cm deep water (~25 °C), 30 min after drug or vehicle
administration and the time spent immobile was continuously recorded over a 15 min period
(Mineur et al., 2007). Data were expressed as the mean (± S.E.M.) time in seconds spent
immobile (n = 10 for each treatment) and were analyzed by ANOVA with Treatment as the
main factor, using Statview 5 (SAS institute, Cary, NC, USA). For the forced swim test in
CD-1 mice, animals were placed in beakers filled with 10 cm deep water (23–25 °C), 60 min
after dosing with test compound or vehicle, and behavior was scored every 30 seconds over a
5 minute period as either immobile (score = 1), or active (score = 0), giving a total score between
0 (fully active for 5 min) and 10 (continuously immobile for 5 min). Data for CD-1 mice were
expressed as the mean swim score ± S.E.M. (n = 10–30 for each treatment) and analyzed with
the non-parametric Kruskal–Wallis test followed by Bonferroni-corrected Mann-Whitney U
tests. Since drug-induced changes in locomotor activity can confound the interpretation of
forced swim test data, the test compounds were also tested for effects on spontaneous locomotor
activity in locomotor activity chambers. All animal procedures were approved by the
Institutional Animal Care and Use Committees at Yale University and Pfizer Global Research
and Development.

3. Results
Varenicline significantly reduced immobility in both mouse strains at most doses tested (Fig.
1). The effect size in C57BL/6J mice (0.25–1.5 mg/kg i.p., Fig. 1A) was greater than in CD-1
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mice (0.178 – 5.6 mg/kg i.p., Fig. 1B), with the response in the latter strain being comparable
to that of sertraline in terms of effect size and dose-response relationship (sertraline data not
shown). Strain differences could account for variations in the degree of efficacy in these forced
swim test studies and are well-documented for several mouse behavioral responses (e.g. Mineur
et al., 2006). In addition, differences in monitoring times and scoring methods could also
contribute to the observed effect sizes in each method. The fact that low doses of varenicline
(i.e. 0.25 mg/kg in C57BL/6J mice and 0.178 mg/kg in CD-1 mice) have significant effects in
both experiments is consistent with varenicline’s high in vitro binding affinity (Ki = 0.15 nM)
and inactivating potency (IC50 = 6 nM) at α4β2 nicotinic acetylcholine receptors, as well as
with its potent activity in in vivo models, such as increasing mesolimbic dopamine release with
an ED50 of 0.03 mg/kg after oral administration (Rollema et al., 2007). Since inactive doses
were not obtained in either of the studies and a clear dose-response relationship was not
demonstrated, further studies will be necessary to define the responses at the low end of the
dose range. A lack of dose-dependency of the forced swim test effects may suggest that once
a dose of the partial agonist is administered that is sufficient to reduce endogenous ACh
signaling or that achieves maximum receptor occupancy, the response will remain the same
over a wide dose range, resulting in a plateauing of the effect. The forced swim test data for
varenicline generated in each laboratory in different mouse strains are thus in good agreement,
despite variations in the protocols. Finally, at the doses used for the forced swim test, none of
the test compounds increased locomotor activity, indicating that the results are not affected by
stimulant effects.

A comparison with the effects of the classical antidepressants amitriptyline and sertraline in
CD-1 mice shows that varenicline administration results in comparable swim scores as the
SSRI sertraline at doses of 5.6 mg/kg and above (Fig. 2). At 10 mg/kg, the tricyclic
antidepressant amitriptyline, which consistently yields pronounced dose-dependency and near
maximal efficacy in dose-response studies (data not shown; see e.g. Caldarone et al, 2004),
reduced immobility scores with greater efficacy than varenicline or sertraline when given alone
(Fig. 1B). Co-administration of varenicline and sertraline resulted in lower swim scores than
after each sertraline dose alone. Combining 0.56 and 5.6 mg/kg of varenicline with the lowest
(1.78 mg/kg) and highest (17.8 mg/kg) sertraline dose, respectively, reduced the swim score
significantly more than the corresponding sertraline doses alone. Of particular interest is the
finding that co-administration of the lowest varenicline dose of 0.56 mg/kg with 17.8 mg/kg
sertraline had the same pronounced effect on the swim score as 10 mg/kg amitriptyline (Fig.
1B, Fig. 2).

4. Conclusion
The present results are in agreement with previous reports that both nicotinic acetylcholine
receptor antagonists and partial agonists show antidepressant-like efficacy in animal
depression models and can also increase antidepressant activity when co-administered with
classic antidepressants such as SSRIs or tricyclic antidepressants (Caldarone et al., 2004;
Rabenstein et al., 2006; Mineur et al., 2007; Andreasen et al., 2008; Dunbar et al., 2007; George
et al., 2008). Reduced ACh signaling via α4β2 nicotinic acetylcholine receptors resulting in
antidepressant-like activity can thus be achieved with antagonists by blocking α4β2 nicotinic
acetylcholine receptors, and with low doses of partial agonists by attenuating α4β2 nicotinic
acetylcholine receptor function, either by their decreased efficacy at nicotinic acetylcholine
receptors or by inactivation of nicotinic acetylcholine receptors via desensitization (Hogg and
Bertrand, 2005; Picciotto et al., 2008). With regard to the studies on the effect of co-
administration of an SSRI with a partial agonist, it is noteworthy that the combination of the
SRRI sertraline with the lowest test dose of the potent and selective α4β2 nicotinic
acetylcholine receptor partial agonist varenicline produced maximal enhancement of
antidepressant-like activity, resulting in an amitriptyline-like reduction of the swim score. This
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is consistent with the notion that further decreased ACh signaling, in addition to the small effect
that SSRIs have on AChR activity via their weak nicotinic acetylcholine receptor antagonist
properties (Shytle et al, 2002), can significantly enhance the antidepressant effects of SSRIs.

This study provides evidence that varenicline, the first nicotinic acetylcholine receptor ligand
approved for pharmacotherapeutic use (as Chantix or Champix), has activity in an animal
model that has good predictive validity for antidepressant activity.

These preclinical data therefore suggest that varenicline may have potential as an
antidepressant, either alone or, given its ability to amplify the SSRI response, as an
augmentation strategy for depression in combination with classical antidepressants. Future
clinical trials will be needed to confirm these preclinical data and to assess whether the
predictive validity of the forced swim test as an animal model of antidepressant response
extends beyond monoamine-based classical antidepressants.
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Fig. 1.
Effects of varenicline and amitriptyline in the mouse forced swim test. (A): Effects of vehicle
and varenicline (0.25–1.5 mg/kg i.p.) in C57BL/6J mice. Immobility time was measured in
seconds for 15 min and expressed as mean ± S.E.M. (n=10, ** p<0.01 vs vehicle).
(B): Effects of vehicle, amitriptyline (10 mg/kg) and varenicline (0.178–5.6 mg/kg) in CD-1
mice. Immobility (score 1) and activity (score 0) were recorded every 30 sec for 5 min and
expressed as mean swim score ± S.E.M. (n=10–30, * p<0.05, ** p<0.01 vs vehicle).
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Fig. 2.
Effects of vehicle, sertraline alone (1.78, 5.6 and 17.8 mg/kg i.p.) and of co-administration of
each dose of sertraline with varenicline (0.56 and 5.6 mg/kg s.c.) in the forced swim test in
CD-1 mice. Immobility (score 1) and activity (score 0) were recorded every 30 sec for 5 min
and expressed as mean swim score ± S.E.M. (n=10–30). * p<0.05 vs vehicle, ** p<0.01 vs
vehicle, # p<0.05, # # p<0.01 vs corresponding dose of sertraline alone (1.78 and 17.8 mg/kg)
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