Psychopharmacology (2013) 227:287-298
DOI 10.1007/s00213-013-2974-3

ORIGINAL INVESTIGATION

Varenicline and cytisine: two nicotinic acetylcholine receptor
ligands reduce ethanol intake in University of Chile

bibulous rats

Ramoén Sotomayor-Zarate - Katia Gysling -
Usoa E. Busto + Bruce K. Cassels - Lutske Tampier -
Maria Elena Quintanilla

Received: 9 April 2012 / Accepted: 17 December 2012 /Published online:

© Springer-Verlag Berlin Heidelberg 2013

Abstract

Rationale Neuronal nicotinic acetylcholine receptors (nAChRs)
are pharmacological targets that have recently been implicated in
the reinforcing effects of many drugs of abuse, including ethanol.
Varenicline and cytisine are nAChR partial agonists in clinical
use as smoking cessation aids. However, their efficacies to
reduce alcohol consumption have not been fully studied.
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Objectives This study aims to compare the effects of vare-
nicline and cytisine on ethanol consumption by rats bred for
many generations as high ethanol drinkers (UChB).
Results Repeated dosing (0.5 or 1.0 mg/kg/dayi.p.) of vareni-
cline or cytisine, for three consecutive days, to male UChB rats
pre-exposed to 10 % (v/v) ethanol and water 24 h/day for
4 weeks, significantly reduced alcohol intake and preference
of ethanol over water during 1- and 24-h ethanol access periods.
This effect was specific for ethanol intake and was not observed
for 0.2 % saccharin or water consumption. Varenicline appears
to be more effective than cytisine, probably due to its more
favorable pharmacokinetic and pharmacodynamic properties.
Long-term use of both nAChRs ligands for more than 8—10 days
induced tolerance to their effects on ethanol consumption.
Conclusions This preclinical study in UChB rats demon-
strated that both varenicline and cytisine reduce alcohol
intake, with varenicline producing a greater and longer-
lasting reduction than cytisine. However, dose adjustment
will have to be considered as a possible way to counter
tolerance arising after continued use.

Keywords Varenicline - Cytisine - Alcohol -
High-alcohol-drinking UChB rats - Ethanol preference

Introduction

Alcohol addiction is a worldwide public health problem.
The World Health Organization Global Status Report on
Alcohol and Health-2011 showed that the average per capita
consumption in liters of pure alcohol between 2003 and
2005 was 8.7 for the Americas, 12.2 for Europe, 6.3 for
the Western Pacific, and 2.2 for South/East Asia. In this
report, some countries in these areas of the world have
maintained a stable per capita consumption while others
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have increased it. In this regard, increased alcohol consump-
tion associated with specific genetic and environmental
conditions can lead to uncontrolled consumption of alcohol
and more serious pathological conditions such as alcoholism
(WHO 2011).

Alcohol and nicotine are commonly co-abused (Madden
and Heath 2002; Talcott et al. 1998). Approximately 60—
80 % of heavy drinkers smoke tobacco (Moss et al. 2007),
and it has been suggested that common genes are involved
in the susceptibility to both alcohol and nicotine dependence
(Bergstrom et al. 2003; Collins et al. 1993; de Fiebre et al.
1991, 2002; Kendler et al. 2007; Madden and Heath 2002).
Additionally, it has been shown that alcohol can directly or
indirectly interact with neuronal nicotinic acetylcholine
receptors (nAChRs) (Blomgqvist et al. 1992; Davis and de
Fiebre 2006; Le et al. 2000).

The a432 nAChR is the predominant nAChR subtype in
the brain, and it is now well established that it plays an
essential role in mediating nicotine's rewarding properties
(Picciotto et al. 1998; Tapper et al. 2004). Consistent with an
important role of 432 nAChR in nicotine addiction, two
o432 nAChR partial agonists, cytisine, a plant alkaloid
(Papke and Heinemann 1994; Rollema et al. 2010), and
varenicline, which was developed from cytisine, (Coe et
al. 2005; Rollema et al. 2007a) have been shown to be
efficacious as smoking cessation aids (Cahill et al. 2009;
Etter 2006; Reus et al. 2007; Tutka and Zatonski 2006).
Varenicline and cytisine are high-affinity o432 nicotinic
acetylcholine receptor partial agonists. However, both drugs
can bind to other neuronal nAChRs with lower affinity. For
example, K; values for varenicline are 0.4, 86, 125, and
8,200 nM for x4f32, a3p4, «7, and x1Bvyd receptors,
respectively, while the corresponding values for cytisine
are 2.0, 480, 5,890, and 492 nM, respectively, for the same
receptors (Rollema et al. 2010, 2007a, b, Coe et al. 2005).
Further, Rollema et al. (2010) reported that varenicline has
higher efficacy (224+2.5 %) than cytisine (6.5+0.2 %) rela-
tive to the effect of 100 uM acetylcholine. Comparisons
between both drugs indicated that varenicline resulted in
higher rates of abstinence from smoking than cytisine
(Cahill et al. 2009; Etter 2006). The greater effectiveness
of varenicline than cytisine was suggested not only to be
associated with their respective pharmacodynamic proper-
ties (Rollema et al. 2010) but also to their different pharma-
cokinetics. Varenicline has a longer half-life than cytisine (4
and 1.5 h, respectively) and a greater in vitro binding affin-
ity for the a432 nAChR (K;=0.4 and 2.0 nM, respectively)
(Obach et al. 2006; Rollema et al. 2010, Coe et al. 2005).

It has been hypothesized that the clinical efficacy of vare-
nicline and cytisine involves not only their high affinity for
o432 nAChR allowing them to compete with nicotine and
preventing the binding of the latter to these receptors, but also
their partial agonist character, that in the absence of nicotine
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might enhance the activity of o432 nAChR sufficiently to
blunt craving and withdrawal (Coe et al. 2005; Cohen et al.
2003; Hogg and Bertrand 2007; Rollema et al. 2007b).
Preclinical studies have provided evidence that either
varenicline (Kamens et al. 2010; Steensland et al. 2007) or
cytisine (Sajja and Rahman 2011) decreases ethanol intake
in rodents. These previous studies evaluated the effects of
varenicline and cytisine only after a single or short-term
administration. Humans attempting to quit alcohol con-
sumption would have to receive medication daily and for
long periods of time to treat their drug addiction. Although the
existing literature indicates that short-term treatments with
varenicline or cytisine reduce ethanol consumption in rodents,
the effect of longer varenicline or cytisine treatment times on
ethanol consumption in an animal model of alcoholism have
not been investigated thus far. Therefore, the aim of the present
study was to compare the effects of short- and long-term
repeated administration of varenicline and cytisine on the vol-
untary ethanol consumption displayed by high-alcohol-
drinking University of Chile bibulous (UChB) rats (for
reviews, see Mardones and Segovia-Riquelme 1983;
Quintanilla et al. 2006; Tampier and Quintanilla 2010) using
the continuous and limited access two-bottle choice paradigms.

Materials and methods
Animals

The studies were performed in male Wistar-UChB rats bred
for over 86 generations to ingest 10 % ethanol solution in
preference to water (Mardones and Segovia-Riquelme 1983;
Quintanilla et al. 2006). Rats of the UChB line satisfy the
essential criteria proposed for an animal model of alcoholism
and have been used previously as a tool for screening alco-
holism medications (Quintanilla et al. 2008). Animal experi-
mental procedures were approved by the Institutional Animal
Experimentation Ethics Board and followed international
guidelines (NIH Guide for the Care and Use of Laboratory
Animals).

Drugs and drinking solutions

Varenicline and cytisine, purchased from Sigma-Aldrich,
Inc. (St. Louis, Missouri, USA) or isolated from Calia
(Sophora) secundiflora seeds, were dissolved in 5 mL/kg
physiological saline to yield desired concentrations calcu-
lated based on the body weight of the animal. Ethanol
solution (10 %v/v) was prepared by mixing absolute ethanol
(Merck Darmstadt, Germany) with distilled water. Saccharin
was purchased from Sigma-Aldrich (Bellefonte, PA) and
dissolved in distilled water to constitute 0.2 % (w/v). Both
drinking solutions, 10 % (v/v) ethanol and 0.2 % (w/v)
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saccharin, were chosen based on prior studies in UChB rats.
Thus, it has been shown that UChB rats drink greater
amounts of a 10 % (v/v) ethanol solution (Mardones 1951)
and also a greater amount of a 0.2 % (w/v) saccharin solu-
tion (Tampier and Quintanilla 2005) than the amounts of
relatively lower or higher concentrations of ethanol or
saccharin.

Ethanol intake studies
Assessment of voluntary ethanol consumption

All rats used for ethanol intake studies (250-300 g) were
previously tested for their voluntary ethanol consumption in
the following way: Two-month-old rats were housed in
individual cages in temperature- and humidity-controlled
rooms under a 12-h light/12-h dark cycle. Ethanol was
provided under the standard, homecage two-bottle free-
choice regimen between ethanol (10 % in distilled water,
v/v) and distilled water, with unlimited access (24 h/day).
All fluids were presented in 50-mL graduated glass cylin-
ders with glass drinking spouts, which had been previously
tested to ensure that they did not spill fluid. The glass
cylinders were inserted daily through two grommets in front
of the cage until a baseline of ethanol consumption was
established (4 weeks). The placement of the ethanol bottle
was alternated daily to control for side preferences. Food
was provided ad libitum and water and ethanol intake were
read daily, immediately before lights off. After ethanol
consumption, ethanol intake of the last fifteen drinking days
was averaged to obtain the mean voluntary ethanol con-
sumption for each rat and expressed as grams per kilogram
body weight per day.

Experiment 1: effect of repeated administration
of varenicline or cytisine on ethanol intake using the limited
access paradigm

The short plasma half-life (#/2) of cytisine (1.5 h) implies a
short-lasting effect. Therefore, to determine the dose—re-
sponse relationships for varenicline and cytisine, we tested
whether a dose of 0.5 or 1.0 mg/kg of each drug adminis-
tered for three consecutive days was able to reduce ethanol
intake under limited alcohol access conditions (1 h a day).
The doses of varenicline and cytisine and the treatment
regimen used were based on previous work (Steensland et
al. 2007; Bell et al. 2009). In the present experiment, 30 rats
were used (n=>5 rats per group), that had been given con-
tinuous 24/h access to 10 % ethanol versus water for
4 weeks. At the end of this period, the rats were offered
limited access to 10 % ethanol for 1 h everyday (from 14:00
to 15:00 o'clock) for ten consecutive days, but food and

water were freely available. The baseline value was calcu-
lated as the average intake by each individual animal
obtained on the last 4 days before injecting the drug.
Water intake was not measured at the 1-h time point because
of the low baseline consumption of water (less than
0.2 mL/1 h) but was recorded daily. Ethanol consumed
was recorded at the end of the daily ethanol access period.

Drug administration began after the rats had maintained
stable baseline drinking levels of the 10 % (v/v) ethanol
solution (after 10 days). On the first drug treatment day, rats
were divided into six groups (n=5 rats per group), matched
for ethanol intake over 5 days. To evaluate the effect of
repeated intraperitoneal (i.p.) administration of each nico-
tinic acetylcholine receptor ligand, varenicline (0.5 mg/kg)
or saline, and varenicline (1.0 mg/kg) or saline, were ad-
ministered daily, 30 min before the onset of the 1-h ethanol
access period (at 14:00 o'clock), during three consecutive
days. In separate groups of rats, cytisine (0.5 mg/kg) or
saline, and cytisine (1.0 mg/kg) or saline (i.p.) were admin-
istered daily during three consecutive days.

Experiment 2: effect of repeated administration
of varenicline or cytisine on ethanol intake using the 24-h
continuous access paradigm

To evaluate whether the effect of the higher dose of vareni-
cline or cytisine evaluated in experiment 1 (1.0 mg/kg) is
long-lasting, we tested both nAChR ligands in the continu-
ous (24 h/day) 10 % ethanol versus water paradigm. In this
experiment, a new group of rats (not used before) was first
given 4 weeks of continuous (24 h/day) access to 10 %
ethanol and water. At the end of this period, the rats were
divided into five groups, matched for ethanol intake over
15 days before the start of the drug treatment. To evaluate
the effect of repeated administration of the o432 nAChR
partial agonists, rats (n=5 per group) were given, 30 min
before the lights were turned off, an i.p. injection of vareni-
cline (1.0 mg/kg) or saline. In separate groups of rats,
cytisine (1.0 or 1.5 mg/kg; n=>5 rats per group) was admin-
istered for three consecutive days. Ethanol and water intake
were recorded daily.

Experiment 3: effect of extended repeated administration
of varenicline or cytisine on ethanol intake using the 24-h
continuous access paradigm

To evaluate the effect of extended repeated administration of
varenicline and cytisine on voluntary continuous ethanol
intake, a new group of 20 rats (not used before) was first
given 4 weeks of continuous (24 h/day) access to 10 %
ethanol and water. When these rats had reached stable
baseline levels of ethanol consumption after 4 weeks, they
were divided into 4 groups (n=5 per group). Two groups
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were given, 30 min before the lights were turned off, an i.p.
injection of varenicline (1.0 mg/kg) or saline for eleven
consecutive days. In separate groups of rats, cytisine
(1.5 mg/kg) or saline were administered daily for 13 con-
secutive days.

To evaluate the effect of repeated administration of var-
enicline or cytisine on voluntary continuous saccharin in-
take, a different group of rats (5 rats per group) was given
continuous access (24 h/day) to 0.2 % (w/v) saccharin and
distilled water for three consecutive weeks. Food was pro-
vided ad libitum and water and saccharin intake recorded
daily, immediately before lights off. After the 3 weeks,
saccharin intake of the last ten drinking days was averaged
to obtain the mean voluntary saccharin consumption for
each rat and expressed as milliliter per kilogram body
weight per day. On the first drug treatment day, the rats
were divided into two groups matched for saccharin intake
over 10 days, and varenicline (1.0 mg/kg) or saline (i.p.)
were administered daily for three consecutive days. In sep-
arate groups of rats, cytisine (1.5 mg/kg) or saline were
administered daily for three consecutive days.

Statistics

Statistical analysis was performed using Graph Pad Prism
(Graph Pad, San Diego, CA). Ethanol and saccharin intake
data from chronic treatments in the two-bottle-choice para-
digms were analyzed using two-way ANOVA followed by
the Newman—Keuls post hoc test when a significant overall
main effect was found (p<0.005).

Results

Experiment 1: effect of repeated administration
of varenicline or cytisine on ethanol intake using the limited
access paradigm

To determine the dose-response relationships for vareni-
cline and cytisine, we tested whether a dose of 0.5 or
1.0 mg/kg of each drug administered for three consecutive
days was able to reduce ethanol intake under limited alcohol
access conditions (1 h a day). Scheduling alcohol availabil-
ity to 1 h resulted in a stable ethanol intake of approximately
1.0 g/kg body weight and less than 0.2 mL of water during
the daily 60-min free-choice period.

The effects of varenicline compared to saline on ethanol
intake under limited access, in doses of 0.5 and 1.0 mg/kg,
administered for three consecutive days, are illustrated in
Fig. 1. Two-way ANOVA (treatment X day) of saline, 0.5 mg/kg
and 1.0 mg/kg varenicline group data shown in Fig. 1 indicated
that varenicline treatment (0.5 and 1.0 mg/kg) caused a signif-
icant reduction of ethanol intake [F(06,=48.55, P<0.001]
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Fig. 1 Short treatment (3-day) with varenicline (0.5 or 1.0 mg/kg/day)
significantly decreases ethanol intake in rats under limited access. Rats
were exposed to 10 % ethanol for only 1 h each day, with water and
food freely available (24 h/day). These animals were previously sub-
mitted to continuous (24 h/day) free choice between 10 % ethanol and
water for four consecutive weeks and further allowed access to 10 %
ethanol for 1 h every day during ten consecutive days (last four
drinking days was averaged to obtain baseline ethanol intake). On
day 11, rats were assigned into three groups (n=5 rats per group) each
group received 0.5, 1.0 mg/kg varenicline or saline intraperitoneally
30 min before the start of the 1 h drinking session. Data are expressed
as mean=SEM (two-way ANOVA within each treatment group fol-
lowed by Newman—Keuls post hoc test) *p<0.05 versus saline controls

compared to the saline group, the magnitude of which was a
function of day [Fs96=9.44, P<0.001]. This was supported
by a significant treatmentxday interaction [F (6 96=2.30, P<
0.01]. When both varenicline doses were compared among
them in a separate ANOVA, it was found that the effects of
both doses were significantly different [F 45y=14.20, P<
0.001]. The magnitude of the effect was a function of day
[F6,48)=6.44, P<0.001], but the 0.5 mg/kg dose did not have
the same effect as the 1.0 mg/kg dose throughout the 3-day
period [dose x day interaction: £ 43)=1.8, N.S.]. Post hoc anal-
ysis revealed that 0.5 mg/kg varenicline (Fig. 1; gray columns)
significantly decreased ethanol intake for the 1-h test period in
the last two treatment days, while the 1.0 mg/kg dose (Fig. 1;
black columns) decreased ethanol intake all three treatment
days compared with the saline group (P<0.005, Newman—
Keuls test). The magnitude of reduction compared with the
saline-treated rats and calculated over the entire treatment
period, averaged approximately 40 % in the 0.5 mg/kg and
60 % in the 1.0 mg/kg varenicline rats. Further, the effect of
treatment with 1.0 mg/kg varenicline was long-lasting, as the
ethanol intake remained significantly reduced with respect to
the intake of the saline group (P<0.001) for 2 days after the
treatment ended (Fig. 1; post-treatment days 4 and 5; black
columns). On the other hand, comparison of the effect of each
varenicline dose versus ethanol intake displayed by the same
group of rats during baseline days (data not shown), also
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indicated that 0.5 mg/kg varenicline decreased ethanol intake
significantly the last 2 days of treatment, while the 1.0 mg/kg
dose decreased ethanol intake from the first day (the three
treatment days) and also the first two post-treatment days.
The effects of cytisine on the ethanol intake under limited
access in doses of 0.5 and 1.0 mg/kg or saline, administered
for three consecutive days, are illustrated in Fig. 2. Two-way
ANOVA (treatmentxday) of all ethanol intake data shown in
Fig. 2 indicated that 0.5 and 1.0 mg/kg cytisine caused a
significant effect on ethanol intake [F5 96=6.78, P<0.001]
compared to the saline group, the magnitude of which was not
a function of day [F(s96=1.13,N.S.] although both doses
showed effects throughout the days [treatmentxday interac-
tion Fi6,96)=2.07, P<0.03]. When the 0.5 and 1.0 mg/kg doses
were compared among them in a separate ANOVA, it was
found that the effects of both doses were not significantly
different [F(; 43y=1.70, N.S.], the magnitude of the effect
was not a function of day [F(e4sy=2.2, N.S.], and the
0.5 mg/kg dose did not have the same effect as the 1.0 mg/kg
dose throughout the days [dose x day interaction, F(s 43y=0.88,
N.S.]. Post hoc comparisons indicated that cytisine caused a
smaller reduction of ethanol consumption than varenicline.
Indeed, both 0.5 mg/kg (Fig. 2; gray columns) and 1.0 mg/kg
(Fig. 2; black columns) of cytisine significantly decreased
ethanol consumption for the 1-h test period only the first
2 days of treatment (P<0.01). The magnitude of this reduction

[ Saline
3 Cytisine (0.5 mg/Kg i.p.)
1.5— E Cytisine (1.0 mg/Kg i.p.)

1.2 - I T

1
*

Ethanol Intake (9/Kg/60 min)
o
©
l 1
*
|—‘
*
—
—
—
|—‘
—

Day 1 Day 2

Day 3 Day 4 Day 5 Day 6

Treatment Post-Treatment

Fig. 2 Short treatment (3-day) with cytisine (0.5 or 1.0 mg/kg/day)
significantly decreases ethanol intake in rats under limited access. Rats
were exposed to 10 % ethanol for only 1 h each day, with water and
food freely available (24 h/day). These animals were previously sub-
mitted to continuous (24 h/day) free choice between 10 % ethanol and
water for four consecutive weeks and further allowed access to 10 %
ethanol for 1 h every day during ten consecutive days (last four
drinking days was averaged to obtain baseline ethanol intake). On
day 11, rats were assigned into three groups (n=5 rats per group) each
group received 0.5, 1.0 mg/kg cytisine or saline intraperitoneally
30 min before the start of the 1 h drinking session. Data are expressed
as mean+SEM (two-way ANOVA within each treatment group fol-
lowed by Newman—Keuls post hoc test) *p<0.05 versus saline controls

compared with the saline-treated rats and calculated over the
entire treatment period, averaged approximately 40 % in the
0.5 mg/kg and the 1.0 mg/kg doses (P<0.01). On the other
hand, comparison of ethanol consumption during the cytisine
treatment days with respect to intake during the baseline days,
before beginning the drug treatment (data not shown), indi-
cated that 0.5 mg/kg cytisine decreased ethanol intake signif-
icantly on the first day of treatment, while the 1.0 mg/kg dose
only decreased ethanol intake the last 2 days of treatment. No
change in body weight was observed during the 3 days of
varenicline or cytisine treatment.

Experiment 2: effect of repeated administration
of varenicline or cytisine on ethanol intake using the 24-h
continuous access paradigm

The continuous access paradigm was used to evaluate
whether varenicline (1.0 mg/kg) or cytisine (1.0 or
1.5 mg/kg) might have a long-lasting action and if these
drugs are able to reduce the consumption of ethanol dis-
played during a 24-h drinking session, following drug treat-
ment. Rats given continuous (24 h/day) access to 10 %
ethanol and water consumed an average of 7.0+0.5 g etha-
nol/kg/day and 29+5 mL water/kg/day at the end of the 4-
week free-choice period. The effect of varenicline in doses
of 1.0 mg/kg or saline, administered for three consecutive
days, on ethanol intake under continuous access is illustrat-
ed in Fig. 3a. Two-way ANOVA of the saline and vareni-
cline data revealed a significant effect of varenicline
treatment [F(; 109)=75.76, P<0.001] compared to saline,
the magnitude of which was a function of day [F(o 109)=
3.19, P<0.01]. This was supported by a significant treat-
mentxday interaction [F(9 09)=2.70, P<0.005]. Post hoc
comparisons indicated that treatment with 1.0 mg/kg vare-
nicline produced a statistically significant reduction of 24 h
ethanol intake on all treatment days compared with the
saline group (P<0.01). The magnitude of reduction calcu-
lated over the entire treatment period averaged approximate-
ly 42 % (P<0.001). As seen in the limited access
experiment, the effect of 1.0 mg/kg varenicline on continu-
ous drinking was also long-lasting, as the ethanol intake
remained significantly reduced for 2 days after treatment
ended (P<0.001). On the other hand, comparison of ethanol
consumption during all days of varenicline administration
with respect to the intake during the four baseline days,
before beginning treatment, indicated that 1.0 mg/kg vare-
nicline significantly (P<0.01) reduced ethanol intake
(Fig. 3a) and ethanol preference (Table 1) on the last 2 days
of treatment and the first two post-treatment days. In con-
trast, water consumption was not significantly affected by
varenicline on any of the treatment days (data not shown).

The effects of cytisine at 1.0 mg/kg and saline on ethanol
consumption during a 24-h drinking session are illustrated
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Fig. 3 Effect of short treatment (3-day) with varenicline or cytisine
significantly decreases ethanol intake in rats under continuous ethanol
access. Rats were previously submitted to continuous (24 h/day) free
choice between 10 % ethanol and water for four consecutive weeks.
Thereafter, varenicline 1.0 mg/kg or saline (a) was administered intra-
peritoneally 30 min before the lights were turned off to two different
group of rats on each of three consecutive days. Cytisine 1.0, 1.5 mg/
kg or saline (b) was administered to two different group of rats on each
of three consecutive days. Data are expressed as mean+SEM (two-way
ANOVA within each treatment group followed by Newman—Keuls post
hoc test), ¥*p<0.05 versus saline controls

in Fig. 3b (black diamonds). Furthermore, to determine if
increasing the dose from 1.0 to 1.5 mg/kg, cytisine could
reduce ethanol intake to a similar extent as seen with
1.0 mg/kg varenicline, a different group of rats was injected
with 1.5 mg/kg cytisine for three consecutive days (Fig. 3b;
black squares). Two-way ANOVA (treatmentxday) of sa-
line, 1.0 mg/kg and 1.5 mg/kg cytisine group data, shown in
Fig. 3b, indicated that 1.0 and 1.5 mg/kg doses caused a
significant effect on ethanol intake [F5 96,=6.3, P<0.0025]
compared to the saline group, the magnitude of which was a
function of day [F(s96)=4.48, P<0.001]. This was sup-
ported by a significant treatmentxday interaction [treat-
mentxday interaction: F(s96=2.10, P<0.01]. When both
cytisine doses were compared in a separate ANOVA, it was
found that the effects of both doses were significantly dif-
ferent [F(; 48)=4.00, P<0.05], the magnitude of the effect was
a function of day [F (s 48)=7.21, P<0.001], but the 1.0 mg/kg
dose did not have the same effect as the 1.5 mg/kg dose
throughout the days [dosexday interaction: F(c43)=0.72,
N.S.]. Post hoc comparisons indicated that cytisine at a dose
of 1.0 mg/kg (Fig. 3b; black diamonds), administered for three
consecutive days, reduced ethanol consumption and also eth-
anol preference (Table 1). However, unlike varenicline, the
reduction elicited by cytisine reached statistical significance
on the third day of treatment, and the reduction was approx-
imately 34 % (P<0.01). Post hoc analysis indicated that
cytisine at a dose of 1.5 mg/kg (Fig. 3b; black squares)
significantly reduced ethanol intake and ethanol preference
(Table 1) for the 24-h test period on all 3 days of treatment
compared with the saline group, and the magnitude of reduc-
tion was approximately 48 % (P<0.01), which is similar to the
reduction obtained with 1.0 mg/kg varenicline (Fig. 3a). In
addition, comparison of ethanol consumption during all days
of cytisine administration with respect to the intake during the
four baseline days, before initiating treatment (Fig. 3b; black
squares), indicated that 1.5 mg/kg cytisine decreased the eth-
anol intake significantly on all 3 days of treatment. In contrast,

Table 1 Repeated administration of varenicline or cytisine reduces ethanol preference in rats under continuous ethanol access

Ethanol preference (%) (mL ethanol intake > 100/mL total fluid intake)

Treatment Baseline Treatment days Post-treatment days

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Saline 8145 79+4 82+5 81+4 78+3 83+8 82+4
Varenicline (1.0 mg/kg/day) 79+3 63+4 43+£5* 45£7* 41+£5% 41+£8* 78+3
Cytisine (1.0 mg/kg/day) 8042 80+6 69+13 61+1%* 76+14 75+14 80+6
Cytisine (1.5 mg/kg/day) 8042 57+5% 54+8%* 5244% 51+4* 79+6 80+5

Percentage of ethanol preference versus total fluid intake is shown during baseline (average of 4 days previous treatment), 3 days of treatment (day
1—day 3) and during three post-treatment days (day 4—day 6) in saline, varenicline, and cytosine-treated rats

Means+SEM (n=35, for each group); *P<0.05, significant versus the corresponding baseline (Student's # test)
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water consumption (data not shown) was not significantly
affected by cytisine on any of the treatment days. Taken
together, the results obtained in limited- and continuous-
access experiments showed that varenicline exhibits a stronger
and longer-lasting effect than cytisine. No change in body
weight was observed during the 3 days of varenicline or
cytisine treatment.

To evaluate the specificity of both nAChR ligands on
ethanol intake, varenicline in a dose of 1.0 mg/kg, or cytisine
in a dose of 1.5 mg/kg, or saline, was administered for three
consecutive days to rats under the two-bottle free-choice
regimen between saccharin 0.2 % (w/v) and water with un-
limited access (24 h/day). Two-way ANOVA of saccharin
intake data displayed by the rats of the varenicline- and
saline-treated groups (Table 2) revealed no significant effect
of treatment [F(1’62):O.60, P> 005], day [F(6,62)=0-67’ P>
0.05] or treatmentxday interaction [F4¢2)=0.07, P>0.05].
Similarly, two-way ANOVA of saccharin intake data dis-
played by rats of the cytisine and saline groups (Table 2)
revealed no significant effect of treatment [£ ¢,)=0.61, P>
0.05], day [F(6,62)=0.24, P>0.05] or treatmentx day interac-
tion [F(6,62):0~199 P>005]

Experiment 3: effect of extended repeated administration
of varenicline or cytisine on ethanol intake using the 24-h
continuous access paradigm

The effects of chronic administration of both nAChR partial
agonists on ethanol intake during the 24-h drinking sessions
were evaluated with repeated dosing of 1.0 mg/kg vareni-
cline, which was administered for 11 consecutive days at
24 h intervals or 1.5 mg/kg cytisine administered for 13
consecutive days at 24 h intervals. In this experiment, rats
were divided into four groups. One group of rats received
varenicline and another saline. The other two groups re-
ceived cytisine or saline. However, because both saline
groups were not statistically different, ethanol intake data
of both saline groups were pooled.

Figure 4a illustrates ethanol consumption in varenicline
and saline groups during baseline, treatment and post-
treatment days. Two-way ANOVA of the first 14 ethanol
intake data shown in Fig. 4a revealed a significant effect of
varenicline treatment [ ;11)=64.32, P<0.001], the magni-
tude of which is a function of day [F(;5,111)=2.78, P<0.01].
This was supported by a significant treatmentx day interac-
tion [F(s111y=1.77, P<0.05]. Post hoc analysis revealed
that varenicline reduces ethanol consumption significantly
compared with the saline group on days 1 to 7 of drug
treatment (P<0.001). The ethanol intake reduction calculat-
ed over the first 7 days of varenicline treatment averaged
approximately 51 %. This effect practically disappeared on
days 8—10 of chronic treatment even though varenicline was
still administered. Comparison of ethanol consumption dur-
ing all days of varenicline administration with respect to
intake during the five baseline days, before initiating
treatment (Fig. 4a), indicated that 1.0 mg/kg varenicline
decreased the ethanol intake significantly only on the
first 7 days, but not on the last 4 days of chronic
administration. Varenicline treatment during 11 consecu-
tive days did not reduce body weight (means+SEM, n=
5; 280+3 g, the first treatment day, versus 290+6 g the
last day of treatment).

Figure 4b illustrates the effect of chronic cytisine admin-
istration on ethanol intake. These animals first received a
dose of 1.5 mg/kg of cytisine for 13 consecutive days (day 1
to 13), and after 3 days without any treatment (day 14 to 16),
a single dose of 3.0 mg/kg of cytisine was injected on day
17. Two-way ANOVA of the first 16 ethanol intake data
shown in Fig. 4b revealed a significant effect of 1.5 mg/kg
cytisine treatment [ 115y=487.8, P<0.001], the magnitude
of which is a function of the day [F(j6,115=12.33, P<
0.001]. This was supported by a significant treatmentx day
interaction [F(j6,115)=7.88, P<0.001]. Post hoc analysis
revealed that 1.5 mg/kg cytisine reduces ethanol consump-
tion significantly compared with the saline group on treat-
ment days 1 to 10 (P<0.001). The magnitude of this

Table 2 Daily voluntary consumption of saccharin was not altered by repeated administration of varenicline or cytisine

Saccharin intake (mL/kg/day)

Treatment Baseline Treatment days Post-treatment days

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Saline 161+£31 176+9 168+24 15748 168+24 188+44 176+10
Varenicline (1.0 mg/kg/day) 162+10 170+24 148+21 148+19 158.1+19 159.4425 158.4+20
Cytisine (1.5 mg/kg/day) 172423 168+11 190425 194+17 174+39 200420 170+34

Voluntary saccharin consumption (0.2 % saccharin versus water) is shown during baseline (average of 4 days previous treatment), 3 days of
treatment (day 1—day 3) and during three post-treatment days (day 4—day 6) in saline, varenicline, and cytisine-treated rats

Data are expressed as mean+=SEM

n=>5 rats per group
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Fig. 4 Extended repeated
administration of varenicline or
cytisine reduced ethanol intake
until the seventh or eleventh
day of treatment, respectively,
when tolerance developed. a
Effect of long-term (11-day)
varenicline (1.0 mg/kg/dayi.p.)
treatment on voluntary ethanol
intake in UChB rats previously
submitted to continuous (24 h/
day) free choice between 10 %
ethanol and water for four
consecutive weeks. b Effect of
long-term (13-day) cytisine
(1.5 mg/kg/dayi.p.) treatment
on voluntary ethanol intake in

V]

Ethanol Intake (g/kg/day)

rrrerrerttet

—#-varenicline 1.0 mg/kg
-®-saline

adult high alcohol-drinking
UChB rats previously
submitted to continuous (24 h/
day) free choice between 10 %
ethanol and water for four
consecutive weeks. In this case,
rats also received a single dose
of cytisine (3.0 mg/kgi.p.) or
saline on day 17. Varenicline,
cytosine, or saline was
administered intraperitoneally
30 min before the lights were
turned off. Data are expressed
as mean+SEM (two-way
ANOVA within each treatment
group followed by Newman—
Keuls post hoc test) *p<0.05
versus saline controls, &p<0.05
versus baseline drinking levels

(o3

Ethanol Intake (g/kg/day)

Baseline

reduction compared with saline-treated rats and calculated
over the first 10 days of cytisine treatment averaged approx-
imately 43 %. The effect practically disappeared on days 11—
13 even though cytisine was still administered. Comparison of
ethanol consumption during all days of cytisine administration
with respect to the intake during the five baseline days, before
starting treatment (Fig. 4b), indicated that 1.5 mg/kg cytisine
decreased ethanol intake significantly only the first 10 days of
administration, but not the last 3 days of chronic administra-
tion. Once the acquired tolerance remained stable from day 14
to 16, these animals were injected with a single higher dose of
cytisine (3.0 mg/kg) or saline on day 16 when the light was
turned off (at 7 o'clock PM). The 3.0 mg/kg cytisine dose was
able to reduce ethanol intake significantly on day 17 compared
with the ethanol intake data of the respective saline-treated
rats. Thus, with multiple repeated administrations, tolerance to
the effect induced by both drugs appears to develop at
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different time points, on day 8 of chronic varenicline—and
on day 11 of chronic cytisine treatment. Cytisine treatment
during 13 consecutive days did not reduce body weight
(means+SEM, n=5; 295+3 g, the first treatment day, versus
299+6 g the last day of treatment)

Discussion

Our results show that varenicline or cytisine elicited a dose-
dependent reduction in voluntary ethanol consumption dis-
played by the high-alcohol-drinking UChB rats. These rats
have been bred for many generations as high ethanol drinkers
representing a unique animal model to study alcohol addiction
(for reviews see Mardones and Segovia-Riquelme 1983;
Quintanilla et al. 2006; Tampier and Quintanilla 2010). The
reduction in alcohol intake was evident in a 1-h limited access
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paradigm (Figs. 1 and 2) and in a 24-h continuous access
paradigm (Figs. 3 and 4). Varenicline and cytisine treatment
under a short course of repeated dosing (0.5 or 1.0 mg/kg), for
three consecutive days, significantly decreased voluntary eth-
anol intake in the high ethanol consumer (UChB) rats. These
results are consistent with previous findings in rodents exam-
ining the effect of varenicline (Bito-Onon et al. 2011; Kamens
et al. 2010; Steensland et al. 2007; Wouda et al. 2011) and
cytisine (Bell et al. 2009; Hendrickson et al. 2009; Sajja and
Rahman 2011) on ethanol intake and further support a role for
nAChR in ethanol consumption. Comparison of the effects of
both nAChRs ligands showed that varenicline elicited a great-
er reduction of ethanol intake than cytisine. In fact, 0.5 and
1.0 mg/kg doses of varenicline, administered for three con-
secutive days to rats under limited access, reduced the intake
of ethanol displayed during a 1-h drinking session by 40 %
and 60 %, respectively, during two (the 0.5 mg/kg dose) and
three (the 1.0 mg/kg dose) days of treatment (Fig. 1), while the
magnitude of reduction induced by cytisine compared with the
saline-treated rats and calculated over the entire treatment
period, reached an average of approximately 40 % in the
0.5 mg/kg and the 1.0 mg/kg doses (Fig. 2). These results
can be rationalized, at least in part, by the finding that after
oral administration, varenicline is more potent than cytisine in
stimulating dopamine turnover in the rat nucleus accumbens
(Rollemaetal. 2010). Also, the present results indicate that the
inhibitory effect of varenicline on ethanol consumption
is longer-lasting compared to that of cytisine (Figs. 1
and 2). The differences in their durations of action may
be associated with their respective pharmacokinetic
and/or pharmacodynamic properties (Coe et al. 2005;
Obach et al. 2006; Rollema et al. 2010). Short vareni-
cline or cytisine treatments (for three consecutive days)
were also able to reduce the voluntary consumption of
ethanol displayed during a 24-h drinking session para-
digm without reducing water intake (Table 1) or another
highly desired drinking solution for UChB rats (Tampier
and Quintanilla 2005) such as 0.2 % (w/v) saccharin
(Table 2).

In the present study, it is difficult to determine the precise
role of the individual subunits of the nAChR playing a role
in ethanol consumption in UChB rats due to the fact that
varenicline and cytisine have diverse pharmacological pro-
files. Both ligands are high-affinity partial agonists at o432
nAChRs and low-affinity partial agonists at 334, &332,
44, and o6 nAChRs, and also low-affinity agonists at &7
nAChRs (Coe et al. 2005). On the other hand, although it is
well established that the «432 nAChR has an essential role in
mediating nicotine's rewarding properties (Picciotto et al.
1998; Tapper et al. 2004), the subunit composition involved
in ethanol's rewarding properties remains controversial, since
the role of other nAChR subtypes has been demonstrated. It
has been shown that systemic ethanol increases dopamine

release in the mesolimbic dopamine system, an effect that
appears to require the stimulation of nAChRs (Blomgqvist et
al. 1997; Ericson et al. 2009; Tizabi et al. 2007). The ability of
mecamylamine, a nonselective nAChRs antagonist, to inhibit
alcohol intake (Hendrickson et al. 2009) and to antagonize the
mesolimbic dopamine-activating properties of ethanol
(Blomgpvist et al. 1993) support this hypothesis. A number of
studies have indicated that ethanol interacts directly with
o432 nAChRs where it acts as an allosteric modulator
(Aistrup et al. 1999; Cardoso et al. 1999; Covernton and
Connolly 1997). However, the finding that blocking o432
nAChR with a selective antagonist, dihydro-{3-erythroidine
(DHBE), failed to reduce ethanol consumption in rodents
(Larsson et al. 2002; Le et al. 2000) did not support this
notion. In addition, Chatterjee et al. (2011) hypothesized that
partial agonists at «334 nAChRs decrease ethanol self-
administration and consumption by indirectly modulating
the mesolimbic dopaminergic system. They demonstrated that
high-affinity partial agonists at 334 nAChRs, CP-601932
and PF-4575180, reduce ethanol consumption and seeking in
rats. Interestingly, these authors also suggested that vareni-
cline at doses of 1 and 2 mg/kg, that reduce ethanol intake, has
a functional interaction with «334 nAChRs. Likewise, cyti-
sine also has affinity for 3 34 nAChRs. Taken together, these
results suggest that following 0.5 or 1.0 mg/kg doses, vareni-
cline and cytisine might reach brain concentrations high
enough to interact functionally with «334 nAChRs in
UChB rats. Furthermore, Kuzmin et al. (2009) have previous-
ly demonstrated that o-conotoxin MII, a selective antagonist
of a3p2, B3, and «6 subunits decreases ethanol self-
administration in rats, suggesting that these subunits might
be involved in mediating ethanol intake. Because the
diverse pharmacological profiles of varenicline and cyti-
sine also involve the a6 subunit (Rollema et al. 2010), it
is possible that both ligands could modulate the o6
nAChR subunit in the VTA to mediate the reduction of
ethanol consumption.

Consistent with an important role of «4(32 nAChRs in
alcohol drinking behavior, Rezvani et al. (2010) have shown
that the selective desensitizer of x432 nAChRs, sazetidine-
A (Xiao et al. 2008), reduced alcohol consumption in
alcohol-preferring (P) rats. Because sazetidine-A has both
agonistic and desensitizing effects on o432 nAChRs, but its
desensitizing effect is much more profound (Xiao et al.
2008), the authors suggest that the reduction of ethanol
intake by sazetidine-A is mediated via desensitization of
the «432 nicotinic receptor (Rezvani et al. 2010). Because
it has been shown that both varenicline and cytisine desen-
sitize nAChRs (Billen et al. 2012; Rollema et al. 2010;
Mihalak et al. 2006; Lu et al. 1999), it is possible that a
functional antagonism of nAChRs through desensitization
may reduce ethanol intake in UChB animals by decreasing
the firing rate of VTA neurons.
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The present study also shows that long-term administration
of varenicline (1.0 mg/kg/day) or cytisine (1.5 mg/kg/day) for
eleven or thirteen consecutive days, respectively, induced a
decrease in ethanol intake during the first days of treatment
followed by development of tolerance by day 8 of varenicline
and by day 11 of cytisine administration. Our finding that the
loss of effect in reducing ethanol intake after 10 days of daily
administration of 1.5 mg/kg of cytisine was overcome by the
administration of a higher dose of 3.0 mg/kg cytisine, supports
the notion that the loss of effect was due to tolerance devel-
opment. There are no preclinical studies showing develop-
ment of tolerance to the reduction of alcohol intake induced by
varenicline or cytisine, because varenicline or cytisine have
not been administered for more than 6 days in rodents before
the present study. However, our finding of tolerance develop-
ment to the effect of varenicline and cytisine did not agree
with results of a recent study showing that continuous
sazetidine-A infusions (6 mg/kg/day) over a period of 4 weeks
reduced nicotine self-administration without attenuation in its
effectiveness over 4 weeks (Johnson et al. 2012). This dis-
crepancy may be due to differences in the up-regulation of
nAChR which is a powerful influence in the efficacy of drugs.
Thus, Hussmann et al. (2012) comparing the ability of chronic
administration of nicotine (18 mg/kg/day), varenicline
(1.8 mg/kg/day), and sazetidine-A (4.7 — 9.4 mg/kg/day) over
a period of 2 weeks, found that nicotine and varenicline up-
regulate brain nAChRs in rats and mice, while sazetidine-A
did not. These authors postulate that the increased receptors
convey excess levels of neural activity, which triggers anxiety
pathways that lead to craving when the replacement therapies
either with nicotine or varenicline, are stopped (Hussmann et
al. 2012). According to this notion, previous studies showed
that cytisine injected twice daily at a dose of 1.0 mg/kg for
10 days (Schwartz and Kellar 1985) and varenicline injected
at a dose of 1.8 mg/kg/day for 14 days also induced up-
regulation of nicotinic receptors (Turner et al. 2011) in rat
brain. If we assume that nicotinic receptor desensitization is
the mechanism by which varenicline and cytisine reduce
alcohol consumption in UChB rats, it is possible that the up-
regulation of nicotinic receptors might account for the
development of tolerance because the same varenicline and
cytisine dose is not enough to desensitize the increased
nAChRs to reduce ethanol consumption. Clinically, these find-
ings would suggest that long-term treatment of high-alcohol-
drinking individuals with varenicline or cytisine should consider
dose adjustment to counter tolerance arising after continued use.
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