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Abstract

Adolescence is a critical period in brain development that coincides with the initiation of alcohol
use. Nicotinic acetylcholine receptors (NnAChR) have been shown to modulate ethanol behaviors in
adult humans and in animal models; however, the role of these receptors in adolescent ethanol
behaviors has not been explored. Throughout adolescence, NAChR expression undergoes large-
scale developmental changes which may alter behavioral responses to ethanol. Here we examined
the effect of varenicline, a nAChR partial agonist, on ethanol consumption, ataxia, sedation, and
metabolism in adolescent male and female C57BL/6J mice. The effect of varenicline on ethanol
consumption was tested through the Drinking-in-the-Dark (DID) paradigm that models binge-like
ethanol consumption. To ensure that results were specific for ethanol, we also tested the effect of
varenicline on saccharin consumption. Additionally, varenicline was administered 30 minutes prior
to an acute injection of ethanol before being tested for ataxia on the balance beam, sedation using
the loss of righting reflex, or ethanol metabolism. Varenicline dose dependently decreased ethanol
consumption, but also influenced saccharin intake. Varenicline showed no significant effect on
ethanol metabolism, ataxia, or sedation. Unlike its effects in adult animals, varenicline is able to
reduce ethanol consumption without increasing the ataxic and sedative effects of ethanol. This
work suggests that the neurobiological mechanisms of ethanol behaviors may change across the
lifespan and highlights the need for more research on the role of nAChRs in ethanol behaviors
throughout development.
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1. Introduction

Alcohol use disorders are common in the United States with a total lifetime prevalence of
30% (Hasin et al., 2007). Experimentation with alcohol often begins in early adolescence or
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young adulthood. Among 12-13 year olds, 3.5% have used alcohol, but this number rises to
70.2% in 21-25 year olds (Substance Abuse and Mental Health Services Administration,
2010). In 2012, 64% of high school seniors used alcohol and almost a quarter of all seniors
binge drank alcohol (Johnston et al., 2013). Moreover, heavy alcohol use in adolescence is
associated with increased alcohol use disorders in adulthood (Marshall, 2014). The
biological factors that promote adolescent alcohol consumption are not well understood.
These data highlight the need for research focused on adolescent alcohol behaviors and the
underlying neurobiology.

Adolescence is a critical time in brain development that coincides with the initiation of
alcohol use. During adolescence, the brain undergoes significant changes in regard to both
structure and function (Spear, 2013). One receptor system that matures during this time is
the nicotinic acetylcholine receptor (nAChR) system. Research has shown that the
expression of NAChR subunits changes over the course of development, with greater
expression of particular subunits observed in adolescent compared to adult animals (Azam et
al., 2007; Doura et al., 2008). In addition to changes in expression, increased function of
nAChRs in brain regions known to modulate drug behaviors has also been observed in
adolescent versus adult animals (Azam et al., 2007; Kota et al., 2007). Therefore, changes in
nAChRs throughout the course of adolescent development could lead to altered behavioral
responses compared to adult animals.

Nicotinic receptors have received much attention recently for their link to ethanol behaviors.
Ethanol has both direct and indirect effects on nAChRs that can modulate behavioral
responses of this drug (Davis and de Fiebre, 2006). Human genetic variants in genes that
code for nAChR subunits have been linked to binge alcohol consumption, onset of alcohol
use, and age of initiation of alcohol use (Coon et al., 2014; Ehringer et al., 2007; Lubke et
al., 2012; Schlaepfer et al., 2008). Moreover, pharmacological and genetic manipulation of
rodent nAChRs have implicated these receptors in a variety of ethanol behaviors including
consumption, reward, locomotor responses, ataxia, and sedation (Bowers et al., 2005;
Dawson et al., 2013; Hendrickson et al., 2009; Kamens et al., 2009; Powers et al., 2013;
Sajja and Rahman, 2013; Steensland et al., 2007).

One of the most widely used pharmacological tools to investigate the role of NnAChRs in
ethanol behaviors is varenicline, an a4p2 partial agonist (Rollema et al., 2007). In adults,
varenicline has been shown to decrease ethanol consumption (Hendrickson et al., 2010;
Kamens et al., 2010a; Steensland et al., 2007) and increase the ataxic and sedative properties
of ethanol (Kamens et al., 2010b). These effects occur without influencing ethanol
metabolism (Kamens et al., 2010a) or the rewarding properties of the drug (Gubner et al.,
2014). Further data implicates the a4 nAChR subunit in mediating the effect of varenicline
on ethanol consumption with the posterior ventral tegmental area as the site of action
(Hendrickson et al., 2010). Importantly, all data regarding the role of varenicline in
modulating ethanol behaviors has been performed in adult animals. Given that alcohol use
begins during adolescence and that nicotinic receptors dynamically change during this time,
it is important to understand the role of NnAChRs in adolescent ethanol behaviors.
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The aim of the current study was to examine the role of NAChRs in adolescent ethanol
behaviors. Here we examine the influence of varenicline on ethanol consumption, ataxia,
sedation, and metabolism in adolescent male and female C57BL/6J mice. Further, the effect
of varenicline on saccharin consumption was utilized to determine if effects on ethanol
consumption were specific. The results indicate that varenicline reduces ethanol
consumption in adolescent animals, but also decreases consumption of the sweet solution
saccharin. In contrast, no significant effects were observed on ethanol-induced ataxia,
sedation, or metabolism.

2. Materials and Methods

2.1 Animals

2.2 Drugs

2.3 Drinking

Adolescent C57BL/6J mice purchased from The Jackson Laboratory (Bar Harbor, Mainge)
were used in all experiments. Mice arrived on postnatal day (PND) 25. Animals to be used
in drinking studies were singly housed, while mice for all other behaviors were placed in
same sex groups with 2-4 mice per cage. Food and water was available ad /ibitum except
where noted below. Mice were allowed to acclimate to our animal facility for one week prior
to testing. Animals used in drinking studies were housed in a room with a modified 12-hour
light/dark cycle (lights on at 2200) to allow for drinking studies to be conducted in the dark
between 1300-1500. For all other experiments, mice were housed on a standard 12-hour
light/dark cycle (lights on at 0700) and behavioral studies were performed in the light
between 0900-1300. All procedures were approved by the Pennsylvania State University
Institutional Animal Care and Use Committee and were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1978).

Ethyl alcohol (200 proof; Koptec) and saccharin sodium salt (Sigma-Aldrich, St. Louis,
MO) were diluted in tap water for drinking studies. For injections, ethyl alcohol (20% v/v)
and varenicline tartrate (graciously provided by Pfizer, Groton, CT) were mixed with
physiological saline (0.9% NaCl; Baxter) and administered into the intraperitoneal (i.p.)
cavity.

in the Dark (DID)

The effect of varenicline on ethanol consumption was tested with a 2-day drinking-in-the-
dark (DID) procedure (Gupta et al., 2008; Kamdar et al., 2007; Kamens et al., 2017a).
Briefly, naive male and female mice (N = 24) were repeatedly tested in four 2-day DID
sessions at postnatal days (PND) 32-33, 36-37, 39-40, and 43-44. On the first day, the
animal's water bottle was removed from the cage 3 hours into the dark cycle and a single
20% ethanol tube was presented (Rhodes et al., 2005). The volume of fluid in the tube was
read to the closest 0.1 ml at the beginning of the session and at 30 minutes, 1 hour, and 2
hours into the drinking session. At the end of the 2 hour drinking session the ethanol tube
was removed and water was replaced on the cage. On day 2 of each session this protocol was
repeated, but mice were given an acute injection of saline or varenicline (0.5, 1, or 2 mg/kg,
(Kamens et al., 2010b, 2010a)) 30 minutes prior to the ethanol availability. Mice received
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saline and each of the three varenicline doses in a Latin square design. The primary

dependent variable was ethanol consumption (g/kg). To ensure that the effect of varenicline
was specific for ethanol, a naive group of male and female adolescent C57BL/6J mice (N =
12/group) had access to 0.033% saccharin using the same procedure (Kamens et al., 2017a).

2.4 Balance Beam

25L0RR

The balance beam was used to examine the effect of varenicline on ethanol-induced ataxia
(Crabbe et al., 2003; Kamens et al., 2010b; Linsenbardt et al., 2009). Briefly, naive male and
female mice were tested (N = 114). On PND 32 all mice were trained to cross the balance
beam (34 inch wide, 54.6 cm off of the ground). Mice were placed on the end of the beam
and crossed the beam twice to complete their training. On PND 33, mice were moved to the
test room and allowed to acclimate for at least 1 hour. Mice were pretreated with an i.p.
injection of saline or varenicline (0.5, 1, or 2 mg/kg; Kamens et al., 2010b) and placed into a
holding cage (n=13-17/ group). Thirty minutes after the varenicline treatment, mice received
either saline or 1.5 g/kg ethanol injection and were returned to their holding cage. Ten
minutes after this challenge injection, the mice were tested for ataxia on the balance beam.
The primary dependent variable was the number of hindpaw slips while crossing the balance
beam. Hindpaw slips were counted by a trained experimenter unaware of the animal's group
assignment.

The Loss of Righting Reflex (LORR) was used to examine the effect of varenicline on
ethanol-induced sedation (Crabbe et al., 2006; Kamens et al., 2012, 2010b). A subset of
male and female animals tested for ataxia were left undisturbed for 7 days and then were
tested for LORR on PND 39 (N = 71). Mice were moved to the testing room, weighed, and
were left to acclimate for at least 1 hour. Each mouse received a pretreatment injection of
either saline or varenicline (N = 17-19/group; 0.5, 1, or 2 mg/kg; Kamens et al., 2010b) and
was immediately placed into a holding cage. Thirty minutes after the pretreatment, all mice
were challenged with a 4.0 g/kg ethanol injection. Mice were returned to their holding cage
for approximately 1 minute or until they appeared intoxicated. They were then placed on
their back in a V-shaped plastic trough. When mice were unable to right themselves for 30
seconds they were determined to have lost their righting reflex. Two dependent variables
were collected: latency to LORR and duration of LORR. Latency to LORR was defined as
the time from ethanol injection until the animal lost its righting reflex. Duration of LORR
was defined as time until the end of LORR when the animal could right itself twice in one
minute.

2.6 Ethanol Metabolism

The effect of varenicline on ethanol metabolism was examined using a standard procedure
(Kamens et al., 2010a, 2006). Briefly, a subset of male mice (N = 15) tested on the balance
beam were left undisturbed and tested at PND 39. Before testing the mice were moved to the
behavior room, weighed, and left to acclimate for 1 hour. Mice were then treated with an
acute injection of saline or varenicline (N = 5/group; 1 or 2 mg/kg; Kamens et al., 2010b)
and were placed directly into a holding cage where they remained for 30 minutes. Mice were
then challenged with 4 g/kg ethanol and placed back into the holding cage. At 30, 60, 120,
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and 180 minutes following the ethanol injection a 10 uL blood sample was obtained from
the tail vein. The primary dependent variable was blood ethanol concentrations (BEC) as
measured by an enzymatic assay (Ehringer et al., 2009; Kamens et al., 2012).

2.7 Statistical Analysis

3. Results
3.1DID

Data from the DID and metabolism experiments were analyzed with repeated measures
analysis of variance (ANOVA). Data from balance beam and LORR experiments were
analyzed with a factorial ANOVA. Independent factors included sex, varenicline dose,
ethanol concentration, and saccharin concentration where appropriate. Significant effects
were examined further with Tukey's post hoc test. a < 0.05 was considered significant.

Varenicline decreased ethanol consumption in adolescent C57BL/6J mice (Fig 1A). All
analyses were performed with sex included as a factor. In no case did sex interact with
varenicline dose suggesting that males and females responded similarly to treatment. Main
effects of sex are reported where appropriate. At the 30 minute time point, the group of male
and female mice that received the 2 mg/kg varenicline dose consumed significantly less
ethanol than the group treated with saline (main effect of varenicline dose: F3 135=5.5,
p<0.01). There were no significant effects or interactions observed at the 60 or 120 minute
time points. Graphs of ethanol and saccharin consumption split by sex can be found in
Supplementary Fig 1.

To ensure that the decrease in ethanol consumption was specific to this drug, we examine the
effect of varenicline on saccharin consumption in the DID model. Varenicline significantly
reduced saccharin consumption in adolescent male and female C57BL/6J mice (Fig 1B). At
both the 30 and 60 minute time points there was a significant main effect of varenicline dose
(F3, 66=15.2, p<0.001 and F3 §6=6.9, p<0.001, respectively); here both the 1 and 2 mg/kg
doses of varenicline significantly reduced saccharin consumption compared to the saline
treated animals (p's < 0.05). By 120 minutes there was no longer a significant main effect or
interaction with varenicline dose. At 120 minutes there was, however, a significant main
effect of sex (F1, 22=9.3, p<0.01) where female mice consumed more saccharin than males
(20.0 £ 2.4, 12.9 £+ 2.0, respectively).

3.2 Balance Beam

Varenicline had no effect on ethanol-induced ataxia measured on the balance beam (Fig 2).
Treatment with varenicline had no effect on baseline ataxia (sal: 0.9 + 0.3, 0.5 mg/kg: 0.9
+0.3, 1 mg/kg: 1.4 £ 0.5, 2 mg/kg: 1.3 = 0.3 hindpaw slips), thus data were analyzed as a
corrected score (Kamens et al., 2010b). There was a significant effect of varenicline dose on
ethanol-induced ataxia (F3 55=5.0, p<0.005) such that the animals that received 2 mg/kg
varenicline displayed more ethanol-induced ataxia compared to animals that received either
the 0.5 or 1 mg/kg dose of varenicline. Importantly, there were no significant differences
between the animals that received a saline pretreatment compared to those that received a
varenicline pretreatment.
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Varenicline had no effect on the sedative effects of ethanol in adolescent C57BL/6J mice
(Fig 3). Male and female adolescent C57BL/6J mice were tested for LORR. For the
dependent variable time to LORR there were no significant effects of sex, varenicline dose,
or the interaction (Fig. 3A). For duration of LORR, there was a significant main effect of sex
(F1, 71=4.1, p<0.05). Female mice were more sensitive to the sedative effects of ethanol
having a longer duration of LORR compared to male mice (75.1 £ 4.2, 62.6 + 3.9,
respectively). There was no significant effect of varenicline dose or the interaction of these
factors (Fig. 3B).

3.4 Metabolism

Varenicline had no effect on ethanol metabolism in adolescent male C57BL/6J mice (Fig 4).
A repeated measures ANOVA was used to evaluate the effect of varenicline on ethanol
metabolism. Only a significant main effect of time was observed (F3 gg=4.2, p<0.01). As
expected, BECs decreased over the course of the experiment (p's < 0.05).

4. Discussion

Previous studies have shown that varenicline, an a4p2 partial agonist, reduces ethanol
consumption in adult humans (McKee et al., 2009), mice (Hendrickson et al., 2010; Kamens
et al., 2010a), and rats (Feduccia et al., 2014; Steensland et al., 2007), and increases ethanol-
induced ataxia and sedation (Fucito et al., 2011; Kamens et al., 2010b). Here we show that
varenicline decreases ethanol and saccharin consumption in adolescent C57BL/6J mice,
without enhancing ethanol-induced ataxia or sedative effects. These findings support the
known role of nAChRs in the reduction of ethanol consumption. However, these results
suggest that differences in the effect of varenicline on ethanol's aversive effects (i.e. ethanol-
induced ataxia and sedation) may be related to age. The differences in behavior observed
between adult and adolescent mice may be associated with normative development of the
nAChR system that includes changes in the expression and function of these receptors
throughout life.

The current study shows that a high dose (2 mg/kg) of varenicline decreases ethanol
consumption in adolescent C57BL/6J mice, with no significant effect on ethanol
metabolism. The results of this study are in line with a number of other studies indicating
that varenicline can decrease ethanol consumption (Hendrickson et al., 2010; Kamens et al.,
2010a; Steensland et al., 2007). In the current study, we found that varenicline significantly
reduced ethanol consumption within 1 hour of treatment (30 minute pre-treatment time plus
30 minute ethanol consumption). While there also appears to be a decrease at the 60 minute
time point (Figure 1), this did not reach statistical significance. Prior work in adult
C57BL/6J mice has shown that varenicline reduces ethanol consumption up to 120-180
minutes after drug administration (Hendrickson et al., 2010; Kamens et al., 2010a). We
know of no data that has investigated pharmacokinetic differences in varenicline across ages.
What is known is that adolescent animals, in general, metabolize drugs faster than adult
animals (Spear, 2007), which may contribute to the decreased duration of action in
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adolescent animals. Alternatively, procedural variation between studies may account for the
observed differences.

Work on the role varenicline in ethanol consumption began with the recognition that there
may be common genetic and neurobiological mechanisms that mediate ethanol and nicotine
use. Varenicline decreases both ethanol consumption and nicotine self-administration (Coe
et al., 2005; Kamens et al., 2010a; Rollema et al., 2007; Steensland et al., 2007) in adult
animals, suggesting a common nAChR mechanism may underlie these behaviors. Although
varenicline decreases intake of both drugs, the doses of varenicline required to influence
ethanol consumption are higher than the doses that reduce nicotine intake (Coe et al., 2005;
Kamens et al., 2010a; Rollema et al., 2007; Steensland et al., 2007) . While varenicline is a
high affinity a4p2 partial agonist (Coe et al., 2005; Rollema et al., 2007), it is also known to
interact with other nicotinic receptors (a3p4, a6p2, and a7 )at high concentrations (Bordia
et al., 2012; Mihalak et al., 2006) and it is possible that multiple nAChRs may mediate some
of its actions.

To determine the nAChRs that underlie varenicline's reduction of ethanol consumption,
researchers turned to genetically modified animals. Deletion of the a7, 2, and p4 nAChR
subunits did not block the effect of varenicline on ethanol consumption suggesting that these
receptor subunits are not involved (Kamens et al., 2010a; Kamens et al., 2017b; Patkar et al.,
2016). In contrast, work in genetically modified animals that both increased sensitivity of the
a4 subunit and knocked it out demonstrated that this subunit was necessary and sufficient
for varenicline-induced reduction of ethanol consumption in adult mice (Hendrickson et al.,
2011). Importantly, previous studies have reported no major changes in a4 mRNA
expression throughout development in the ventral tegmental area (Azam et al., 2007), a
region shown to mediate this effect (Hendrickson et al., 2010). Hence, a4-containing
nicotinic receptors may be in involved in ethanol consumption throughout life, but further
research would be required to test this hypothesis.

In contrast to the results observed with ethanol consumption, work examining the effect of
varenicline on the consumption of sweet solutions has yielded mixed results. The current
results showed that the 1 and 2 mg/kg doses of varenicline significantly reduced saccharin
consumption. To ensure that reductions in ethanol intake are specific, researchers have
examined the impact of varenicline on consumption of the sweet non-caloric solution,
saccharin, or sweet caloric solution, sucrose. Most prior research in adult animals has
reported no significant change in saccharin/sucrose consumption when pretreated with
varenicline (Hendrickson et al., 2010; Kamens et al., 2010a; Steensland et al., 2007).
However, increased sucrose self-administration (Wouda et al., 2011) and decreased
saccharin/sucrose consumption have also been observed (Shariff et al., 2016). Indeed, there
are many differences that may contribute to the inconsistent results. These include the
duration of exposure, varenicline dose, and the animal paradigm used. Results in adult
C57BL/6J mice has provided little evidence that varenicline can alter consumption of sweet
solutions, but this is in contrast to rat models showing increased consumption, decreased
consumption, or no change. These inconsistent results across species are important to take
into account and suggest that it is possible that there could be differences between species in
the involvement of nicotinic receptors in consumption of sweet solutions.
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In the current work, we focused on adolescent animals. To our knowledge, we know of no
other work that has examined the influence of varenicline on saccharin or sucrose
administration during this developmental window. Our work suggests that, in adolescence,
varenicline has a non-specific effect on consumption because it reduces saccharin
consumption in addition to ethanol. We recently reported similar findings with a a6p2
antagonist, N,N-decane-1,10-diyl-bis-3-picolinium diiodide (bPiDI) in adolescent mice
(Kamens et al., 2017a). Specifically, we observed decreased ethanol and saccharin
consumption providing evidence that a6p2 nAChRs may drive this effect in adolescent
animals. Future work using genetically modified a6 animals would be required to test this
hypothesis.

In the current study, we found no effect of varenicline on ethanol-induced ataxia in
adolescent C57BL/6J mice. While the 2 mg/kg dose of varenicline increased ataxia
compared to lower varenicline doses, there was no significant difference compared to saline.
These results are in contrast to our early work in adult C57BL/6J animals. In adult animals,
we found that varenicline increased ethanol-induced ataxia using the same protocol
employed here (Kamens et al., 2010b). Prior research from other groups has implicated
cerebellar a4p2 and a7 nAChRs as mediators of ethanol-induced ataxia. In this work,
intracerebellar administration of an a4f2 or a7 agonist decreased ethanol-induced ataxia
(Taslim et al., 2008; Taslim and Saeed Dar, 2011). We are unaware of any studies on
developmental changes in cerebellar nAChRs that may account for these differences.

In this study, no effect of varenicline was observed on ethanol-induced sedation. We have
previously reported that varenicline increases ethanol-induced sedation in adult mice
(Kamens et al., 2010b) and human clinical studies have reported enhanced ratings of alcohol
sedation (Fucito et al., 2011). Research in knockout animal models has provided evidence
that a number of nicotinic receptor subunits are involved in the sedative effects of ethanol —
these include a5, a6, and a7 (Bowers et al., 2005; Kamens et al., 2012; Santos et al., 2013),
but not p4 (Kamens et al., 2017b). It is possible that changes in expression and function of
nAChRs throughout development (Azam et al., 2007; Doura et al., 2008; Kota et al., 2007)
underlie the differences observed between adolescent and adult animals.

Alcohol use is known to start during adolescence. The work presented here suggests that the
involvement of nicotinic receptors in ethanol behaviors may be dependent on the age at
which the animal is tested. Further work is required to more fully characterize the role of
nAChRs in ethanol behaviors and how these change throughout development. Furthermore,
future work on the mechanisms through which varenicline is reducing ethanol consumption
may be warranted. For example, a sensitive measure like a lick-o-meter system could be
used to determine if varenicline alters how animals approach and/or consume ethanol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Varenicline decreases ethanol consumption in adolescent mice
. Varenicline decreases saccharin consumption in adolescent mice
. Varenicline does not influence ethanol ataxia, sedation, or metabolism in
adolescent mice
. Effects of varenicline on ethanol behaviors appears to be age specific
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Fig 1. Varenicline decreased binge-like ethanol consumption and saccharin consumption in
adolescent male and female C57BL/6J mice

Data (mean + SEM) represent ethanol consumption (A) and saccharin consumption (B).
There was a main effect of sex on saccharin consumption such that females consumed more
saccharin that males (F1 22=9.3, p<0.01; 20.0 + 2.4, 12.9 = 2.0, respectively), but this did
not interact with treatment, thus the data for both sexes are shown combined. N = 12 animal
per dose for saccharin consumption and 24 animals per dose for ethanol consumption.
Asterisks, p < 0.05 from the control group.
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Fig 2. Varenicline does not modulate ethanol-induced ataxia in adolescent male and female

C57BL/6J mice

Data (mean + SEM) represent corrected footslips (ethanol slips — baseline slips). N = 13 - 17
animals per dose. Asterisks, p < 0.05 between groups.
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Fig 3. Varenicline had no effect on the sedative-hypnotic effects of ethanol in adolescent male and
female mice

Data (mean £ SEM) represent time to LORR (A) and duration of LORR (B). For duration of
LORR, there was a significant main effect of sex such that females were more sensitive to
the sedative effects of ethanol compared to males (F; 71=4.1, p<0.05; 75.1 £ 4.2, 62.6 + 3.9,
respectively), but since this did not interact with varenicline treatment the data presented
combined. N = 17 — 19 animals per dose.
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Fig 4. Varenicline does not alter ethanol metabolism in adolescent male mice
Data (mean £ SEM) represent blood ethanol concentrations (BEC) in male mice. N =5

animals per dose.
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