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Abstract

Rationale Clinical trials and human laboratory studies have
established that varenicline can reduce rates of alcohol use
among heavy drinkers. Less is known about the mechanisms
by which varenicline has this effect on drinking behavior.
Reactivity to alcohol cues is often cited as the primary cause
of relapse among those being treated for alcohol use disorder,
and several front-line treatments for alcohol use disorder
work, at least in part, by minimizing cue-induced alcohol
craving.

Objective The current double-blind, placebo-controlled hu-
man laboratory study tested the effects of varenicline on alco-
hol cue reactivity in a group of heavy-drinking adult smokers
and nonsmokers.

Methods As part of a larger series of sequential human labo-
ratory experiments testing the effects of varenicline on drink-
ing outcomes, participants were assigned (between-
participant) to receive either active varenicline (2 mg/day) or
placebo. Following a titration period, participants (n = 77)
attended a laboratory session during which they were exposed
to alcohol and neutral cues using a standard cue reactivity
paradigm.

Results Alcohol cue exposure increased craving for alcohol in
both medication groups. However, participants receiving
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varenicline showed a smaller increase in alcohol craving com-
pared to participants receiving placebo. The medication effect
did not differ between smokers and nonsmokers. Among
smokers, alcohol cue exposure also increased tobacco craving.
Varenicline did not attenuate this effect.

Conclusions Results support the use of varenicline for reduc-
ing alcohol use in heavy drinkers and identify a potential
mechanism by which varenicline reduces drinking.
Varenicline continues to show promise as a pharmacological
treatment for alcohol use disorder.

Keywords Cue reactivity - Alcohol - Human laboratory -
Varenicline - Alcohol craving - Smokers

Introduction

Varenicline (Chantix; Pfizer, New York) is a partial agonist at
o432 nicotinic acetylcholine receptors (nAChRs) that was
developed as a smoking cessation aid (Gonzales et al. 20006).
Growing evidence suggests that it may also be an effective
medication for reducing alcohol consumption. Preclinical
studies demonstrated that varenicline can reduce alcohol con-
sumption in rats (Steensland et al. 2007), and these findings
were later confirmed in the human laboratory (McKee et al.
2009; Verplaetse et al. 2016a). Subsequently, several clinical
trials have found that varenicline can help treatment-seeking
individuals with alcohol use disorder (AUD) reduce their
drinking (Fucito et al. 2011; Litten et al. 2013), although an-
other clinical trial found that participants receiving varenicline
did not differ from those receiving placebo on primary drink-
ing outcomes (de Bejczy et al. 2015). Nonetheless, the bulk of
the evidence suggests that varenicline likely reduces rates of
alcohol use among heavy drinkers, particularly among indi-
viduals who also smoke (Fucito et al. 2011; McKee et al.
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2009; Mitchell et al. 2012), a finding that has been supported
by a systematic review of the literature (see Erwin and Slaton
2014).

Although the results of these clinical trials have generally
supported the notion that varenicline can reduce rates of drink-
ing, less is known about the mechanisms by which the drug
exerts this effect. Unlike current front-line medications for
AUD, varenicline targets nAChRs, so the behavioral mediator
of its effect may differ from other drugs used to treat AUD
(e.g., naltrexone). Acknowledging the role of nAChRs in al-
cohol reinforcement (Soderpalm et al. 2000), several studies
have tested the ability of varenicline to reduce the acute plea-
surable effects of alcohol, similar to the well-documented ef-
fects of naltrexone (Volpicelli et al. 1995). Varenicline reduced
positive alcohol effects (McKee et al. 2009) and increased
aversive alcohol effects (Childs et al. 2012). A related possi-
bility is that varenicline reduces alcohol craving. Indeed, two
clinical trials found that varenicline reduced tonic alcohol
craving (Fucito et al. 2011; Litten et al. 2013). Human labo-
ratory studies have found that varenicline can reduce the pha-
sic increase in craving typically elicited in “high risk™ situa-
tions (e.g., following alcohol prime; McKee et al. 2009).
Likewise, preclinical research has found that microinfusions
of varenicline delivered to the nucleus accumbens attenuated
alcohol-seeking in a rat model of cue-induced relapse (Lacroix
etal. 2017).

Exposure to alcohol cues also can result in phasic increases
in alcohol craving, particularly among individuals with AUD
(Reid et al. 2006; Sinha and Li 2007; Witteman et al. 2015).
This relationship is important for those attempting to reduce
drinking, as cue-induced craving is known to be a major con-
tributor to relapse (Cooney et al. 1997; Drummond 2000;
Garland et al. 2012). As such, blocking cue-induced increases
in craving has been identified as a potential mechanism by
which pharmacological and behavioral interventions could
reduce rates of drinking (Rohsenow et al. 2000). Cue-
induced alcohol craving can be quantified in the laboratory
using alcohol cue exposure paradigms (Monti et al. 1987).
Participants are exposed to alcohol-related cues (e.g., viewing
an image of an alcohol beverage or observing an alcohol bev-
erage being prepared in front of them), and changes in their
level of craving following cue exposure are observed.

The current double-blind, placebo-controlled human labo-
ratory study tested the effects of varenicline on cue-induced
alcohol craving in a sample of non-treatment-seeking adult
heavy drinkers. These data were collected as part of a larger
series of sequential laboratory studies examining the effects of
varenicline on alcohol use (McKee et al. 2009; Verplaetse
et al., 2016a, b). The primary goal of this study was to deter-
mine whether varenicline reduces alcohol cue-induced crav-
ing. Participants received active varenicline (2 mg/day) or
placebo and completed a cue reactivity paradigm while their
craving for alcohol was assessed. The sample included both
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smokers and nonsmokers. Because prior research in this area
has typically been conducted with participants who both use
alcohol and smoke, we included smoking status as a grouping
variable to determine whether any medication effects differ
between smokers and nonsmokers. Among smokers, we also
measured alcohol cue-induced changes in tobacco craving.
People who use both substances endorse high rates of alcohol
and tobacco co-administration (Shiffman and Balabanis
1995). Alcohol may acutely potentiate the incentive salience
properties of tobacco and vice versa (Henningfield et al. 1983;
Kouri et al. 2004). Indeed, prior research has found evidence
for cross-substance cue reactivity, specifically for alcohol and
tobacco (reviewed in Verplaetse and McKee 2016). Reducing
any alcohol-induced increases in tobacco craving would pro-
vide additional support for using varenicline to reduce drink-
ing and smoking among people using both drugs.

We hypothesized that all participants would report more
alcohol craving following exposure to alcohol cues, compared
to neutral cues. However, we predicted that the participants
receiving varenicline would show a smaller increase in crav-
ing following alcohol cue exposure relative to participants
receiving placebo. In past studies, the largest effects of
varenicline on drinking outcomes have been found in samples
of heavy-drinking smokers (McKee et al. 2009). Effect sizes
in mixed samples have been more modest or nonsignificant
(de Bejczy et al. 2015; Verplaetse et al. 2016a). As such, we
predicted that varenicline would be more effective at reducing
craving in smokers. We hypothesized that exposure to alcohol
cues would increase tobacco craving among smokers
(Rohsenow et al. 1997) and that this cue-induced increase in
craving would be attenuated among smokers receiving active
varenicline. Finally, prior research has identified mediators
and moderators of varenicline efficacy in randomized
clinical trials. Brandon et al. (2011) found that participants
could guess their medication condition despite double-blind
administration, which mediated the effect of medication on
cue-induced tobacco craving. Based on the findings of Falk
et al. (2015), we also conducted exploratory analyses using
several different participant variables (i.e., age, gender, past 6-
month alcohol use disorder, % heavy-drinking days, cigarettes
per day) to test whether any of these participant characteristics
moderated medication effects of cue-induced craving.

Method
Participants

Volunteers were eligible to participate if they were >21 years
of age and were able to read and speak English. All partici-
pants were heavy drinkers who reported consuming >7
(women) or 14 (men) drinks per week and >3 (women) or
>4 (men) drinks per episode in the last 30 days. Participants
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were recruited as part of larger series of sequential human
laboratory studies, the results of which are reported elsewhere
(McKee et al. 2009; Verplaetse et al. 2016a, b). Data reported
in McKee et al. (2009) and Verplaetse et al. (2016a) were
collected 8-day post-randomization and reported on ad libitum
drinking outcomes. Data reported in Verplaetse et al. (2016b)
were collected between 2- and 3-week post-randomization
and reported on reactivity to a high dose of alcohol. Data
reported in the current manuscript have not been previously
published and were collected on a separate laboratory session
(day 10 post-randomization). Exclusion criteria included illicit
drug use (except for occasional cannabis use), past 30-day use
of psychoactive drugs, treatment-seeking for alcohol or
smoking, current psychiatric disorder, current suicidal or ho-
micidal ideation, being pregnant or breastfeeding, or medical
conditions contraindicating alcohol use (e.g., liver enzymes
>3x normal) or varenicline administration (e.g., known aller-
gy to varenicline). Volunteers who were likely to exhibit clin-
ically significant alcohol withdrawal during the study as de-
termined by the Clinical Institute Withdrawal Assessment for
Alcohol scale (Sullivan et al. 1989) did not participate.

Procedures

Eligibility screening The Human Investigation Committee of
Yale University approved this study. Written informed consent
was obtained at the start of the intake session. Demographic
information and other baseline measures were obtained at in-
take. These measures included a timeline follow-back (TLFB)
(Sobell and Sobell 1992) of alcohol use and smoking during
the 30 days before intake, the Fagerstrom test of nicotine de-
pendence (Heatherton et al. 1991), the alcohol use disorder
identification test (Saunders et al. 1993), and the structured
clinical interview for the DSM-IV (SCID-I; First et al.
2002). Drinking behavior from the TLFB was used to calcu-
late the percentage of drinking days characterized by heavy
use (i.e., 4/5 or more drinks for women and men, respectively;
% heavy-drinking days). Participants were classified as
smokers or nonsmokers based on Centers for Disease
Control and Prevention criteria (CDC 2009). Those who had
smoked at least 100 cigarettes in their lifetime who reported
any cigarette use in the past 30 days were classified as
smokers. Those when did not meet these criteria were classi-
fied as nonsmokers. The SCID-I was used to screen for any
psychiatric disorders and specifically for past 6-month AUD.
Physical examination included an electrocardiogram, urine
toxicology, pregnancy test, and basic blood chemistries.

Medication The medication condition was double-blind and
placebo-controlled. Participants were randomized to receive
varenicline (2 mg/day) or placebo (0 mg/day). Varenicline
was titrated to steady-state levels over 7 days (1 mg/day
varenicline: 0.5 mg daily for days 1-5 and 0.5 mg twice daily

for days 6 and 7; 2 mg/day varenicline: 0.5 mg daily for days 1
and 2, 0.5 mg twice daily for days 3-5, and 1 mg twice daily
on days 6 through day 10). Medication compliance was mon-
itored with pill counts and riboflavin marker on days 5 and 10
(Del Boca et al. 1996). All participants were at least 80%
medication adherent. Participants were asked at the end of
the laboratory session to report whether they believed they
received varenicline or placebo.

Cue reactivity session On day 10, each participant completed
a 3-h laboratory cue reactivity session. Participants arrived at
the laboratory at 2:00 pm (0 min) and completed screening
measures (i.e., urine drug and breath alcohol screen). They
verbally confirmed abstinence from alcohol use for at least
24 h proceeding the session. Baseline assessments of alcohol
and tobacco craving were collected. Smokers were instructed
to smoke one cigarette +18 min to standardize the time be-
tween the last cigarette and the start of the cue reactivity ses-
sion to 15 min, which prevented nicotine withdrawal effects
that are known to influence alcohol craving in heavy-drinking
smokers (McKee et al. 2008; Palfai et al. 2000). All partici-
pants completed a 5-min relaxation period before beginning
the cue reactivity paradigm.

The cue reactivity procedure was adapted from a similar
procedure used successfully by other research groups (Monti
etal. 1987; Rohsenow et al. 2000). Participants were seated in
a comfortable chair in a relaxed laboratory setting. They re-
ceived instructions and guided practice at the beginning of the
session. To reduce the likelihood of carryover effects docu-
mented in cue exposure research (Monti et al. 1987; Sayette
et al. 2010), all participants completed a neutral cue exposure
trial followed by an alcohol cue exposure trial. The neutral
trial began +30 min. Participants were presented with a bottle
of water and a glass. The experimenter poured the bottle of
water into the glass, and the participant was instructed to han-
dle the glass for 3 min. An audio recording was used that
consisted of 13 tone pairings occurring during the exposure
period. The tone occurred in pseudo-random intervals.
Participants were instructed to start smelling the beverage fol-
lowing the first tone of each pair and to stop smelling the
beverage following the second tone. The experimenter then
removed the tray, and participants completed the neutral cue
craving assessment. After a 5-min break, participants began
the alcohol cue exposure trial +44 min. This trial was identical
to the neutral cue exposure trial except that participants were
presented with their preferred alcoholic beverage and a
beverage-appropriate glass. After the alcohol stimuli were re-
moved, participants completed the alcohol cue craving assess-
ment. A second block of cue exposure trials was completed
from +58 to +72 min. This pair of trials was identical to the
first. The experimenter observed participants during the entire
procedure to ensure that they did not drink any beverage in
either condition.
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Adverse events

Adverse events were assessed in person on days 1, 5, and 10
and by phone on day 2 (Levine and Schooler 1986). Common
varenicline side effects include nausea, abnormal dreams, in-
somnia, constipation, flatulence, and vomiting, in addition to
cardiac and neuropsychiatric adverse events (Pfizer Inc.,
2014). Severity was assessed on a 4-point scale (1 = mild,
2 = minimal, 3 = moderate, 4 = severe).

Craving measures

Alcohol craving Alcohol craving was measured using an item
from the alcohol urge questionnaire (Bohn et al. 1995).
Consistent with prior laboratory studies (Cooney et al. 1997,
Rohsenow et al. 2000), a single item (the first item presented
during each assessment) was used rather than the entire mea-
sure because participants’ responses suggested inattention to
later items (systematic inconsistencies between items based on
reverse coding). Participants marked on a visual analogue
scale (range = 1-100) how much they agreed with the state-
ment “All I want to do now is have a drink” with responses
ranging from 1 (strongly disagree) to 100 (strongly agree).

Tobacco craving Tobacco craving was assessed using the
brief questionnaire of smoking urges (QSU-B; Cox et al.
2001). This measure consists of 12 items that evaluate two
facets of smoking urge on a visual analogue scale (range = 1—
100), including desire and intention to smoke due to expected
reward (factor 1) or anticipation that smoking would relieve
negative affect (factor 2). We elected to use all items from the
QSU-B to examine differences between craving factors and
because there were no reverse-scored items included on this
measure.

Data analyses

Frequency and severity ratings of adverse events were ana-
lyzed using ¢ tests and chi-square tests. Demographic variables
and baseline substance use were compared between medica-
tion groups using independent samples ¢ tests to test for any
pre-treatment differences in participant characteristics or sub-
stance use severity. Alcohol craving at the beginning of the
cue reactivity session was analyzed using 2 (medication con-
dition: placebo versus varenicline) x 2 (smoking group: non-
smoker versus smoker) between-participant analysis of vari-
ance (ANOVA). Tobacco craving at this same time point was
analyzed using independent samples ¢ tests (placebo vs.
varenicline). Primary outcome variables were measures of to-
bacco and alcohol craving following alcohol and neutral cue
exposure. These primary outcome variables were analyzed
using 2 (medication condition) X 2 (smoking group) x 2
(cue condition: neutral versus alcohol cue exposure) x 2
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(block) ANOVAs. Prior research has suggested that multi-
block cue exposure studies can produce carryover effects that
complicate analyses (Sayette et al. 2010) and often only ana-
lyze a single block of trials in this paradigm (e.g., Monti et al.
1993). We tested for any main effect and interaction effect of
block. In the absence of any interaction effect involving block,
we planned to limit subsequent analyses to the first block in
the interest of clarity and to avoid any interpretive problems
related to carryover. Any significant interaction effect was
probed using a priori ¢ tests, and effect sizes are indicated
using Cohen’s d.. Ratings of tobacco craving were analyzed
using 2 (medication condition) X 2 (cue condition) ANOVA.
Only data from smokers were included in these analyses.

Supplemental analyses were conducted to explore potential
mediators and moderators of medication effects. Prior re-
search (Brandon et al. 2011) found that perceived medication
condition influenced varenicline responses, so we examined
whether participants’ perceptions of whether they were on
active medication or placebo influenced their responses to
varenicline or placebo. We also examined whether participant
characteristics (i.e., age, gender, past 6-month alcohol depen-
dence diagnosis, proportion of drinking days binging) moder-
ated the effects of varenicline on cue-induced craving. These
supplemental analyses were a series of 2 (medication condi-
tion) x 2 (cue condition) x 2 (potential moderator) ANOVAsS.
For continuous moderators, groups were formed using median
splits, and group status was included as a variable in the
ANOVA.

Results
Demographic and baseline substance use variables

Demographic and baseline substance use variables are pre-
sented in Table 1. As seen in this table, there were no signif-
icant differences between medication conditions in any demo-
graphic characteristic. There was no significant group differ-
ence in any baseline substance use variable.

Treatment emergent adverse events

All participants completed their assigned doses, and none re-
quired a dose adjustment. No participants discontinued the
study because they were unable to tolerate the medication.
Severity ratings were all in the minimal to mild range and
did not differ across medication groups.

Craving before cue exposure
Alcohol craving at the beginning of the cue exposure session

is reported in Fig. 1. The ANOVA of alcohol craving found no
significant main effect of medication condition (F (1,
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Table 1  Baseline demographic, alcohol use, and smoking variables
Placebo (n = 38) Varenicline (n = 39)
Age (years) 32.61 (10.21) 34.85 (11.17)
Sex (% male) 64 67
Race
White n (%) 23 (64) 27(73)
Other n (%) 13 (36) 8(22)
Marital status
Not married 7 (%) 28 (74) 34 (89)
Married n (%) 10 (26) 5(13)
Alcohol use disorder
Yes n (%) 24 (63) 21 (54)
No n (%) 14 (37) 18 (46)
Alcohol use
AUDIT 16.50 (5.71) 14.87 (4.92)
Drinks/week 26.87 (21.70) 28.63 (17.11)
Drinking episodes/week  4.81 (1.75) 4.60 (1.75)
% heavy-drinking days 0.54 (0.36) 0.58 (0.33)
Smoking status
Smokers n (%) 18 (47) 21 (54)
Nonsmokers 7 (%) 20 (53) 18 (46)
Smoking
FTND 3.75(241) 4.53 (2.67)
Cig/day 10.46 (8.36) 11.91 (8.19)

Quantity/frequency measures of alcohol use and smoking are based on
timeline follow-backs assessing patterns of use 4 weeks before starting
medication. Alcohol use disorder indicates number of participants who
met criteria for any alcohol use disorder on the SCID-I during the
6 months before intake. AUDIT is the alcohol use disorder identification
test. FTND is the Fagerstrom test of nicotine dependence. For smoking
variables, reported means and 7 test comparisons are for smokers in each
group. Chi square and ¢ test analyses found no significant differences
between medication groups
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Fig. 1 Varenicline and cue exposure effects on alcohol craving. Capped
bars represent SEM. Brackets indicate significant differences. No
comparisons were made between pre-exposure craving and craving fol-
lowing either cue exposure condition. Responses were provided on a
visual analogue scale (1-100). Brackets describe effects of cue exposure
condition within each medication group. ***p < 0.001, *p < 0.050

73) = 2.15, p = 0.147), smoking group, (¥ (1, 73) = 1.19,
p = 0.279), or medication group X smoking group interaction
(F(1,73)=0.25, p=0.621). Tobacco craving at the beginning
of the cue exposure session is reported in Fig. 2. The ¢ tests of
tobacco craving found no significant difference between med-
ication conditions in QSU-B factor 1 (¢ (37)=0.37,p=0.711)
or factor 2 (¢ (37) = 0.18, p = 0.856).

Changes in craving across blocks

For alcohol craving, there was a significant main effect of
block (F (1. 73) = 9.64, p = 0.003) because participants re-
ported lower alcohol craving overall during the first block
(M = 2447, SD = 27.60) compared to the second block
(M =29.74, SD = 27.60). There was no significant interaction
effect involving block (ps > 0.050). This pattern of findings
suggests a carryover effect such that exposure to the first al-
cohol cue increased alcohol craving during subsequent trials.
For QSU-B factor 1, there was a similar main effect of block
(F (1,37)=12.42, p = 0.001) because scores during the first
block (M = 21.01, SD = 28.3) were lower than those during
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Fig. 2 Varenicline and cue exposure effects on tobacco craving.
Reported means are for smoking subset of the sample. Capped bars
represent SEM. Bracket represents significant effect. Responses were
provided on a visual analogue scale (1-100). No comparisons were
conducted between pre-exposure craving and craving following either
cue exposure condition because participants smoked a cigarette between
these two measurement periods. **p < 0.010
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the second block (M = 29.29, SD = 33.30). No effect involv-
ing block was significant for QSU-B factor 2 scores (ps-

> 0.050). These findings suggest that the observed effects
were similar between blocks despite a general increase in
craving following the initial alcohol cue exposure (i.e., carry-
over effect). As such, subsequent analyses only include results
of the first block of trials.

Alcohol craving following cue exposure

Alcohol craving scores are presented in Fig. 1. There was a
main effect of cue condition (¥ (1, 73) = 34.73, p < 0.001)
because participants reported more alcohol craving following
alcohol cue compared to neutral cue exposure. There was no
significant main effect of medication (¥ (1, 73) = 1.58,
p = 0.213). There was, however, a cue condition x medication
interaction (F' (1, 73) = 8.57, p = 0.005). As seen in Fig. 1, this
interaction confirms that participants receiving varenicline ex-
perienced a smaller increase in craving following alcohol cue
exposure, compared to those receiving placebo. There were no
significant main effects or interaction effects involving smoking
status (Fis (1, 73) < 1.16, ps > 0.050), suggesting that smokers
did not differ from nonsmokers in their cue reactivity or in their
response to varenicline. Alcohol craving scores reported sepa-
rately by smoking status group are reported in Supplemental
Table 1. A priori # tests examined found a significant increase in
craving from the neutral to alcohol cue in both the placebo
group (¢ (36) =5.25, p < 0.001, d, = 0.959) and the varenicline
group9 ¢ (38) = 2.60, p = 0.013, d, = 0.310).

Tobacco craving following alcohol cue exposure

Self-reported tobacco craving scores on the QSU-B are present-
ed in Fig. 2. The ANOVA of QSU-B factor 1 scores revealed a
significant main effect of cue condition (¥ (1, 37) = 10.21,
p = 0.003). Participants reported higher levels of tobacco crav-
ing following alcohol cue exposure, compared to neutral cue
exposure. There was no significant main effect of medication ('
(1,37)=0.18, p = 0.674) or medication x cue exposure condi-
tion interaction (F (1, 37) = 0.05, p = 0.834). The ANOVA of
QSU-B factor 2 scores found no significant main effect or in-
teraction (Fs (1, 37) < 0.75, ps > 0.050).

The sample included several lighter smokers, as indicated
by the low average cigarettes per day (M = 11.26 cig/day,
SD =8.19). A possible reason for the lack of varenicline effect
on tobacco craving is that such an effect is only evident among
heavy smokers. To test this possibility, we conducted a median
split on cigarettes per day among smokers to create a group of
light (M = 4.18 cig/day, SD = 4.55) and heavy smokers
(M = 17.63 cig/day, SD = 4.68). We included smoking group
factor in a follow-up 2 (medication) X 2 (cue) x 2 (light versus
heavy smoker) ANOVA of QSU-B factor 1 scores. There was
a significant main effect of cig/day group (¥ (1, 34) = 10.90,
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p = 0.002) because overall craving was higher in heavy
smokers (M = 31.44, SD = 30.98) relative to light smokers
(M =10.39, SD = 21.33). No interaction effect involving cig/
day group was significant (Fs (1, 34) <2.99, ps > 0.050).

Perceived medication condition and potential effect
moderators

One participant was not willing to guess his or her medication
condition; 56.4% of participants receiving varenicline and
40.5% of those receiving placebo reported that they received
varenicline. A chi-square test of independence found no sig-
nificant association between perceived and actual medication
condition (x* (1, N = 76) = 1.91, p = 0.167). Including per-
ceived medication condition as a factor in the ANOVAs did
not change the pattern of results. No significant main effect or
interaction involving perceived medication condition on alco-
hol craving was observed (ps > 0.050).

Additional participant characteristics were examined as
moderators of varenicline’s effect on cue-induced craving for
alcohol. These ANOVAs found no significant main effect or
interaction involving age (Fs (1, 73) < 0.02, ps > 0.050), gen-
der (Fs (1,73)<0.51, ps > 0.050), % heavy-drinking days (F's
(1, 73) < 1.72, ps > 0.050), or past 6-month AUD (Fs (1,
73) <2.22, ps > 0.050). The cue condition x medication in-
teraction remained significant in all models (ps < 0.006).

Discussion

This study examined the effects of 2 mg/day varenicline on
alcohol cue-induced craving for both alcohol and tobacco.
Results of the study were generally consistent with our hy-
potheses. Participants in both medication conditions reported
similar levels of alcohol craving prior to any cue exposure and
following neutral cue exposure. The lack of medication effect
on baseline (tonic) craving differs from the findings of prior
research (Litten et al. 2013). Following alcohol cue exposure,
however, participants receiving varenicline reported signifi-
cantly less craving compared to participants receiving place-
bo. This finding suggests that varenicline attenuates cue-
induced alcohol craving. The ability of varenicline to block
increases in craving following cue exposure is important be-
cause cue-induced craving is a major contributor to relapse
among individuals with alcohol use disorder (Childress et al.
1993; Niaura et al. 1988). This finding points to a mechanism
by which varenicline reduces drinking as shown in previous
human laboratory studies and clinical trials (e.g., Litten et al.
2013; McKee et al. 2009). Despite our prediction that
varenicline would be more effective for reducing alcohol crav-
ing in smokers, results suggest that it was equally effective at
reducing cue-induced alcohol craving in smokers and non-
smokers. Other participant characteristics (i.e., gender, age,
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% heavy-drinking days, past 6-month AUD diagnosis) did not
moderate the medication effects, suggesting that the effect of
varenicline on cue-induced alcohol craving is robust across
different groups of heavy drinkers.

Cue-induced craving is thought to be caused by associative
learning over repeated pairings of drug cues with positive drug
effects during self-administration episodes. It is well
established that naltrexone can minimize alcohol craving via
opioid receptor antagonism (Ray et al. 2010). We have dem-
onstrated here that varenicline, an nAChR partial agonist, ex-
erts a similar effect on cue-induced craving as naltrexone,
presumably through a different neurobiological mechanism.
Cholinergic signaling in the ventral tegmental area (VTA)
can affect incentive processing by modulating dopaminergic
release in the nucleus accumbens (NAcc) (Gotti and Clementi
2004), which is implicated in salience-attribution and process-
ing of drug-related cues (Ito et al. 2000). As such, varenicline
may have reduced cue-induced craving by indirectly reducing
dopamine transmission in the NAcc. Additional support for
this interpretation of our findings comes from a preclinical
study conducted by Lof et al. (2007) examining the role of
nAChR receptors in alcohol cue reactivity in rats. This study
found that systemically administered mecamylamine, a non-
selective nAChR antagonist, reduced preference for an
alcohol-associated cue (i.e., an alcohol-paired lever) and di-
minished NAcc dopamine release in response to the alcohol
cue in treated rats. Results of the current study are consistent
with a similar process in humans. Specifically, varenicline
may have indirectly downregulated NAcc dopamine release
in response to alcohol cue reactivity by altering cholingeric
tone in regions with input to the VTA. Additional preclinical
research will be useful for determining whether varenicline
exerts a similar effect on cue-induced NAcc dopamine release
as nAChR antagonists such as mecamylamine.

We also examined the effects of alcohol cue exposure on
tobacco craving in smokers. Numerous studies have docu-
mented pharmacological and behavioral interactions between
nicotine and alcohol (reviewed in Verplactse and McKee
2016) that may result in associative learning, resulting in in-
creased tobacco craving following exposure to alcohol cues.
The current study replicated the results of prior human labo-
ratory studies showing this cross-substance cue reactivity
(Drobes 2002; Rohsenow et al. 1997). Considering the fre-
quency with which alcohol and tobacco are co-administered
in heavy-drinking smokers, it is not surprising that alcohol
cues provoked smoking urge in the current study.
Interestingly, varenicline did not attenuate alcohol cue-
induced increases in craving for tobacco. This finding is sur-
prising given that varenicline’s primary indication is as a
smoking cessation aid and that it has reduced cue-induced
tobacco craving in prior research (Franklin et al. 2011). One
reason for this lack of medication effect may be that partici-
pants were nicotine satiated due to their recent smoking. This

study design element may have masked medication effects on
cue-induced tobacco craving that are evident following over-
night deprivation (Brandon et al. 2011). A longer deprivation
period also may have allowed us to observe cue-induced in-
creases in anticipated-relief craving (i.e., QSU-factor 2). On
the other hand, a preclinical study found that varenicline re-
duced cue-induced relapse to alcohol-seeking but not
nicotine-seeking in rats (Wouda et al. 2011). Additional re-
search will be needed to elucidate the effects of varenicline
on cue-invoked craving for different drugs of abuse.

This research provides important information regarding the
effects of varenicline on cue-induced craving in heavy
drinkers; however, our findings should be interpreted consid-
ering some limitations. First, we only assessed self-reported
craving following cue exposure. Cue reactivity studies often
assess physiological states (e.g., heart rate, skin temperature,
salivary flow) to corroborate self-reported changes in craving,
although these measures may be less sensitive to cue-induced
craving changes compared to self-report (Carter and Tiffany
1999). Future research should use multiple assessment tech-
niques to better characterize cue-induced changes in craving.
Second, we did not counterbalance the order of the neutral and
alcohol cue reactivity condition sessions (following the
procedures described by Rohsenow et al. 2000), so we cannot
rule out an order effect. We chose not to counterbalance cue
conditions because doing so may have introduced carryover
effects. The potential confounds introduced by using a fixed
order are preferable to those created by counterbalancing the
presentation order (Sayette et al. 2010). In future studies, it
may be preferable to use a completely between-subjects de-
sign, although doing so would significantly increase the num-
ber of participants needed to achieve adequate power. An al-
ternative strategy may be to conduct multiple cue exposure
sessions on separate days to minimize carryover effects.
Finally, recent research has suggested that participants are
frequently able to guess their drug condition assignment in
clinical trials of varenicline, which may impact treatment out-
comes (Brandon et al. 2011; Correa et al. 2014). Although we
found no evidence in the current study that drug expectancies
influenced our outcomes, it will continue to be important in
future research to assess whether participants accurately guess
their medication condition.

In conclusion, findings from this study support the use of
varenicline for reducing alcohol use among heavy drinkers
and identify a potential mechanism by which varenicline ex-
erts this effect. Results of this study are consistent with pre-
clinical literature (Lof et al. 2007) demonstrating that medica-
tion targeting nAChRs can reduce alcohol cue reactivity as
well as clinical trials showing that varenicline reduces drink-
ing in those with alcohol use disorder (Litten et al. 2013;
Mitchell et al. 2012). However, varenicline may be less effec-
tive at blocking alcohol-induced priming of tobacco craving.
Varenicline continues to show promise as a pharmacological
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treatment for AUD, and researchers should continue to eval-
uate its efficacy.
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