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Abstract

Addiction is mediated in large part by pathological motivation for rewarding, addictive substances,
and alcohol-use disorders (AUDs) continue to extract a very high physical and economic toll on
society. Compulsive alcohol drinking, where intake continues despite negative consequences, is
considered a particular obstacle during treatment of AUDs. Aversion-resistant drives for alcohol
have been modeled in rodents, where animals continue to consume even when alcohol is
adulterated with the bitter tastant quinine, or is paired with another aversive consequence. Here,
we describe a two-bottle choice paradigm where C57BL/6 mice first had 24-h access to 15%
alcohol or water. Afterward, they drank quinine-free alcohol (alcohol-only) or alcohol with
quinine (100 uM), in a limited daily access (LDA) two-bottle-choice paradigm (2 h/day, 5 days/
week, starting 3 h into the dark cycle), and achieved nearly binge-level blood alcohol
concentrations. Interestingly, a single, initial 24-h experience with alcohol-only enhanced
subsequent quinine-resistant drinking. In contrast, mice that drank alcohol-quinine in the 24-h
session showed significantly reduced alcohol-quinine intake and preference during the subsequent
LDA sessions, relative to mice that drank alcohol-only in the initial 24-h session and alcohol—
quinine in LDA sessions. Thus, mice could find the concentration of quinine we used aversive, but
were able to disregard the quinine after a single alcohol-only drinking session. Finally, mice had
low intake and preference for quinine in water, both before and after weeks of alcohol-drinking
sessions, suggesting that quinine resistance was not a consequence of increased quinine preference
after weeks of drinking of alcohol-quinine. Together, we demonstrate that a single alcohol-only
session was sufficient to enable subsequent aversion-resistant consumption in C57BL/6 mice,
which did not reflect changes in quinine taste palatability. Given the rapid development of quinine-
resistant alcohol drinking patterns, this model provides a simple, quick, and robust method for
uncovering the mechanisms that promote aversion-resistant consumption.

Introduction

Addiction to alcohol or other abused substances is characterized by increased and often
pathological motivation to seek and consume the substance (Koob and Volkow, 2010,
Larimer et al., 1999 and Sinha, 2009). Despite decades of research, alcohol-use disorders
(AUDs) remain a major problem globally, and continue to extract a very high personal,
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social, and economic toll (Blincoe et al., 2002, Bouchery et al., 2011, CDC, 2014, Harwood
etal., 1998, Hingson et al., 2005, Mokdad et al., 2004, SAMHSA., 2015 and Sacks et al.,
2013), in part due to the lack of effective clinical treatments (Spanagel, 2009 and World
Health Organization, 2014). Developing novel, effective treatments to counteract alcohol
abuse in humans would be greatly aided by understanding the neural and behavioral
mechanisms that underlie and mediate excessive drinking.

In this regard, it is clear that compulsive drives for alcohol, where drinking persists despite
knowledge of associated negative consequences, are considered a major obstacle when
treating AUDs (Anton, 2000, Anton et al., 1996, Hopf and Lesscher, 2014, Koob and
\Volkow, 2010, Larimer et al., 1999, Modell et al., 1992, Naqvi et al., 2014, Sinha, 2009 and
Tiffany and Conklin, 2000). Thus, there is considerable interest in understanding the
circuitry and molecular mechanisms that promote this consequence-resistant, compulsion-
like alcohol intake. Voluntary alcohol intake models, where animals drink despite pairing
alcohol with an aversive consequence (e.g., foot shock or bitter-tasting quinine), offer
opportunities to study preclinical aversion-resistant drinking in a manner that may reflect
some compulsive aspects of human AUDs (Hopf and Lesscher, 2014, Hopf et al., 2010,
Lesscher et al., 2010, Loi et al., 2010, Marchant et al., 2013, Spanagel, 2009 and Vengeliene
et al., 2009). Unfortunately, the brain mechanisms that directly regulate aversion-resistant
drinking have been understudied until very recently (Barbier et al., 2015, Lesscher et al.,
2012, Seif et al., 2013, Seif et al., 2015, Vendruscolo et al., 2012 and Warnault et al., 2016).
A major barrier to studying aversion-resistant drinking is the lack of simple, robust models.

Here, our studies describe a drinking paradigm in C57BL/6 mice, adapted from Lesscher et
al. (2010), where mice consistently engaged in alcohol drinking despite pairing alcohol with
the aversive consequence of bitter-tasting quinine. In particular, our results strongly suggest
that a single alcohol-only drinking experience was sufficient to promote future quinine-
resistant alcohol consumption and preference in mice, indicating a rapid development of
quinine-resistant intake. This model will facilitate future studies to better determine how
various factors are responsible for driving compulsion-like, aversion-resistant alcohol
drinking.

Male C57BL/6 mice, 7-8 weeks of age, were purchased from Jackson Laboratories.
Subjects were single-housed on a 12:12-h light:dark cycle with lights off at 10:00 AM. Food
and water were available ad libitum. All procedures followed the Guide for Care and Use of
Laboratory Animals provided by the National Institutes of Health, and approval of the
institutional animal care and use committee of UCSF.

15% alcohol was prepared from a 95% stock. Quinine hydrochloride dihydrate (Sigma—
Aldrich, Q1125) was used to prepare the 100-uM quinine (40-mg/L) adulterated alcohol.
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Limited daily access (LDA) two-bottle choice drinking

We adapted the methods of Lesscher et al. (2010), which showed quinine-resistant alcohol
drinking after 2 weeks of limited access intake (Fig. 1 and Table 1). Mice were first
acclimated to housing conditions for ~2 weeks. In the major experimental groups (Alc-only
and Alc-then-AlcQ, see Fig. 1 and Table 1), mice first had one 24-h session of alcohol-only
drinking under two-bottle choice (one bottle with 15% alcohol in water, one bottle with
water), and then a 24-h withdrawal period. A 24-h period was chosen since it is utilized in
other widely used models of intermittent-access alcohol drinking (e.g., Hwa et al., 2016 and
Warnault et al., 2016). Thereafter, mice drank under a Limited Daily Access (LDA)
paradigm, with 2 h/day, 5 days/week of two-bottle choice starting ~3 h into the dark cycle
each day. To test for quinine-resistant drinking, we compared mice that drank alcohol
without quinine (Alc-only, blue columns) during LDA sessions, with mice drinking alcohol—
quinine (100 pM, 40 mg/L) (Alc-then-AlcQ, red column) during LDA sessions. In order to
control for side preference, the bottle placements of the solutions were alternated between
each drinking session.

To better understand the impact of drinking quinine-free alcohol on subsequent Alc-then-
AlcQ drinking, additional groups of mice were examined. Some mice (AlcQ-only, orange
hatched columns) received 15% alcohol with 100-uM quinine under two-bottle choice
during both the initial 24-h session and the subsequent LDA sessions. Other mice (H20-
then-AlcQ; green columns) received water-only during the 24-h drinking session, and then
drank alcohol + quinine during the LDA sessions (Fig. 1 and Table 1). To rule out the
possibility that higher levels of alcohol intake during the initial drinking session were related
to development of quinine resistance, additional mice only had initial access to alcohol-only
for 8 h; these mice then drank alcohol + quinine during LDA sessions (AlcBrief-then-AlcQ;
purple columns) (Fig. 1 and Table 1).

In addition, it is possible that the quinine-resistant drinking actually reflected the
development of a preference for quinine across weeks of drinking. Thus, to test whether
there were changes in aversion or preference for quinine over time, another set of mice were
given two-bottle choice for water with or without 100-uM quinine before and after the 24-h
drinking session, and also during the third and sixth weeks of LDA drinking. Water—quinine
(W + Q) intake within a 2-h period was tested on two successive days and averaged. For W
+ Q testing at LDA time points, W + Q access was examined at the same time and in lieu of
access to drinking alcohol. For W + Q testing before and after the 24-h drinking session, the
pre-24-h W + Q occurred starting the same time as alcohol drinking would, and was
averaged across two days. W + Q drinking after the 24-h session was determined for only a
single day, the alcohol withdrawal day.

Blood alcohol concentrations

BACs were measured in mice after 2 weeks of Alc-only LDA drinking, using previously
described methods (Weiss et al., 1993 and Zapata et al., 2006). Briefly, immediately
following the conclusion of the 2-h drinking session, trunk blood (after rapid cervical
dislocation and decapitation) was collected in heparinized capillary tubes. Serum was
extracted using 3.4% perchloric acid and centrifuged for 5 min at 2000 rpm. The supernatant
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was subjected to the nicotinamide dinucleotide redox (NAD+/NADH) assay, brought about
by alcohol in the presence of alcohol dehydrogenase. For 11 mice drinking an average
alcohol level of 3.3 + 0.4 g/kg/2 h, the average BAC was 31.6 + 11.3 mg%. Another set of
Alc-only and Alc-then-AlcQ (n = 9/group) were used to measure BACs after 30 min of
drinking. The average alcohol intake was 1.6 + 0.2 g/kg/30 min (Alc-only) and 1.5+ 0.3
g/kg/30 min (Alc-then-AlcQ), with no difference in alcohol intake at 30 min for the two
groups (t[1,16] = 0.22, p = 0.83). In addition, BAC levels after these 30-min sessions were
85.1 + 15.8 mg% (Alc-only) and 69.6 + 13.8 mg% (Alc-then-AlcQ), and there were no
group differences in BAC levels (t[1,16] = 0.74, p = 0.47). These data suggest that mice
drank a majority of alcohol during the initial part of the 2-h session, and that measurement
of BACs at the end of the 2-h LDA session underestimated the peak BACs that these animals
achieved.

Data analysis

After each drinking session, we measured the weight of liquid consumed to determine the
intake level of alcohol (g/kg-body weight) or quinine-adulterated water (mL/kg-body
weight), as well as the preference ratio (volume of intake/total volume of fluid intake). All
data were statistically analyzed by SPSS Statistics (IBM Corporation, ibm.com). Alcohol
intake levels and preference during the 24-h drinking session were calculated and compared
across groups using a one-way ANOVA, followed by a Tukey's post hoc test. For LDA
drinking, we first calculated the average intake and preference across the second week of
intake for each animal. Results were then compared across groups with a one-way ANOVA,
followed by Tukey's post hoc test. For the water—quinine experiment, intake and preference
for each solution were compared across time using a two-way ANOVA with repeated
measures (group x time) followed by Tukey's post hoc test or t test. Kruskal-Wallis test for
normality was performed using GraphPad Prism (v5.0).

Results

Prior exposure to unadulterated alcohol enhances aversion-resistant drinking

As shown in Fig. 1 and Table 1, mice first drank different substances during an initial
protracted intake period (24 h of consumption in the majority of experimental groups).
Subsequently, mice drank alcohol * quinine intake in limited daily access (LDA) sessions
for 2 h/day, 5 days/week (see Methods section for details). For analysis of LDA
consumption, intake for each mouse was averaged across all drinking days during the second
week of LDA. Week 1 LDA intake is shown in Supplemental Fig. 1; intake in the first week
was somewhat more variable, since this was the first exposure for many animals to quinine
in alcohol. One-way ANOVAs showed significant differences in alcohol £ quinine intake
across experimental groups during both the initial, protracted intake sessions (Fig. 2;
drinking: F[3,92] =9.972, p < 0.001; preference: F[3,92] = 9.132, p < 0.001; analysis did not
include water intake in H20-then-AlcQ mice) and during Week 2 of LDA (Fig. 3; drinking:
F[4,103] = 12.020, p < 0.001; preference: F[4,103] = 22.352, p < 0.001).

We were particularly interested in determining whether drinking of different substances
during the initial protracted intake period would influence alcohol * quinine intake in
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subsequent LDA sessions. In particular, we were interested in the possibility that some mice
would exhibit aversion-resistant alcohol consumption, where drinking persisted despite
pairing with aversive consequences (in this case, quinine adulteration). Thus, we first
compared intake in mice that drank alcohol-only in the initial, protracted-access session, and
then consumed either alcohol-only (Alc-only mice, n = 40, blue columns) or alcohol-quinine
(Alc-then-AlcQ mice, n = 29, red columns) during the LDA sessions. Importantly, LDA
intake and preference were very similar in Alc-only and Alc-then-AlcQ mice (Fig. 3, p >
0.1). Since these mice showed similar LDA alcohol drinking with and without quinine
adulteration, these results suggest that Alc-then-AlcQ mice showed aversion-resistant
alcohol consumption, where alcohol intake persisted despite pairing with the adverse
consequence of bitter-tasting quinine.

It is possible that mice did not find the concentration of quinine that we used aversive. Thus,
we examined drinking levels in mice that consumed alcohol—-quinine during both the initial
24-h session and subsequent LDA sessions (AlcQ-only; n = 12; red-brown with white-
hatched columns; Fig. 1 and Table 1). Interestingly, drinking levels and preference in AlcQ-
only mice during the initial 24-h session were significantly reduced relative to Alc-only and
Alc-then-AlcQ mice (Fig. 2A and B, all p < 0.01). In addition, during the second week of
LDA intake, drinking level and preference were significantly reduced in AlcQ-only mice
relative to Alc-only and Alc-then-AlcQ mice (Fig. 3A and B, all p < 0.05). These results are
important for two reasons. First, they indicate that mice can find quinine in alcohol aversive,
indicated by greatly reduced intake and preference. Second, these results suggest that a
single session of alcohol-only drinking was sufficient to enable subsequent aversion-resistant
intake. In particular, both Alc-then-AlcQ and AlcQ-only mice drank alcohol-quinine during
LDA sessions, with the only difference being the solution consumed during the initial
protracted session (alcohol-only in Alc-then-AlcQ mice, and alcohol-quinine in AlcQ-only
mice). Since LDA alcohol—quinine drinking levels were much greater in Alc-then-AlcQ
mice relative to AlcQ-only mice (Fig. 3A), these results strongly suggest that it was the
initial alcohol-only drinking sessions that conferred aversion-resistance in Alc-then-AlcQ
mice.

AlcQ-only mice drank significantly less alcohol in the initial, protracted session relative to
Alc-then-AlcQ mice (Fig. 2A, p < 0.01). Thus, the lack of quinine resistance in subsequent
LDA sessions in AlcQ-only mice could reflect the lower alcohol exposure in the initial
consumption session. We therefore examined LDA intake in an additional control group
which had only 8 h of initial access to alcohol-only rather than 24 h (AlcBrief-then-AlcQ; n
= 15; purple columns). AlcBrief-then-AlcQ mice exhibited similar alcohol intake levels in
the initial drinking period as AlcQ-only mice (Fig. 2A, p > 0.1) and significantly lower
initial intake than Alc-only and Alc-then-AlcQ mice (Fig. 2A, both p < 0.05). However,
alcohol—quinine intake in LDA sessions was significantly greater in AlcBrief-then-AlcQ
mice relative to AlcQ-only mice (Fig. 3A, p < 0.05), and was very similar to intake levels in
Alc-then-AlcQ mice (Fig. 3A, p > 0.1). Thus, either 24- or 8-h access to drinking alcohol-
only was sufficient to enable subsequent aversion-resistant intake. In addition, the lower
level of initial alcohol consumption in AlcQ-only mice was not sufficient to explain the very
low alcohol—quinine drinking levels in subsequent LDA sessions.
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Finally, if a single initial period of alcohol-only drinking was necessary for development of
aversion resistance in subsequent intake sessions, then mice drinking water-only during the
initial protected intake session (H20-then-AlcQ; n = 12; green columns) should exhibit
greatly reduced alcohol-quinine intake during LDA sessions. In fact, LDA alcohol-quinine
intake was significantly reduced in H20-then-AlcQ mice relative to Alc-then-AlcQ mice
and AlcBrief-then-AlcQ mice (Fig. 3A, both p < 0.05), and was not different from AlcQ-
only mice (Fig. 3A, p > 0.1). These results further support the possibility that the initial
alcohol-only drinking experience was necessary for subsequent aversion-resistant intake.

Alcohol intake, with or without quinine, was not associated with development of quinine

preference

Willingness to drink alcohol despite adulteration with quinine in Alc-then-AlcQ mice might
reflect a developed preference for the taste of quinine, since it has been repeatedly paired
with alcohol intake. Thus, we examined whether Alc-only and Alc-then-AlcQ mice (n = 9-
10 per group) mice were willing to drink water—quinine versus water under two-bottle
choice. Overall, water—quinine intake levels were much lower than alcohol intake levels
(Fig. 4; F[1,30] = 5.24, p = 0.03), as were preferences (Fig. 5; F[1,30] = 4.46, p = 0.04).
Also, we examined water—quinine drinking before and after the 24-h alcohol session, as well
as after 3 and 6 weeks of LDA consumption. Water—quinine intake (F[3,45] = 6.50, p =
0.003) and preference (F[3,45] = 4.98, p = 0.005) actually decreased across time (Fig. 4 and
Fig. 5), indicating that mice did not develop a preference for quinine taste across the weeks
of alcohol drinking. In addition, a twoway ANOVA with repeated measures (group x time)
found no differences between Alc-only and Alc-then-AlcQ mice in water—quinine intake
(Fig. 4; Interaction: F[3,48] = 0.79, p = 0.46; Group: F[1,16] = 0.001, p = 0.98; Time:
F[3,48] = 7.31, p = 0.001) and preference (Fig. 5; Interaction: F[3,45] = 1.12, p = 0.35;
Group: F[1,15] = 0.04, p = 0.84; Time: F[3,45] = 4.98, p = 0.005) at any of the different time
points. Together with the results above, these findings suggest that quinine-resistant drinking
in Alc-then-AlcQ mice did not reflect increased tolerance or a change in taste palatability for
the otherwise aversive quinine.

Use of quinine adulteration to assess aversion-resistant drinking

After long-term intermittent alcohol intake in rats, the level of intake of alcohol-only and
alcohol—quinine is not different for experiments with typical group sample sizes (Seif et al.,
2013 and Seif et al., 2015). However, by combining results from >100 rats, there is, in fact, a
slight (~15%) but significant decrease in alcohol drinking with quinine adulteration (Hopf et
al., 2010 and Seif et al., 2013; F.W.H. unpublished results). Importantly, however, the effect
of quinine adulteration in these intermittent-drinking rats is much less than observed in
control rats, e.g., where rats drinking under a continuous-access paradigm show a >60%
decrease in alcohol intake with the same concentration of quinine in alcohol (Hopf et al.,
2010). Thus, intermittent-drinking animals are considered to exhibit aversion-resistant intake
relative to control groups.

To examine whether a similar pattern is observed in mice during the second week of LDA
drinking (where intake across all days of Week 2 LDA was averaged for each mouse), we
combined results from the animals shown in Fig. 2 and Fig. 3 with additional data from mice
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used for experiments for other manuscripts (but where results at 2 weeks of intake were not
included in the submission). Across this much larger sample of C57BL/6 mice, the level of
LDA alcohol drinking in Alc-then-AlcQ mice was in fact slightly (~15%), but significantly,
lower than LDA intake levels in Alc-only mice (Alc-only: 2.96 + 0.10 g/kg-body weight, n =
102; Alc-then-AlcQ: 2.47 £ 0.12 g/kg-body weight, n = 92; t[1,192] = 3.04, p = 0.03).
However, the impact of quinine adulteration in Alc-then-AlcQ mice was much less than the
larger quinine reduction of intake in control groups here (i.e., the ~60% decrease in intake
levels in both AlcQ-only and H20-then-AlcQ mice relative to Alc-then-AlcQ mice). Thus,
Alc-then-AlcQ drinking led to the development of aversion-resistant alcohol drinking,
relative to mice that did not have an initial session of drinking alcohol-only.

Several studies of aversion-resistant intake for cocaine and alcohol suggest that there may be
two populations of animals, one that is aversion-resistant and one that is aversion-sensitive
(Cooper et al., 2007, Deroche-Gamonet et al., 2004 and Pelloux et al., 2015; see Discussion
section). Thus, we examined the distribution of drinking levels in these larger cohorts of
mice drinking data, and used a Kruskal-Wallis test to assess whether the distributions
deviated significantly from a normal distribution. However, we found that the distribution of
Week 2 LDA drinking in both Alc-only mice and Alc-then-AlcQ mice did not deviate from a
normal distribution (Alc-only: Kruskal-Wallis statistic = 0.063; Alc-then-AlcQ: Kruskal—
Wallis statistic = 0.087; both p > 0.1), suggesting that the drinking data could not be
distinguished from a single normally distributed population in both groups.

Discussion

Our results demonstrate that outbred C57BL/6 mice rapidly developed aversion-resistant
patterns of alcohol consumption. Remarkably, only a single, protracted voluntary alcohol
drinking session was sufficient to enable future quinine-resistant intake. This differs from
rats, where several months of intermittent alcohol intake is required for developing aversion-
resistant alcohol drinking (see below). Quinine-resistant drinking in mice likely was not due
to inability to sense quinine, since mice drinking alcohol—-quinine only in all sessions
showed greatly reduced alcohol consumption in both the initial 24-h session and during
LDA drinking sessions. Mice that drank water-only in the initial 24-h period also exhibited
much lower alcohol-quinine intake by Week 2 of LDA. Furthermore, mice that drank
alcohol-only for only 8 h in the initial session also exhibited high alcohol-quinine levels,
suggesting that the lower level of 24-h intake in AlcQ-only mice was not per se responsible
for the subsequent low levels of alcohol-quinine drinking. In addition, water—quinine intake
was much lower than alcohol + quinine intake across the weeks of drinking, and not
different between the Alc-only and Alc-then-AlcQ groups. This suggests that the quinine
concentration we used was strongly aversive, and that mice in the Alc-then-AlcQ group did
not develop a quinine taste preference after weeks of alcohol drinking. Finally, mice
exhibited nearly binge-level BACs after 30 min of access to alcohol, suggesting that binge-
like peak BACs were achieved during the LDA drinking sessions. Taken together, our results
indicate that C57BL/6 mice quickly developed compulsion-like, quinine-resistant drinking
of quinine-adulterated alcohol, which did not reflect changes in quinine palatability.
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The rapid development of aversion-resistant alcohol drinking in C57BL/6 mice is in strong
contrast to rats, where several months of intermittent alcohol intake are required for Wistar
rats to develop quinine-resistant drinking patterns (Hopf and Lesscher, 2014, Hopf et al.,
2010, Loi et al., 2010, Seif et al., 2013, Seif et al., 2015 and Spoelder et al., 2015). Although
there are many species differences that might explain these dissimilarities, one clear finding
is that C57BL/6 mice drink high levels of alcohol from the onset, with binge-like levels of
alcohol intake even during a first, 4-h drinking session (Mulligan et al., 2011). In contrast,
outbred rat lines under intermittent alcohol access show low levels of initial intake, but then
increase consumption across the first month of drinking (Carnicella et al., 2014, Hopf and
Lesscher, 2014, Hopf et al., 2010 and Simms et al., 2008). Thus, higher levels of voluntary
intake may be related to more rapid development of aversion-resistant consumptions
patterns. Also, previous findings from Lesscher et al., 2010 and Lesscher et al., 2012), upon
which our model is based, found that quinine-resistant alcohol drinking in C57BL/6 mice
was evident after 2 weeks of intake, and, interestingly, mice in that study initially drank low
levels of alcohol, which increased across the first week of intake. There are several
differences between our model and that of Lesscher and colleagues, including single (here)
versus group housing, and drinking in home cages versus separate drinking chambers. Thus,
additional experiments will be required to address the contribution of intake level, species,
and other factors to the rate of development of quinine-resistant drinking.

We also note that, across a large sample of mice, LDA alcohol drinking in Alc-then-AlcQ
mice was slightly (~15%) but significantly lower than LDA levels in Alc-only mice, which
might conflict with the idea that drinking in Alc-then-AlcQ mice reflects aversion-resistant
consumption. However, our previous studies of quinine-resistant alcohol drinking in a very
large sample of intermittent-access, alcohol-drinking rats used alcohol adulterated with 30
mg/L of quinine, and alcohol-quinine intake was also slightly (~15%) but significantly
reduced relative to drinking of alcohol-only (Hopf et al., 2010 and Seif et al., 2013; F.W.H.
unpublished results). Importantly, our results also indicate that quinine in alcohol can lead to
a much greater reduction in drinking levels, where AlcQ-only mice, which have alcohol +
quinine from the onset, showed a ~60% decrease in LDA alcohol intake during Week 2 (Fig.
3). Similarly, mice that drank water in the initial protracted intake session also showed
significantly lower alcohol-quinine drinking levels during LDA sessions (Fig. 3). In
agreement, quinine strongly reduces the more moderate alcohol consumption in rats
drinking under continuous access, a control group for the intermittent-access rats that
developed aversion-resistant drinking after ~3 months of drinking (Hopf et al., 2010). In
addition, alcohol-preferring rats that drank alcohol for 1.5 months under intermittent access
showed only small sensitivity to quinine, while preferring rats drinking under continuous-
access showed a >60% reduction in alcohol intake by quinine (Loi et al., 2010). Thus, we
believe the quinine concentration used here represented a robust and practical compromise
to allow study of quinine-resistant drinking patterns relative to control drinkers (see also
Barbier et al., 2015, Lesscher et al., 2010, Lesscher et al., 2012, Seif et al., 2013, Seif et al.,
2015, Vendruscolo et al., 2012 and Warnault et al., 2016).

Some studies have suggested the presence of separate populations of aversion-resistant and -
sensitive animals, but we did not find evidence for this possibility. As described in greater
detail in Hopf and Lesscher (2014), the relative proportion of animals exhibiting aversion
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resistance and sensitivity can depend on the level of aversion. For example, some studies
have observed defined populations of footshock-resistant and -sensitive rats for alcohol (Seif
et al., 2013) and cocaine (Cooper et al., 2007, Deroche-Gamonet et al., 2004 and Pelloux et
al., 2015). In contrast, other studies have shown that sufficiently high shock intensity will
suppress intake in all animals (Cooper et al., 2007 and Seif et al., 2013), and shock-paired
cues suppress cocaine intake in all animals tested (Vanderschuren & Everitt, 2004).
Similarly, we have shown in rats that some concentrations of quinine in alcohol are tolerated
by all rats, while higher concentrations lead some rats to exhibit lower aversion-resistant
intake (Hopf et al., 2010). Thus, while animals certainly show variability in the resistance to
aversion during intoxicant intake, it seems plausible that there is not a specific population
that is resistant or sensitive per se, but that there is individual variability in the level of
resistance or sensitivity, and that intermediate levels of aversion will lead to the appearance
of more and less resistant aversion-resistant intoxicant intake.

Quinine-resistant drinking examined here could reflect that the concentration of quinine we
utilized was not aversive, or that alcohol drinking increased the preference for quinine.
However, AlcQ-only mice, that drank alcohol-quinine in both the initial 24-h session and
the LDA sessions, showed greatly reduced intake levels and preference for alcohol-quinine,
suggesting that mice can find this concentration of quinine aversive when added to alcohol.
In addition, intake levels and preference for the same concentration of quinine in water was
low (see also Bachmanov et al., 1996a, Bachmanov et al., 1996b and Tordoff et al., 2002)
and actually decreased across the weeks of alcohol drinking. Thus, mice did not develop a
preference for the taste of quinine across weeks of alcohol drinking, which concurs with
other studies where quinine-resistant drinking in mice and rats did not reflect changes in
taste palatability (Barbier et al., 2015, Lesscher et al., 2010, Lesscher et al., 2012, Seif et al.,
2013, Seif et al., 2015, Vendruscolo et al., 2012 and Warnault et al., 2016). Together, these
findings indicate that C57BL/6 mice have the ability to find quinine aversive when added to
alcohol, but they no longer do so once they have had a single session of drinking alcohol-
only.

We have interpreted the willingness of Alc-then-AlcQ mice to drink quinine-adulterated
alcohol as evidence of development of aversion resistance, in part because AlcQ-only mice
that drank alcohol—quinine in all drinking sessions had much lower intake levels and
preference. However, another possibility is that AlcQ-only mice developed a conditioned
taste aversion to quinine in alcohol (Eckardt, 1975) during the first protracted intake session,
which then persisted across subsequent LDA intake sessions. While we cannot completely
rule out this possibility, we consider it unlikely for several reasons. First, we note that mice
drinking alcohol-only and alcohol—quinine both showed very low preference for quinine in
water, and with a significant decline in preference across weeks of alcohol drinking. Thus,
we can at least say that mice did not exhibit a change in preference for quinine per se. In
addition, mice that drank water during the initial 24-h access period also showed greatly
reduced intake and preference of alcohol—-quinine during 2-week LDA drinking, and at
levels that were similar to AlcQ-only mice. Thus, mice showed similarly reduced quinine-
alcohol drinking in the second week of LDA sessions whether or not they had a protracted
initial experience with alcohol-quinine, making it unlikely that reduced alcohol-quinine
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intake in AlcQ-only mice reflected development of a conditioned taste aversion during the
initial 24-h drinking session.

In conclusion, our findings establish an alcohol-drinking model in mice where, surprisingly,
a single session of alcohol-only drinking was sufficient to enable subsequent aversion-
resistant consumption, without developing a preference for quinine over time. The drinking
paradigm described here is thus a quick and simple drinking model, which will be useful for
future quinine-resistant drinking experiments, including for defining the minimum alcohol
intake required for development of aversion-resistant drinking, and for identifying the
molecules and circuits that drive development and expression of compulsion-like, aversion-
resistant drinking.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Diagram showing the different experimental groups and their drinking schedules. Mice had

one initial protracted session of voluntary, two-bottle-choice alcohol intake (24 h for most
groups), followed by limited daily access (LDA) drinking for 2 h/day, 5 days/week
thereafter. See Table 1 and Methods section for full details.
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Fig. 2.

M?ce given access to alcohol—-quinine in the initial 24-h session showed significantly
reduced intake and preference during that session. Alcohol intake (A) and preference (B) in
different experimental groups during the initial 24-h session. Blue columns: Alc-only mice,
n = 40; red columns: Alc-then-AlcQ mice, n = 29; red-brown with white-hatched columns:
AlcQ-only mice, n = 12; purple columns: AlcBrief-then-AlcQ mice, n = 15; green columns:
H20-then-AlcQ mice, n = 12. Data are shown as mean + SEM. **p < 0.01 versus all other
groups; #p < 0.01 between indicated group and both Alc-only and Alc-then-AlcQ mice. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.
Mice given access to alcohol-only during the initial, protracted intake session showed

aversion-resistance during subsequent LDA intake. Alcohol intake (A) and preference (B) in
different experimental groups during Week 2 of LDA intake. Sample size for each
experimental group is given in the legend of Fig. 2. Data are shown as mean + SEM. #p <
0.05 between indicated group and Alc-only, Alc-then-AlcQ and AlcBrief-then-AlcQ mice;
**p < 0.01 versus all other groups; @p < 0.05 between indicated group and Alc-only, AlcQ-
only, and AlcBrief-then-AlcQ mice.
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Fig. 4.

Aversion-resistant drinking of quinine-adulterated alcohol was not associated with altered
intake of water—quinine. Alc-only and AlcQ-only mice had much higher intake of alcohol =
quinine versus water—quinine. Data are shown as mean + SEM. *p < 0.05 water versus
alcohol.
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Fig. 5.

Aversion-resistant drinking of quinine-adulterated alcohol was not associated with altered
preference or aversion to water—quinine. No difference in water—quinine preference between
Alc-only and Alc-then-AlcQ mice. Data are shown as mean + SEM. *p < 0.05 water versus
alcohol.
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Experimental groups for Fig. 1, Fig. 2 and Fig. 3. During the initial 24-h access or brief 8-h alcohol access
sessions and subsequent LDA sessions, mice drank under two-bottle choice access: one bottle had 15%
alcohol (with or without quinine) in water, while the other had water only. See Methods section for further

details.

Experimental group n for Fig. 1, Fig.

2and Fig. 3
Alc-only 40
Alc-then-AlcQ 29
AlcBrief-then-AlcQ 15
AlcQ-only 12
H20-then-AlcQ 12

Column color in Fig. 1,
Fig. 2and Fig. 3

Blue
Red
Purple

Red-brown (with white
hatching)

Green

Substance consumed in the
protracted initial session

24-h alcohol-only
24-h alcohol-only
8-h alcohol-only

24-h alcohol + quinine

24-h water-only

Substance consumed in
L DA sessions

Alcohol-only
Alcohol + quinine
Alcohol + quinine

Alcohol + quinine

Alcohol + quinine
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