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Abstract

The abuse of alcohol during adolescence is widespread and represents a particular concern given
that earlier age of drinking onset is associated with increased risk for the development of alcohol
use disorders (AUDs). Despite this risk, it remains unclear whether binge-like adolescent alcohol
exposure facilitates drinking despite aversive consequences, a characteristic common among
individuals with AUDs. The present study examined voluntary alcohol consumption and aversion-
resistant drinking in adult male Long-Evans rats that had undergone adolescent intermittent
ethanol (AIE) exposure by vapor inhalation between post-natal days (PD) 28-44. Ethanol
consumption during adulthood was examined using a two-bottle choice (2BC) intermittent access
procedure. Rats were tested for aversion-resistant drinking using ethanol adulterated with quinine
(10, 30, 100 mg/L) after two 7-week periods of 2BC drinking. After completion of the second test
of aversion-resistant drinking, rats were trained to operantly self-administer ethanol. The results
revealed that both air control (AIR) and AIE exposed rats exhibited similar ethanol intake and
preference in the 2BC paradigm. After seven weeks of 2BC drinking, quinine adulteration
significantly suppressed ethanol intake, but only at the highest concentration examined (100
mg/L). However, upon retesting after a total of 17 weeks of 2BC drinking, 30 mg/L quinine
suppressed ethanol intake. Notably, AIR and AIE exposed rats were equally sensitive to quinine
adulterated ethanol at both time-points. In addition, AIR and AIE exposed rats responded similarly
during operant ethanol self-administration on both fixed and progressive ratio schedules of
reinforcement. Finally, both AIR and AIE exposed rats exhibited similar preference for sucrose.
The results of this study show that binge-like ethanol vapor exposure during adolescence does not
alter voluntary ethanol consumption, motivation to operantly respond for ethanol, or promote
aversion-resistant ethanol consumption in adulthood. These data, together with previous work
reporting conflicting results across various rodent models of adolescent alcohol exposure,
underscore the need to further explore the role that exposure to alcohol during adolescence has on
the development of heavy and compulsive drinking phenotypes in adulthood.
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Introduction

Consumption of alcohol during adolescence is widespread and represents a major health
problem. Worldwide, an estimated 34% of individuals 15 to 19 years of age are current
alcohol drinkers (World Health Organization, 2014). In the United States, alcohol is the most
widely abused substance by adolescents, with the majority of 12t graders reporting lifetime
alcohol use (Johnston, O’Malley, Miech, Bachman, & Schulenberg, 2017). Adolescents
typically consume alcohol in intermittent binge-like patterns that often result in high levels
of intoxication and “blackouts” (White, Jamieson-Drake, & Swartzwelder, 2002). A survey
on adolescent binge drinking revealed that 10.5% of high school seniors in the U.S. reported
consuming 10+ drinks in a row, and 5.6% reported consuming 15+ drinks in a row (Patrick
etal., 2013). These instances of excessive alcohol intake are particularly alarming because
they pose immense health risks in this age group. For example, the Global Burden of
Disease Study 2013 reported that alcohol misuse is the leading cause of death for young
people 15-24 years old (Mokdad et al., 2016).

In addition to overall health risks, adolescent alcohol use produces long-term changes in
brain structure and function that can extend into adulthood (Spear, 2018). Adolescent
alcohol use is frequently accompanied by accelerated reductions in cortical gray matter,
attenuated development of white matter, and altered white matter integrity (Feldstein Ewing,
Sakhardande, & Blakemore, 2014; Luciana, Collins, Muetzel, & Lim, 2013). Excessive
drinking during adolescence is also correlated with functional impairments in learning and
memory (Nguyen-Louie et al., 2016), attention (Tapert, Granholm, Leedy, & Brown, 2002),
and visuospatial processing (Hanson, Medina, Padula, Tapert, & Brown, 2011), with
preclinical observations in good consilience with these findings in humans. For example,
rodent models have demonstrated that adolescent ethanol exposure similarly results in
deficits in adulthood, including reduced regional brain volume, diminished white matter
integrity, and impairments on cognitive tasks (Coleman Jr, He, Lee, Styner, & Crews, 2011;
Gass et al., 2014; Vetreno, Yaxley, Paniagua, Johnson, & Crews, 2017).

Along with neural deficits, adolescent alcohol use is associated with a heightened risk for
developing an alcohol use disorder (AUD) later in life. Specifically, earlier age of first
alcohol use is associated with increased risk for the development of AUD symptoms
(Dawson, Goldstein, Patricia Chou, June Ruan, & Grant, 2008; Hingson, Heeren, & Winter,
2006). One hallmark of AUD is seeking and taking of alcohol despite aversive consequences
such as health risks, loss of job or family, and legal repercussions (Hasin et al., 2013).
Aversion-resistant alcohol use is often accompanied by greater relapse vulnerability and
proves difficult to treat using available methods (Hopf & Lesscher, 2014; Koob & Volkow,
2010).

In an effort to understand the neurobiological mechanisms underlying aversion-resistant
alcohol consumption, this phenotype has been successfully recapitulated in animal models
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of alcohol dependence by adulterating ethanol with the bitter tastant quinine or pairing
delivery of ethanol reinforcers with mild footshock (Hopf & Lesscher, 2014). Using these
models, several groups have demonstrated the development of aversion-resistant ethanol
intake following prolonged ethanol exposure and/or dependence (Hopf, Chang, Sparta,
Bowers, & Bonci, 2010; Kimbrough, Kim, Cole, Brennan, & George, 2017; Seif et al., 2013,
2015; Vendruscolo et al., 2012) as well as the presence of this phenotype in selectively bred
alcohol-preferring rats (Giuliano et al., 2018). Because adolescent alcohol use is associated
with a heightened risk for developing AUD, an important question is whether adolescent
alcohol exposure influences the development of AUD-related phenotypes, including
aversion-resistant intake. Toward that end, the present study investigated whether binge-like
exposure to ethanol during adolescence facilitated aversion-resistant ethanol intake in
adulthood.

Materials & Methods

Animals

Two Long-Evans rat dams (Envigo, Indianapolis, IN), shipped with 10 pups each (two
female, eight male) that were postnatal day (PD) 22 upon arrival. At PD 24, female pups
were culled from the litter and remaining male pups were weaned and pair housed in
standard polycarbonate cages. The vivarium was maintained on a reverse 12:12 light-dark
cycle with lights off at 09:00. All rats had ad /ibitum access to food and water unless
otherwise indicated. All experimental procedures were conducted with the approval of the
Institutional Animal Care and Use Committee at the Medical University of South Carolina
and adhered to the guidelines set forth by the National Research Council’s Guide for the
Care and Use of Laboratory Animals (National Research Council, 2011).

Adolescent Intermittent Ethanol Exposure

Adolescent intermittent ethanol (AIE) exposure was carried out in a binge-like manner via
vapor inhalation as described previously (Barker, Bryant, Osborne, & Chandler, 2017; Gass
et al., 2014) in order to mimic high levels of alcohol exposure associated with typical
adolescent drinking patterns. Half of the rats from each litter were randomly assigned to AIE
or AIR groups (n=8/group). Vapor exposure was carried out between PD 28-44 and involved
five repeating exposure cycles. Each cycle consisted of two consecutive days of intermittent
exposure to ethanol vapor or air followed by two ethanol-free days (Figure 1). Each vapor
exposure day began at 18:00 and lasted for 14 hrs. AIE exposed rats were scored for
behavioral signs of intoxication daily immediately upon removal from the vapor chambers
using a subjective 5-point scale (Gass et al., 2014; Nixon & Crews, 2002) where 1 = no
signs of intoxication; 2 = slight motor impairment; 3 = obvious motor impairment but able to
walk; 4 = dragging abdomen, loss of righting reflex; 5 = loss of righting and eyeblink
reflexes. For the present study, we targeted a moderately high level of behavioral
impairment, which corresponds to an intoxication score of 2-3 on the rating scale. The
average intoxication score for all AIE exposed rats was 2.81 + 0.18. As a complement to the
intoxication score, tail-vein blood samples were collected after the second exposure day of
each of the five cycles for determination of blood ethanol concentrations (BECs) using an
Analox alcohol analyzer (Analox Instruments, Atlanta, GA). AIE exposed rats achieved an
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average BEC (mg/dL) of 428.3 + 22.9 across all five exposure cycles. Following completion
of the last exposure cycle, rats were left undisturbed in their home cages for 15 days until
individually housed at PD 59 in preparation for initiation of home cage drinking.

Two-bottle choice intermittent alcohol access and aversion-resistant drinking

Home cage drinking was assessed using a standard 2BC intermittent alcohol access
procedure as previously described (Simms et al., 2008). On Monday, Wednesday, and Friday
of each week, rats were provided access to two bottles, with one bottle containing water and
the other containing ethanol (20% v/v). On all other days, the rats were provided access to
two bottles containing water only. Fluid intake was measured 30 min and 24 hrs after the
start of each drinking session by calculating the difference in bottle weights prior to bottle
insertion and following bottle removal. The position of the ethanol bottle was alternated for
each session to control for side preferences. An empty cage with both water and ethanol
containing bottles was used to correct for spillage associated with inserting and removing
bottles. Unadulterated ethanol intake was examined across two 7-week periods with the first
(PD 59-106) and second (PD 131-176) 2BC periods separated by the first test of aversion-
resistant ethanol intake. A second test of aversion-resistant ethanol intake was performed
following the second 2BC period which thus represented a total of 17 weeks of 2BC
drinking (Figure 1). Therefore, the end of the first period of 2BC drinking, when the first
quinine test session was initiated, represented seven weeks of intermittent 2BC drinking (21
drinking days), and the end of the second period of 2BC drinking, when the second quinine
test session was initiated, represented a cumulative period of 17 weeks of drinking (51
drinking days). Aversion-resistant ethanol consumption was evaluated using a standard
quinine-adulteration procedure (Hopf et al., 2010). Ethanol drinking bottles were adulterated
with increasing concentrations of quinine (10, 30, 100 mg/L) once a week on Wednesdays.
Thus, testing occurred over a period of three weeks (a total of nine drinking days), with
unadulterated ethanol being provided on Mondays and Fridays during this period.

Operant Ethanol Self-administration and response motivation

Following completion of 2BC drinking, rats were trained to operantly self-administer
ethanol (Figure 1) using standard operant boxes (Med Associates, St. Albans, VT, United
States) fitted with a house light and two cue lights located above two retractable levers.
Levers were separated by a receptacle connected to a syringe pump that enabled delivery of
liquid reinforcer. To facilitate acquisition of operant responding, rats were food restricted to
85% of their free-feeding weight. They were then trained to lever press on a fixed ratio (FR)
1 schedule of reinforcement where one response on the active lever resulted in the delivery
of 100 uL of ethanol (20% v/v). Ethanol delivery was accompanied by retraction of both
levers, illumination of cue light above the active lever, and illumination of liquid receptacle.
Responses on the inactive lever were recorded but had no programed consequences. Upon
stable responding, rats transitioned to an FR3 schedule and the concentration of the ethanol
reinforcer was reduced to 10% (v/v). Responding during the last seven FR3 sessions was
used to assess operant self-administration rates between groups. The liquid receptacle was
inspected following each operant session and used to confirm that all rats had consumed all
ethanol reinforcers during these operant sessions. Two AIR and three AIE rats were
excluded from analysis due to failure to acquire ethanol self-administration.
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Progressive Ratio and Sucrose Preference Test

To assess potential group differences in the motivation to respond for ethanol, rats
underwent two sessions using a progressive ratio (PR) schedule of reinforcement based on
methods adapted from Hopf et al (2010). Following the first PR session, the rats returned to
an FR3 schedule for a minimum of three days before the second PR session. In the PR
procedure, the number of lever presses required to obtain ethanol reinforcer was calculated
as follows using previously published methods (Bowers et al., 2008; Hopf et al., 2010):
responses per reinforcer = 5e(0-1 x reinforcer(s)previously earned) _ 5 PR sessions terminated after
five hours or if 20 min elapsed without any responses on the active lever. Breakpoint was
defined as the final response ratio completed.

Following completion of PR responding for ethanol, rats were tested for sucrose preference
in their home cage. Water bottles were removed and three hours later rats were presented
with two bottles, one containing 10% sucrose (w/v) and the other containing water. Sucrose
and water consumption were measured following one hour of access to both bottles.

Statistical Analysis

Results

Repeated measures analysis of variance (RM ANOVA) with adolescent exposure and
drinking day as factors were used to analyze water intake, ethanol intake, and ethanol
preference during intermittent 2BC. RM ANOVASs with exposure and quinine concentration
as factors were used to analyze ethanol consumption and preference during quinine testing.
Similarly, RM ANOVAs with exposure and session as factors were used to analyze the
number of ethanol reinforcers obtained and ethanol breakpoint. Unpaired two-tailed t-tests
were used to analyze mean fluid intake, sucrose preference, and sucrose intake. Bonferroni
corrections were applied to all pairwise comparisons to correct for multiple comparisons
following significant main effects or interactions. All data were analyzed using GraphPad
Prism 7.0 software. Data are presented as means + SEM, and effects were considered
statistically significant at p < 0.05.

Effect of AIE on aversion-resistant ethanol drinking using two-bottle choice intermittent

access

To investigate the hypothesis that binge-like adolescent alcohol exposure promotes aversion-
resistant drinking, rats first voluntarily consumed ethanol using a standard 2BC intermittent
access procedure. Quinine adulterated ethanol was then used to examine the development of
aversion-resistant drinking after two periods of access to unadulterated ethanol (Figure 1). In
the first set of studies, we examined the time course of changes in ethanol consumption in
AIR and AIE exposed rats during the first 7-week period of 2BC drinking. Similar to
previous work (Carnicella, Amamoto, & Ron, 2009; Simms et al., 2008), both groups
exhibited a progressive increase in ethanol consumption over the first 3-4 weeks of 2BC
drinking that subsequently stabilized over the course of the remaining 2-3 weeks (Figure 2A,
2B). Analysis by RM ANOVA of consumption at the 30 min time-point revealed a main
effect of day (20, 260) = 6.661, p< 0.001), but no main effect of exposure (/1 13) = 0.670,
p=0.428) or day by exposure interaction (£, 260) = 0.805, p= 0.705). Analysis of
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consumption at the 24 hr time-point also revealed a main effect of day (£, 260) = 8.918, p
<0.001), but no main effect of exposure (A, 13) = 0.334, p=0.572) or day by exposure
interaction (Ao, 260) = 0.556, p = 0.938). Taken together, these data show that rats escalated
their consumption of ethanol during the first 7-week period of 2BC drinking as expected, but
AIE exposure did not alter either the rate of escalation or total ethanol intake after reaching a
stable baseline.

In addition to assessment of ethanol consumption, changes in water consumption were
examined. Analysis by RM ANOVA of water intake during the 30 min time-point (Figure
2C) revealed a main effect of day (Ao, 260) = 4.592, p < 0.001), but no main effect of
exposure (A 13) = 0.020, p = 0.885) or day by exposure interaction (Fq, 260) = 0.719, p=
0.804). For the 24 hr time-point (Figure 2D), RM ANOVA revealed a main effect of day
(F0, 260) = 43.29, p < 0.001), but no main effect of exposure (£, 13) = 0.878, p=0.365) or
a day by exposure interaction (Fq, 260) = 0.719, p=0.805). These data suggest that, as
expected, overall water intake steadily decreased over time as ethanol intake increased.

The next set of studies used quinine adulteration of the ethanol solution to determine
whether AIE exposure altered the development of aversion-resistant drinking following the
first 7-week period of 2BC drinking (Figure 2E, 2F). For this experiment, the average level
of ethanol consumed during the week prior to initiation of quinine testing was taken as the
baseline level of consumption. Analysis by RM ANOVA of consumption at the 30 min time-
point revealed a main effect of quinine concentration (A3, 39) = 10.86, p < 0.001), but no
main effect of exposure (A1, 13) = 0.196, p=0.664) or concentration by exposure interaction
(Fg,39) = 0.772, p=0.516). Pairwise comparisons indicated that while 10 and 30 mg/L
quinine adulteration had no impact on ethanol consumption, 100 mg/L quinine significantly
suppressed ethanol intake (p values < 0.01). Analysis of ethanol consumption at the 24 hr
time-point also revealed a main effect of concentration (£3 39) = 17.08, p < 0.001), but no
main effect of exposure (/y, 13) = 0.359, p=0.559) or concentration by exposure interaction
(A3, 39) = 0.361, p=0.780). Similar to results at the 30 min time-point, pairwise comparisons
indicated that 100 mg/L, but not 10 or 30 mg/L, significantly suppressed ethanol intake (o
values < 0.01). These results indicate that AIE exposure did not accelerate the onset of
aversion-resistant drinking following the first seven weeks of intermittent 2BC drinking.

After completion of the first test of aversion-resistant drinking, rats returned to drinking
unadulterated ethanol (Figure 1), and consumption was again monitored for an additional
seven weeks of 2BC drinking. As before, consumption was assessed at both 30 min and 24
hr time-points (Figure 3A, 3B) on each drinking day. Analysis by RM ANOVA of
consumption at the 30 min time-point revealed a main effect of day (F(1g, 234) = 2.663, p<
0.001), but no main effect of exposure (£, 13) < 0.001, p> 0.99) or day by exposure
interaction (F1g, 234) = 1.217, p = 0.248). For the 24 hr time-point, analysis by RM ANOVA
revealed no main effect of day (F(1g, 243) = 1.512, p = 0.086) or exposure (F1, 13) = 0.164, p
=0.692), and no day by exposure interaction (F(1g, 243) = 0.1.455, p = 0.107). These
observations indicate that, in contrast to the escalation of baseline drinking during the first 7-
week period of 2BC drinking, ethanol consumption during the second 7-week 2BC drinking
period remained stable. In addition, similar to our observation during the first drinking
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period, AIE exposure did not alter total ethanol consumption during the second 7-week 2BC
drinking period.

Water consumption was also assessed during the second 7-week period of 2BC drinking.
Analysis by RM ANOVA of water intake at the 30 min time-point (Figure 3C) revealed a
main effect of day (F1g, 234) = 2.271, p < 0.001), but no main effect of exposure (A, 13) =
0.438, p=10.519) or day by exposure interaction (/1g, 234) = 1.042, p=0.413). Analysis of
consumption at the 24 hr time-point (Figure 3D) revealed a main effect of day (F1g 234) =
1.994, p=0.109), but no main effect of exposure (A, 13) = 0.143, p=0.711) or day by
exposure interaction (F1g, 234) = 1.621, p=0.055). Lastly, unpaired t-tests indicated that
total fluid intake (i.e., the sum of the volume of water and ethanol consumed) was similar for
both exposure groups during both the first (AIR: 24.81+0.275, AIE: 25.1+0.302; {13) =
0.702, p=0.495) and second (AIR: 24.8+0.378, AIE: 23.92+0.391; {13) = 1.607, p=0.132)
7-week period of 2BC drinking. Taken together, these results are consistent with previous
observations (Simms et al., 2008) involving the 2BC intermittent access procedure in which
rats display a corresponding decrease in the amount of water consumed as ethanol intake
progressively increases, with both becoming stable after an extended period of drinking (e.g.
compare Figure 2D with Figure 3D).

Assessment of aversion-resistant intake was re-examined at the end of the second 7-week
2BC period after a total of 17 weeks of 2BC drinking. (Figure 3E, 3F). As before, the
average daily amount of alcohol consumed during the week prior to initiation of aversion-
resistant drinking was used as baseline consumption. Analysis of consumption at the 30 min
time-point by RM ANOVA revealed a main effect of quinine concentration (A3, 39) = 21.28,
£ <0.001), but no main effect of exposure (£, 13) = 0.024, p=0.877) or concentration by
exposure interaction (A3, 39) = 0.367, p= 0.776). Pairwise comparisons indicated that 10 and
30 mg/L quinine significantly suppressed ethanol intake relative to baseline and the 100
mg/L concentration (p values < 0.05). However, adulteration of ethanol with 100 mg/L
quinine did not significantly alter intake relative to baseline (p > 0.05). Analysis of intake at
the 24 hr time-point revealed a main effect of quinine concentration (A3, 39) = 4.326, p=
0.011), but no main effect of exposure (£, 13) = 0.490, p = 0.496) or concentration by
exposure interaction (A3, 39) = 0.301, p= 0.824). In contrast to intake at the 30 min time-
point, pairwise comparisons indicated that only 30 mg/L quinine significantly suppressed 24
hr ethanol intake relative to baseline (p = 0.006). Taken together, these data support the idea
that AIR and AIE exposed rats become sensitized to bitter taste following repeated exposure
to quinine such that lower quinine concentrations serve to limit binge (30 min) alcohol
intake. However, this sensitization was not great enough to significantly limit levels of intake
spanning 24 hrs.

To complement the analysis of ethanol consumption, ethanol preference was also examined
during the first and second 7-week periods of 2BC drinking, and during the two tests of
aversion-resistant drinking. As expected, the results for ethanol preference mirror our
findings with respect to ethanol intake across the study. Specifically, for the first 7-week
drinking period (Figure 4A, 4B), RM ANOVA analysis of ethanol preference at the 30 min
time-point revealed a main effect of day (Ao, 2609) = 5.511, p < 0.001), but no main effect of
exposure (£, 13) = 0.175, p= 0.682) or day by exposure interaction (F2o, 260) = 0.754, p=
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0.767). For the 24 hr time-point, analysis of preference revealed a main effect of day

(F0, 260) = 12.16, p < 0.001), but no main effect of exposure (£, 13) = 0.047, p=0.830) or
day by exposure interaction (£, 260) = 0.490, p= 0.968). For preference at the 30 min
time-point during the first quinine test period (Figure 4C and 4D), analysis of the data by
RM ANOVA revealed a main effect of concentration (A3, 39) = 14.08, p < 0.001), but no
main effect of exposure (/y, 13) = 0.009, p=0.925) or concentration by exposure interaction
(A3, 39) = 0.546, p0.653). Pairwise comparisons indicated that 100 mg/L quinine
significantly suppressed ethanol preference relative to baseline and to the two other
concentrations of quinine (p values < 0.05). Analysis of ethanol preference at the 24 hr time-
point indicated a main effect of concentration (A3, 39) = 15.95, p < 0.001), but no main effect
of exposure (A, 13) = 0.152, p=0.702) or concentration by exposure interaction (A3 3g) =
0.509, p=0.678). Pairwise comparisons also indicated that 100 mg/L quinine significantly
suppressed ethanol preference relative baseline and to the two other concentrations of
quinine (pvalues < 0.01). Taken together, these data indicate that, similar to the escalation
and stabilization of ethanol consumption during the first 7-week period of 2BC drinking,
ethanol preference during this time exhibited a similar pattern of escalation followed by
stabilization. In addition, AIE exposure did not alter ethanol preference during either the
first period of 2BC drinking or during the first quinine test.

With respect to ethanol preference during the second 7-week 2BC drinking period (Figure
5A, 5B), analysis by RM ANOVA at the 30 min time-point revealed a main effect of day
(Fas, 234) = 3.604, p < 0.001), but no main effect of exposure (£, 13) = 0.308, p= 0.588) or
day by exposure interaction (F(1g 234y = 0.808, p=0.689). Analysis of ethanol preference at
the 24 hr time-point showed a main effect of day (F1g, 234) = 1.745, p=0.033) and day by
exposure interaction (F1g, 234) = 1.648, p = 0.049), but no main effect of exposure (A, 13) =
0.281, p=0.604). These data indicate that ethanol preference was stable and was not altered
by AIE exposure. Analysis by RM ANOVA of ethanol preference at the 30 min time-point
during the second quinine test (Figure 5C, 5D) showed a main effect of quinine
concentration (F(3, 39) = 3.901, p = 0.015), but no main effect of exposure (A, 13) = 0.024, p
= 0.878) or concentration by exposure interaction (A3, 39) = 0.372, p=0.773). Pairwise
comparisons indicated that 100 mg/L quinine significantly reduced ethanol preference
relative to baseline (p < 0.05). Analysis of ethanol preference at the 24 hr time-point also
revealed a main effect of quinine concentration (A3, 39) = 3.746, p=0.018), but no main
effect of exposure (/1, 13) = 0.169, p = 0.687) or concentration by exposure interaction

(A3, 39) = 0.217, p=0.884). Pairwise comparisons indicated that 30 mg/L quinine
significantly reduced ethanol preference relative to baseline preference (p < 0.05).
Therefore, as with ethanol preference observed during the second 7-week period of
unadulterated ethanol 2BC drinking, AIE exposure did not significantly alter preference for
quinine adulterated ethanol during the second test of aversion-resistant drinking.

Effect of AIE on operant ethanol self-administration and response motivation

Following completion of 2BC and quinine-adulterated home cage drinking, the effects of
AIE exposure on the willingness to work for ethanol was examined using operant self-
administration. Responding for ethanol was compared between groups following acquisition
of stable lever pressing behavior. As shown in Figure 6A, analysis by RM ANOVA indicated
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no main effect of session (Fg, 4g) = 1.711, p=0.138) or exposure (F1, g) = 0.013, p=
0.909), and no session by exposure interaction (A, 48) = 1.576, p = 0.174). Therefore, both
AIR and AIE exposed rats exhibited similar levels of responding for ethanol. In the next set
of studies, responding on a PR schedule of reinforcement was used to assess whether AIE
exposure impacted the motivation for ethanol. Figure 6B shows the breakpoint for ethanol
responding across two separate PR sessions and breakpoint as an average for both sessions
(bar graph inset). Analysis by RM ANOVA of the two PR sessions revealed no main effect
of session (A1, g) = 1.403, p=0.270) or exposure (£, g) = 1.557, p=0.247), and no session
by exposure interaction (£, g) = 0.789, p = 0.400). Therefore, these data indicate that both
AIR and AIE exposed groups exhibited a similar motivation to obtain ethanol.

The final set of studies examined sucrose preference and intake to assess whether AIE
exposure altered anhedonia-like behavior or consumption of a non-drug reinforcer. Analysis
of the results presented in Figure 6C and 6D indicated that neither consumption (mL/kg; #g)
=0.429, p=0.678) nor preference for sucrose (#g) = 0.304, p=0.768) were significantly
different between AIR and AIE exposed rats (unpaired t-test), indicating that AIE exposure
did not alter the hedonic set point of the rats.

Discussion

A number of previous studies have observed that binge-like exposure to ethanol in
adolescent rats is associated with long-term changes in behavior including cognitive
impairments characterized by inflexibility and alterations in the processing of rewarding/
aversive information (Spear, 2018). Based on these lasting effects of adolescent alcohol
exposure, the goal of the present study was to test the hypothesis that binge-like adolescent
alcohol exposure promotes aversion-resistant drinking in adulthood. We reasoned that this
would be observed as a more rapid onset of aversion-resistant drinking and/or a change in
the sensitivity to varying concentrations of quinine. In addition, we hypothesized that
adolescent alcohol exposure would augment ethanol intake in adulthood, which would be
represented by increased voluntary ethanol consumption in 2BC and/or increased responding
for ethanol during operant self-administration. In contrast to our expectations, the results of
the present study reveal that exposure of adolescent rats to intermittent binge-like ethanol by
vapor inhalation does not alter voluntary ethanol consumption, aversion-resistant drinking,
or motivation for ethanol in adulthood.

Specifically, examination of quinine adulterated ethanol consumption revealed that rats from
both AIR and AIE groups exhibited aversion-resistant drinking with the 10 mg/L and 30
mg/L concentrations of quinine, while intake was equally suppressed at the 100 mg/L
concentration. Thus, the results revealed that after the first 7-week 2BC drinking period,
both AIR and AIE exposed rats were equally sensitive to quinine adulteration of the ethanol
solution. Our observation of resistance to ethanol adulterated with relatively low quinine
concentrations was surprising given that previous work has reported sensitivity to quinine
adulterated ethanol at 10-30 mg/L concentrations following ethanol drinking of a similar
time frame or longer (Kimbrough et al., 2017; Seif et al., 2015). For example, Seif and
colleagues (2015) observed suppression of ethanol intake at 30 mg/L quinine following six
and eight weeks of intermittent 2BC drinking despite similar methodological approaches to
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those used in the present study (e.g., the intermittent 2BC and quinine testing procedures).
However, strain differences may help explain these discrepancies given that the present
study was carried out in Long-Evans rats, whereas the study by Seif et al used Wistar rats. In
support of this, Tordoff and colleagues (Tordoff, Alarcon, & Lawler, 2008) assessed quinine
sensitivity across 14 different rat strains and found that Long-Evans rats exhibited greater
preference for quinine over water relative to Wistar rats.

Similar to the results of the quinine testing performed after the first 7-week period of 2BC
drinking, AIE had no significant effect on aversion-resistant ethanol intake when examined
following protracted ethanol consumption after a total of 17 weeks of 2BC drinking. At this
time period, both AIR and AIE exposed rats reduced their ethanol consumption in the
presence of the two lower concentrations of quinine (10 and 30 mg/L) but did not reduce
their intake of ethanol adulterated with the higher 100 mg/L quinine concentration. This
latter observation was unexpected as this same concentration of quinine has been shown to
reduce voluntary ethanol consumption following 12-16 weeks of intermittent 2BC drinking
(Hopf et al., 2010; Spoelder et al., 2015) and 52 weeks of continuous 2BC drinking
(Turyabahika-Thyen & Wolffgramm, 2006).

While strain differences may have contributed to differences in sensitivity to 100 mg/L
quinine after protracted 2BC drinking, procedural differences may have also played a role.
In the present study, each rat was presented with three concentrations of quinine in
ascending order during each of the two test periods of aversion-resistant drinking. Exposure
to successively increasing concentrations of quinine following the initial 2BC period may
have increased sensitivity to lower concentrations of quinine during re-testing as suggested
by previous work (Mook & Blass, 1968). It remains unclear, however, why insensitivity was
observed to adulteration by the 100 mg/L concentration of quinine following 17 weeks of
ethanol drinking. Additional studies in the absence of repeated quinine exposure will be
necessary to determine whether prolonged ethanol exposure has selective effects on alcohol
consumption with adulteration of high versus low quinine concentrations. Regardless of
nuances in the differences in sensitivity to different concentrations of quinine, our results
clearly show that AIE exposure did not alter either the development of aversion-resistant
drinking after the first 7-week period of intermittent 2BC drinking, or alter the sensitivity to
quinine when retested after protracted 2BC drinking.

Our results also revealed that AIE exposure did not facilitate escalated drinking or
motivation to drink ethanol in adulthood when assessed after a protracted period of ethanol
drinking. These results agree with previous work reporting a similar absence of escalated
ethanol intake during adulthood using the vapor exposure paradigm (Jury et al., 2017;
Slawecki & Betancourt, 2002). However, not all findings are in agreement. The majority of
work demonstrating a faciliatory effect of adolescent ethanol exposure on ethanol intake in
adulthood has been conducted using either experimenter administered intraperitoneal (i.p.)
or intragastric (i.g.) ethanol (e.g., Alaux-Cantin et al., 2013; Maldonado-Devincci, Alipour,
Michael, & Kirstein, 2010; Pandey, Sakharkar, Tang, & Zhang, 2015) or voluntary oral self-
administration (Amodeo, Kneiber, Wills, & Ehlers, 2017; Broadwater, Varlinskaya, & Spear,
2013; Moore, Mariani, Linsenbardt, Melon, & Boehm, 2010). Thus, route of ethanol
administration may be an important factor in driving positive results. It is possible that the

Alcohol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nentwig et al.

Page 11

nature of repeated, forced administration of ethanol via the i.p. or i.g. route of administration
acts synergistically with voluntary ethanol consumption to facilitate increased ethanol intake
in adulthood (relative to the effects produced using the more passive ethanol vapor exposure
procedure). Whereas, increased ethanol intake in adulthood following oral self-
administration during adolescence may be attributed, at least in part, to familiarity and
learned experiences associated with consuming alcohol (e.g., Broadwater et al., 2013).
Differences in BEC achieved using various routes of administration may also play a role. For
example, while BECs are maintained relatively constant throughout the ethanol vapor
exposure paradigm, i.p. and i.g. ethanol administration result in a comparatively faster
increase in BEC after which it declines over a period of hours as ethanol is metabolized.
Similar effects can be achieved during oral consumption of ethanol as experienced drinkers
frequently binge drink large volumes of ethanol at the onset of a drinking session. This rapid
spike in BEC compared to the slower ramping up of BEC over several hours during vapor
exposure may play a role in rendering animals more vulnerable to increased ethanol
consumption during adulthood. Finally, it is possible that first pass metabolism through the
stomach and liver is required for robust effects of adolescent ethanol exposure on increased
propensity to drink in adulthood. It should be noted, however, that routes of administration
requiring first pass metabolism have not always produced consistent results. For example,
studies have also reported no change (Broadwater et al., 2013; Tambour, Brown, & Crabbe,
2008; Varlinskaya, Kim, & Spear, 2017) or decreased ethanol consumption (Gilpin,
Karanikas, & Richardson, 2012; Siegmund, Vengeliene, Singer, & Spanagel, 2005) during
adulthood following either voluntary oral consumption or experimenter administered (i.p. or
i.g.) ethanol during adolescence.

A number of studies using the ethanol vapor method to expose adolescents to ethanol have
also reported an increase in ethanol intake during adulthood. Gass and colleagues (Gass et
al., 2014) observed an increase in operant responding for ethanol in adults following AIE
vapor exposure. However, this increase in responding was not accompanied by a significant
increase in the BEC. Others have found that rats exposed to ethanol vapor during late
adolescence through adulthood following 2BC drinking during early adolescence exhibited a
small but significant increase in responding for ethanol relative to controls (Criado & Ehlers,
2013). A more recent study by this group (Amodeo et al., 2018) reported similar findings in
adult rats that were allowed to drink between cycles of ethanol vapor exposure during
adolescence. Thus, more prolonged ethanol exposure during adolescence and early
adulthood may be required to observe lasting effects on ethanol intake when using the vapor
exposure method. Alternatively, a combination of oral ethanol self-administration and non-
contingent vapor exposure may be needed to elicit robust increases in adult ethanol
consumption compared to adolescent ethanol vapor exposure alone.

Symptoms of depression, including reduced sensitivity to natural rewards, are frequently
observed following chronic alcohol exposure (Heilig, Egli, Crabbe, & Becker, 2010). With
this in mind, the sucrose preference test, a widely accepted model of anhedonia (Scheggi, De
Montis, & Gambarana, 2018) was used to determine whether binge-like AIE vapor exposure
altered reward sensitivity. We observed that both AIR and AIE exposed rats exhibited a
similarly strong preference for sucrose over water. These observations are in contrast to
previous work by Gilpin et al (2012) showing that involuntary, but not voluntary, ethanol
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exposure during adolescence significantly reduced preference for a solution sweetened with
glucose and saccharin. Of note, however, rats in this study were exposed to the same
sweetened solution during adolescence immediately preceding i.p. injection of a bolus dose
of ethanol potentially facilitating a conditioned taste aversion and driving reduced preference
during adulthood. On the other hand, our data are consistent with previous work reporting no
effect of experimenter administered ethanol during adolescence on sucrose preference
(Ribeiro-Carvalho et al., 2011), motivation to respond for sucrose (Alaux-Cantin et al.,

2013; Gass et al., 2014), and brain stimulation threshold (Boutros, Semenova, & Markou,
2014) during adulthood suggesting that AIE exposure does not affect reward sensitivity.
However, using a different model of depression, Ehlers et al (2011) showed that adolescent
alcohol exposure increased time spent immobile during the forced swim test. Taken together,
these data suggest that while AIE exposure may not have lasting effects on reward
sensitivity, it may facilitate other depression-like symptoms including inadequate coping or
maladaptive responding to stressful circumstances (Commons, Cholanians, Babb, &
Ehlinger, 2017).

In conclusion, the current study showed that binge-like AIE vapor exposure did not facilitate
increased ethanol consumption or aversion-resistant ethanol drinking in adulthood. While
adolescent exposure to ethanol has been shown to result in a number of lasting
neurobiological and behavioral changes in adulthood, it does not appear to facilitate
compulsive drinking. An important question moving forward is whether methodological
differences in adolescent alcohol exposure, which engender different drinking profiles in
adulthood, also produce differences in the development of an aversion-resistant phenotype.
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Highlights
Long-Evans rats exhibited quinine-resistant ethanol intake after seven weeks of 2BC
Adolescent intermittent ethanol (AIE) exposure did not alter ethanol intake in adulthood
AIE exposure did not facilitate the development of aversion-resistant drinking

AIE exposure did not alter motivation to respond for ethanol in adulthood
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Figure 1. Schema of experimental timeline.
(A) Pair-housed Long-Evans rats were exposed to five cycles of intermittent ethanol vapor

inhalation between PD 28-44 and tested in adulthood for two-bottle choice (2BC) and
quinine adulterated ethanol drinking, operant ethanol self-administration, and sucrose
preference. Litter mate control rats were exposed to plain air during the ethanol exposure
period. (B) Intermittent 2BC drinking consisted of 20 cumulative weeks of home cage
ethanol drinking. To examine aversion resistant drinking, the effects of quinine adulteration
of the ethanol solution was examined after two 7-week periods of intermittent 2BC drinking
separated by the first quinine test. Both quinine test sessions involved adulteration of the
ethanol bottle with increasing concentrations of quinine. Each concentration of quinine was
tested on Wednesdays of each of the three weeks, with unadulterated ethanol provided on
the Monday and Friday of each week of quinine testing.
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Figure 2. Ethanol consumption, water consumption, and quinine resistant drinking after the first

7-week period of two-bottle choice drinking.

Measurement of ethanol consumption at the 30 min (A) and 24 hr (B) time points during the
first 7-week period of intermittent 2BC drinking. Both AIR control and AIE exposed rats
significantly escalated consumption over drinking days. There was no significant difference
between AIR and AIE exposed rats in the average daily consumption of ethanol across the
entire drinking period (bar graph insets). The volume of water consumed by AIR and AIE
exposed rats at 30 min (C) and 24 hr (D) time points also did not differ significantly. Both
AIR and AIE groups elevated their 30 min water intake across days, whereas 24 hr water
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intake progressively decreased over time and showed little variability. Average intake was
not significantly different between AIR and AIE exposed rats at either time-point (bar graph
insets). Following the first 7-week period of 2BC drinking, assessment of quinine
suppression of ethanol intake revealed a significant decrease in consumption relative to
baseline that was only observed at the highest concentration (100 mg/L) of quinine tested at
both the 30 min (E) and 24 hr (F) time-points. There were no significant differences in
intake between AIR and AIE at any concentration of quinine adulterated ethanol. Baseline
drinking represented consumption during the week preceding initiation of quinine testing.
Asterisks indicate significantly different from 0 mg/L. *p < 0.05; n= 7-8/group.

Alcohol. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nentwig et al.

Page 20

--o- AIR —e— AIE

0.24
0.0

3 . _
= - 30min = 24hr
g 1.2 ﬁ 54
® 1.04 =
E) D 44
%, 0.84 5 )
E 0.6 % N
g E
T 021 T
Q Lt e — T
w 131 138 145 152 159 166 176 Mean intake W "131 138 145 152 159 166 176 Mean intake
Postnatal day Postnatal day
= =
‘€107 30min $ 1007 24hr
S N
Q g o 80-
g X
D 6 2 604
-~ )
$ 4 i 404
i £, |608%88000009004580
- 24 » 204
5 ul H I_
< 131 138 145 152 159 166 176 Mean intake 131 138 145 152 159 166 176 Mean intake
Postnatal day Postnatal day
= =
E 1.9 30min § 54 24hr
o N
D 1.0 B 4-
2) =
=< (.81 o)
3 - ¥
[0 06‘ X *
X * 8 27
8 0.41 * 3
'E —
z S
2 i
w

0 10 30 100 0 10 30 100
Quinine concentration (mgl/L) Quinine concentration (mg/L)

Figure 3. Ethanol consumption, water consumption, and quinine resistant consumption after 17
weeks of two-bottle choice drinking.

Measurement of ethanol intake at the 30 min (A) and 24 hr (B) time points over the second
7-week period of intermittent 2BC drinking. Both AIR and AIE exposed rats exhibited
stable ethanol intake across days. The average daily consumption of ethanol over the
drinking period was not significantly different between groups (bar graph insets). The
volume of water consumed by AIR and AIE exposed rats at 30 min (C) and 24 hr (D) time
points during the second 7-week 2BC drinking period. Day to day consumption of water at
both the 30 min and 24 hr time points was stable, and again there were no differences
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between AIR and AIE exposed rats in average intake (bar graph insets). Following a total of
17 weeks of 2BC drinking, assessment of quinine suppression of consumption revealed
significant decreases in ethanol intake relative to baseline at the 30 min time-point (E) for
the 10 and 30 mg/L concentrations of quinine, but not for the 100 mg/L concentration.
Similarly, 30 mg/L quinine reduced consumption at the 24 hr time-point (F) indicating
partial expression of aversion resistant drinking. No significant differences between AIR and
AIE exposed rats were observed at any quinine concentrations tested. Asterisks indicate
significantly different from 0 and 100 mg/L (E) or only 0 mg/L (F). *p< 0.05; n=7-8/
group.
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Figu!’e 4, Et_hanol preference during the first 7-week period of two-bottle choice drinking and
quinine testlng.

Measurement of ethanol preference at the 30 min (A) and 24 hr (B) time-points during the
first 2BC drinking period. Both AIR and AIE exposed rats exhibited escalated preference
over drinking days. The mean preference across all drinking days was not significantly
different between AIR and AIE exposed rats (bar graph insets). Following the first 2BC
drinking period, AIR and AIE exposed rats exhibited comparable preference for quinine
adulterated ethanol across increasing concentrations at both the 30 min (C) and 24 hr (D)
time points. As indicated by the asterisks, significant suppression of ethanol preference was
observed in both AIR and AIE exposed groups at the highest concentration of quinine (100
mg/L) relative to baseline (0 mg/L). *p < 0.05; n= 7-8/group.
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Figure 5. Ethanol preference during the second 7-week period of two-bottle choice drinking and
second quinine test.

Measurement of ethanol preference at the 30 min (A) and 24 hr (B) time points over the
second 7-week 2BC drinking period. Both AIR and AIE exposed rats exhibited stable
preference across days, and the mean preference for all drinking days was not significantly
different between groups (bar graph insets). Following protracted 2BC drinking, no
significant differences in preference were observed between groups during quinine
adulterated drinking sessions at either 30 min (C) or 24 hr (D) time points. As indicated by
the asterisks, preference in both groups was significantly reduced, relative to baseline, by 30
mg/L quinine at the 30 min time point, and by 100 mg/L quinine at the 24 hr time point. *p
< 0.05; n=T7-8/group.
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Figure 6. Operant ethanol self-administration and sucrose preference test following protracted

two-bottle choice drinking.

(A) Number of ethanol reinforcers obtained across seven operant sessions under an FR3
schedule of reinforcement. Both groups exhibited similar levels of responding for ethanol.

(B) When tested on a progressive ratio schedule of reinforc

ement, AIR and AIE exposed

groups exhibited similar breakpoints for ethanol across sessions. There was no difference
between AIR and AIE exposed rats in their preference (C) or intake (D) during the sucrose

preference test. 7= 5/group.
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