1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 September 01.

-, HHS Public Access
«

Published in final edited form as:
Pharmacol Biochem Behav. 2019 September ; 184: 172740. doi:10.1016/j.pbb.2019.172740.

Adolescent but not adult ethanol binge drinking modulates
ethanol behavioral effects in mice later in life

Rabha M Younis™12, Jennifer T Wolstenholme™1:3, Deniz Bagdas!4, Jill C Bettinger:3,
Michael F Miles13, M Imad Damajl4
1Department of Pharmacology and Toxicology, Virginia Commonwealth University, Richmond, VA

2Department of Pharmacotherapy & Outcomes Science, School of Pharmacy, Virginia
Commonwealth University, Richmond, VA

3Virginia Commonwealth University, Alcohol Research Center, Richmond, VA

4The Center for the Study for Tobacco Products, Virginia Commonwealth University, Richmond,
VA

Abstract

Background.—Alcohol use disorders is a serious illness marked by uncontrollable drinking and
a negative withdrawal state when not using. Alcohol is one of the most commonly used drugs
among adolescent populations. Given that adolescence is a unique developmental stage during
which alcohol has long-term effects on future drug-taking behavior; it is essential to understand
how early exposure to ethanol during adolescence may affect the abuse liability of the drug later in
life. Our studies focused on characterizing how exposure to alcohol in adolescence alters later
adult alcohol dependence behaviors, by using well-established mouse models of ethanol drinking.
We hypothesized that early exposure to ethanol leads to increased ethanol intake in adults and
other behavioral phenotypes that may lead to dependence.

Methods.—We investigated the impact of ethanol drinking in early adolescent C57BL/6J mice
using a modified Drinking in the Dark (DID) model.

Results.—Our results showed that exposure to ethanol during adolescence enhanced ethanol
intake in adulthood in the DID, and the 2-bottle choice drinking paradigms. In contrast, adult
exposure of alcohol did not enhance later alcohol intake. We also conducted tests for ethanol
behavioral sensitivity such as loss of righting reflex and anxiety-related behaviors to further
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elucidate the relationship between adolescent ethanol exposure and enhanced ethanol intake in
adult mice.

Conclusions.—Overall, our results suggest that adolescence is a critical period of sensitivity and
binge drinking that can lead to lasting changes in ethanol intake in adulthood. Further research will
be required in order to more fully examine the neurochemical mechanisms underlying the lasting
changes in adulthood.
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Introduction

Alcohol use disorder (AUD) and alcohol abuse, characterized by the compulsive and
uncontrolled consumption of alcohol, is a global problem that results in the death of 2.5
million people in the world annually and causes illness and injury to millions more (World
Health Organization (WHO) 2014). Social, environmental, and genetic factors play
significant roles in the initiation of alcohol use and contribute to progression from use to
abuse and/or addiction. Alcohol use often begins during the teenage years and the majority
of alcohol consumed by teens is in the form of binge-drinking episodes (SAMHSA 2014).
Binge drinking is defined as consuming enough ethanol to achieve blood ethanol levels
greater than 80 mg/dl (NIAAA 2004). Interestingly, prior experience with binge ethanol is a
strong predictor of alcohol dependence later in life. Teens who began drinking before age 14
were 47% more likely to be diagnosed with alcohol dependence in their lifetime as
compared to those who started drinking after age 21 (Hingson et al., 2006). In adolescence,
alcohol consumption can have enduring behavioral, social and neurobiological consequences
since adolescence is a critical period characterized by significant transformations in brain
development, cognitive capacities, personalities, and frontal cortical executive functions
(Crews et al., 2000, Spear 2000b, Spear 2018).

In addition to neural and hormonal changes, increases in social activity, novelty seeking,
impulsivity, and risk-taking are frequently reported during the transitional phase from
adolescence to adult (Spear 2000a). Consistent with human epidemiological data, exposure
to binge ethanol during the developmental period of adolescence in mice is associated with
increased ethanol intake in adulthood (Pascual et al., 2007; Moore et al., 2010; Strong et al.,
2010; Fabio et al., 2013). Although this is not always found in all drinking paradigms or
both sexes (Strong et al. 2010, Broadwater et al., 2011). Excessive ethanol intake during
adolescence can be particularly devastating with some behavioral effects persisting into
adulthood. For example, adolescent ethanol increases ethanol intake (Strong et al., 2010;
Fabio et al., 2013; Cox et al., 2013) and risk-taking preference (Spear 2000a, Spear 2018), as
well as impairing conditioned discrimination, memory (Pascual et al., 2007; Montesinos et
al., 2014), reversal learning (Coleman et al., 2011; Coleman et al., 2014) and changes in
alcohol-induced withdrawal (Lee et al., 2016; 2017). These impairments were more robust
when pretreatment occurred during adolescence rather than in adulthood (White et al., 2000;
Sircar et al., 2005; Bergstrom et al., 2006). Furthermore, adolescent binge ethanol increased
behavioral sensitivity and decreased ethanol’s aversive effects which can contribute to
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increased drinking (Spear 2000a). Importantly, Metten ef al. have shown ethanol access
restricted to the early-mid adolescence is critical for ethanol intake increases in adulthood
(Metten et al., 2011).

In the current study, we used the Drinking in the Dark (DID) procedure, an intake paradigm
where mice consume large amounts of ethanol reaching blood ethanol concentrations (BEC)
80 mg/dl in a 2-h period (Rhodes et al., 2005), typically over 100 mg/dl, to model binge
ethanol consumption and determine whether different ethanol exposure patterns during early
adolescence would affect the subsequent ethanol behavioral responses in adulthood. While
adolescence in human occurs between the ages of approximately 11-21 years, adolescence in
rodents ranges from postnatal days (PNDs) 28-42 (Spear et al., 2000a; Spear 2010; Laviola
et al., 2003). In particular, we used daily or intermittent DID ethanol exposure for 9 days
during early adolescence and tested for binge-like drinking (DID test) and relapse-like
drinking in adulthood. We also assessed whether adolescent binge ethanol alters ethanol
sensitivity (anxiolytic-like effects and loss of righting reflex) in adult mice, since a low level
of response to acute ethanol is a strong predictor of risk for developing an alcohol use
disorder (Heath et al., 1999; Schuckit et al., 2001; Schuckit et al., 2004). Together, these data
provide further evidence that adolescence is a critically sensitive period for ethanol’s insults
which can produce lasting behavioral changes in adulthood.

Materials and Methods:

Animals

Adolescent (arriving at PND 21) and adult (arriving at PND 67) male and female C57BL/6J
mice from Jackson Laboratories (Bar Harbor, ME, USA) were housed individually in
standard Plexiglas cages (12x18x28 cm) with corn-cob bedding in a temperature- and
humidity-controlled room (22+£2°C, 50+5%) under a 12-hour inverted light/dark cycle
(lights on at 6PM). Mice had food (Teklad, Envigo, Madison, WI; cat. #7012) and water
available ad /ibitum, except where noted during DID sessions. Cages contained small
cardboard tubes and a cotton nestlet (5x5 cm) for the purpose of environmental enrichment.
Mice were acclimated to the vivarium for one week while water intake and body weight
were measured. Different sets of mice were used in the different experiments. On PND 28
and PND 72, three hours into the dark cycle, adolescent and adult mice began the DID
protocol. Institutional Animal Care and Use Committee of Virginia Commonwealth
University approved the study. All studies were carried out in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals.

Experiment 1: Drinking in the dark (DID) during adolescence

We used a slightly modified mouse DID model (Rhodes et al., 2005). Male and female
C57BL/6J adolescent mice (n=8/group) were exposed to one of two single-bottle (25 ml
sipper tubes) conditions for a 4-hour period from PND 28 to PND 36 beginning 3 hours after
lights out: (1) nine days consecutive daily access to 20% ethanol in tap water or (2) water
only. In all cases, after the 4-hour period, bottles were replaced with water only bottles. On
day nine, immediately after measuring ethanol intake, blood samples were collected via
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submandibular bleed. Mice remained singly housed for 36 days with access ad /ibitumto
food and water until they reached adulthood.

To determine the impact of early exposure on adult ethanol consumption, all groups of mice
(from PND 72 to PND 80) had daily exposure to ethanol (20%) for 4 hours during PND
28-36. Three hours after lights out, home cage water 25ml tubes were replaced with sipper
tubes containing a 20% ethanol in tap water and mice were allowed to drink for 4 hours for
nine consecutive days. As spillage and evaporation controls, average volume depleted from
tubes in control cages without mice was subtracted from individual drinking values each
day.

Experiment 2: DID in adulthood

In order to determine if the enhancement of ethanol intake is unique to the adolescent
period, adult male and female C57BL/6J mice (PND 67, n = 7/group) who were housed
individually in the same testing room since adolescence age, were exposed to ethanol or
water for nine days at PND 72 using the daily DID procedure as described above with
adolescent animals. Thirty-six days later, on PND 108, all groups were tested for 20%
ethanol consumption in the DID procedure for nine days.

Experiment 3: Two bottle choice drinking and alcohol deprivation effect (ADE)

In order to determine the impact of adolescent binge drinking history on adult ethanol
consumption and relapse-like drinking, two studies were conducted:

Exp. 3.1.—C57BL/6J male adolescent (PND 28-36 days) mice were exposed to DID daily
ethanol (20%, v/v) or water. When they reached their adulthood period (PND 72), ethanol
exposed (EE) group as well as water expose (WE) group were given a choice of ethanol or
water in a two-bottle choice paradigm. The ethanol concentration was ramped up in a
stepwise manner (5, 10, and 15%, v/v) for three consecutive days at each concentration. The
average of three consecutive days’ results was recorded per concentration. The bottle
positions were alternated every day to control for the development of a side preference. The
choice of ethanol concentrations in this procedure did not match the DID one.

Exp. 3.2.—To study the impact on adolescent ethanol on relapse-like behavior, we used the
alcohol deprivation effect (ADE) paradigm. The ADE has generally referred to an increase
in alcohol intake seen after a short period of alcohol deprivation during a continuous intake
study (Vengeliene et al., 2014). To evaluate ADE on ethanol intake and preference, mice
underwent two-bottle choice paradigm using ethanol (15%) vs. water for additional five days
after completing above mentioned experiments in Exp. 3.1. (total of fourteen days
continuous two-bottle choice access, last eight days with 15% ethanol continuous two-bottle
choice). The last measurement of daily ethanol intake was recorded as pre-ADE. Then,
ethanol was taken from the cages, and mice underwent a-week duration of alcohol
deprivation. At the end of deprivation, mice were re-exposed to ethanol (15%) vs. water in 2-
bottle choice paradigm for 24-hour. Ethanol intake was reported as g/kg of body weight and
ethanol preference was reported as the ratio between ethanol intake and the total fluid intake.
Subjects were weighed daily to accurately calculate ethanol intake.
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Experiment 4: Light-dark box (LDB) and Elevated plus maze (EPM) tests of anxiety-like

behavior

The LDB test is based upon a conflict between the innate aversion to brightly illuminated
areas and spontaneous exploratory activity (Crawley and Goodwin, 1980). The test was
adapted as previously described (Wilkerson et al., 2016) with minor modifications. Male
C57BL/6J (n=8/group) adolescent mice (PND28) were exposed to alcohol in the DID
procedure as described above. At PND 72, mice were given at least 30 min to acclimate to
the testing room. Then, mice were injected with either 2 g/kg (20% v/v, i.p.) ethanol or
saline and 15 min later they were placed in the light compartment of the LDB (Med-
Associates, St. Albans, VT) which consisted of a small, enclosed dark arena (36 x 10 x 34
cm) with a passage way (6 x 6 cm) leading to a larger, light arena (36 x 21 x 34 cm) and
allowed to explore the apparatus for 5 min. The number of entries into the light compartment
and the total time spent (sec) in the light compartment were recorded by a video monitoring
system and measured by ANY-MAZE software (Stoelting Co., Wood Dale, IL).

A similar procedure was followed for the EPM test where reduction in anxiety-like behavior
induced by ethanol was assessed in a different cohort of mice. This is an elevated platform
consisting of two crossbars that create four arms. Two of these arms have walls (closed
arms) and the other two arms are exposed (open arms). Because mice commonly display an
innate fear of open, elevated places, an increase in the amount of time spent in the open arms
is thought to represent a reduction in anxiety-like behavior. At PND 72, mice were given at
least 30 minutes to acclimate to the testing room. Then, mice were injected with either 2
g/kg (20% vlv, i.p.) ethanol or saline and 15 min later, they were placed briefly in a plastic
container and transferred to the center of the maze. The subject was allowed to freely
explore the apparatus for 5 minutes, with time starting immediately after placement in the
center of the maze. Data (mean + SEM) were expressed as the total time spent in the open
arms in seconds. The number of crossovers was also recorded to document any changes in
locomotor activity.

Experiment 5: Loss of Righting Reflex (LORR)

The sedative-hypnotic effects of ethanol were measured using the loss of LORR. Male
C57BL/6J mice were exposed to adolescent DID for 20% ethanol (n=10/group) or water
(n=10/group) as above from PND 28 to PND 36 for a 4-hour period each day. As adults, at
PND72, both groups were injected with 3.5 g/kg ethanol (20%v/v, i.p.). Mice were placed in
a supine position in a VV-shaped trough and monitored for the onset of LORR, defined by the
inability to right themselves 3 times in 30 seconds after being in the supine position. Time
from ethanol injection to LORR was recorded as LORR onset. Mice taking longer than 5
min to experience LORR were eliminated from the study due to the possibility of misplaced
injection (one mouse was eliminated). Immediately after the onset of LORR, a 20 ul blood
sample was collected from the periorbital sinus. The time taken to recover from LORR,
LORR duration, was defined as the time required for the subject to right itself three times
within 30 seconds. A second 20 ul blood sample was collected from the periorbital sinus at
this time. Care was taken to collect all blood samples within 10 seconds of each behavioral
endpoint so as to minimally affect the true relationships between BEC and LORR onset or
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recovery. Acute functional tolerance (AFT) was calculated by subtracting the BEC at LORR
onset from the BEC at recovery.

Blood Ethanol Concentration (BEC) Determination

Blood was collected via cheek bleed using 5 mm Lancets (Medipoint, Inc., Minenola, NY)
or via the periorbital sinus. Blood was stored in heparinized BD microtainers and analyzed
for ethanol content using gas chromatography similar to a previously described procedure
(Gallaher et al. 1996). Animals were injected with saline (s.c) to avoid hypovolemia and
received food/water ad libitum after blood collection.

Statistical Analysis

The data were analyzed using the GraphPad Prism software, version 6.0 (GraphPad
Software, Inc., La Jolla, CA) and expressed as the mean + S.E.M. Statistical analysis was
done using the 2-way analysis of variance test (ANOVA) and #test. In experiments 1 and 2,
two-way ANOVA followed by the Bonferroni’s post hoc multiple comparisons test was used
with ethanol treatment and sex as factors. To determine if there was a treatment (ethanol or
water) or exposure type (continuous vs. intermittent) effect in drinking studies, and ratio of
second exposure were compared to the each other with an unpaired, two-tailed t-test. The
ratio of adult EE vs WE for each day was calculated by dividing the average daily EE intake
by the average daily WE intake of the second exposure and assessed by a two-way ANOVA
followed by Bonferroni’s post hoc test. To assess the effect of ethanol concentration in EE
and WE exposure, a two-way ANOVA followed by the Bonferroni’s post hoc multiple
comparisons test was also used. In experiment 3, t-tests were used to determine the alcohol
deprivation effect. In experiments 4 and 5, the effect of ethanol treatment on anxiety-like
behavior and on LORR was assessed by one-way ANOVA followed by Tukey’s post hoc.
Comparisons were considered statistically significant when p < 0.05.

Results

The impact of adolescent’s binge drinking on consumption later on life.

DID is a limited-exposure model of acute binge ethanol drinking in which animals are
briefly exposed to one bottle of ethanol at a high concentration (20% v/v) (Rhodes et al.,
2005). Here, we employed a slightly modified version of the standard DID procedure in
adolescent male and female C57BL/6J mice, which resulted in alcohol intakes between
6.42-7.85 g/kg ethanol (Suppl. Fig. 1) in a 4-hour period, and yielded blood ethanol
concentration (BEC) greater than 80 mg/dL at PND 36 (day 9 of the adolescent DID
exposure), immediately after recording the 4-hour intake (males: 107 mg/dL + 6; females:
110 mg/dL + 8 after alcohol exposure). There were no significant differences between
female and male mice (t=0.2555, df=12; p>0.05).

During adolescence, mice were exposed to daily ethanol for 9 days (PND28 to PND36). As
seen in Supplementary Figure 1, access to ethanol provided a relatively stable ethanol
consumption in both adolescent male and female mice [Fjme (8, 96) = 3.641, p < 0.001]. A
main effect of sex was found with females having greater intake than males [Fgex(1, 12) =
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10.78, p < 0.01]. No significant interactions between sex and day were found [Finteraction (8,
96) = 1.207, p > 0.05].

We then investigated the impact of adolescent (PND28-PND36) ethanol DID drinking
exposure on later adult ethanol consumption (PND72-PND80). Adolescent ethanol-exposed
(EE group) and water-exposed (WE group) mice were tested in adulthood using the same
drinking paradigm employed in adolescence. In males, daily adolescent binge drinking
increased adult DID ethanol intake (Figure 1A). A subsequent two-way ANOVA revealed a
significant effect of treatment [Fireatment(1,13) =19.51, p < 0.001] and time, [Ftime (8, 104) =
4,753, p < 0.001] and no significant interaction [Finteraction (8, 104) = 1.745, p > 0.05]. Post-
hoc analysis revealed a significant difference of treatment on all days except for day 3
(p<0.05). In females, ethanol exposure resulted higher intake of ethanol in all days for the
group EE that was exposed to alcohol during early adolescence [(Fireatment (1, 13) =29.13, p
< 0.001] (Figure 1C). A main effect of time [Fjme (8, 104) = 4.299, p < 0.001] but no
significant interaction [Finteraction (8, 104) = 1.242, p > 0.05] was found. The average intake
over 9 days of drinking showed that adolescent ethanol exposure resulted in a higher intake
of ethanol in adulthood in both male [t=4.426, df=8, p<0.002; Figure 1B] and female
[t=7.920, df=16, p< <0.0001; Figure 1D] mice.

Alcohol exposure in adulthood did not result an increase of alcohol intake later in life.

In experiment 2, in order to determine if ethanol exposure during the adolescent period
uniquely increases ethanol intake later in life, we performed an initial DID ethanol exposure
in adult mice (PND 73-81) and determined whether this modulated ethanol intake later in
adulthood (PND 117-125), after a similar time interval (36 days) as with the adolescent
exposure model in experiment 1. In the first phase of ethanol exposure on PND 73-81
(Suppl. Fig. 2), two way repeated measures ANOVA revealed significant effect of sex,
[Fsex(1, 12) = 11.91, p < 0.01], time [Ftime(8, 96) = 7.428, p < 0.0001] and an interaction
between sex and time [Finteraction(8, 96) = 4.665, p < 0.001]. Bonferroni’s post-hoc analysis
revealed a significant difference of ethanol intake between males and females on day 6 and 7
(p<0.05), where females consumed more than males. However, when the animals were
exposed to the ethanol in the second phase later in adulthood (Fig. 2), 36 days following the
first exposure, neither males nor females showed a significant enhancement of ethanol intake
from prior ethanol exposure (EE vs. WE) [males: [Fireatment (1, 12) = 0.3167, p > 0.05],
[Ftime (8, 96) = 3.914, p <0.001], [Finterraction (8, 96) = 1.573, p > 0.143; Fig. 2A] and
females: [Fireatment (1, 11) = 4.545, p > 0.05], [Ftime (8, 88) = 3.573, p < 0.01, Finteraction (8,
88) = 1.213, p > 0.05; Fig. 2B]. Despite obvious qualitative differences in ethanol
consumption between males and females, pre-exposure to ethanol in adulthood did not
increase intake for either sex later in life.

Adolescence alcohol exposure resulted in an increase of alcohol intake later in life using
the two-bottle choice paradigm.
To assess whether adolescent DID exposure also increased free-choice ethanol access in
adult animals, experiment 3 determined adult male ethanol intake in a 24-hour 2-bottle
choice assay following adolescent exposure to DID ethanol. Ethanol concentrations (5-15%
v/v) were escalated with 3 days at each concentration for the 2-bottle choice model. Two-
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way ANOVA revealed a main significant effect of ethanol concentration [Feoncentration (2,
36) = 11.47, p < 0.001], and adolescence exposure [Fexposure (1, 36) = 16.42, p < 0.001] but
no interaction [Finteraction(2, 36) = 0.1176, p > 0.05, Fig. 3A]. Although ethanol consumption
was higher in the EE males than the WE males at all concentrations, ethanol intake only
reached significance at the 10% concentration (p<0.05, Fig. 3A). Ethanol preference was
similar to ethanol intake where EE males had higher preference than WE males. Two-way
ANOVA revealed a significant main effect of concentration [Fconcentration (2, 36) = 5.01, p <
0.05], and adolescence exposure [Fexposure(1, 36) = 19.21, p < 0.001] but no interaction
[Finteraction(2, 36) = 0.445, p > 0.05] in ethanol preference (Figure 3B). While ethanol
preference was higher in EE group, only the 5% ethanol concentration was significantly
higher in EE group (p<0.05, Fig. 3B).

Following an additional 8 days of 15% ethanol (v/v) 2-bottle choice access, animals were
deprived of ethanol for 7 days and then re-exposed to 15% v/v 2-bottle choice ethanol to
assess whether prior adolescent ethanol exposure altered the alcohol deprivation effect
(ADE). Mice exposed to ethanol during adolescence (EE) showed significantly higher
ethanol intake [F (1, 36) = 17.07, p<0.05; Fig. 4A] and preference [F (1,36) = 7.679; p<0.05,
Fig. 4B] than those who did not (WE), except for preference in pre-deprivation groups (Fig.
4B). However, the ADE was only significant (pre- vs. post-deprivation in Figs. 4A-B) in the
adolescent ethanol exposed animals (EE), for both intake and preference.

Prior exposure to ethanol during adolescence does not alter ethanol-induced anxiolytic-
like activity later in adulthood.

In experiment 4, male mice were exposed to ethanol or water using the DID paradigm
during adolescence, then tested for acute ethanol-induced anxiolysis using the light-dark
box. In saline treated adult mice, both latency to enter the dark zone (Fig. 5A) and time
spent on the light side of the light-dark box (Fig. 5B) were not different between mice
exposed to ethanol (EE) or water (WE) during adolescence (p>0.05). Likewise, we noted a
similar effect when adult mice were injected with acute ethanol (2 g/kg; p>0.05). Ethanol
treatment did significantly induce anxiolytic-like activity in both groups. One way ANOVA
showed a significant effect of treatment on latency to enter the dark zone [Fieatment
(3,36)=8.091, p<0.001; Figure 5A] and % time spent in light side [Fieatment (3,36) = 21.97,
p<0.0001; Fig. 5B].

The elevated plus maze (EPM) was used as an additional test to measure the impact of
adolescent ethanol exposure on acute ethanol-induced anxiolysis in adulthood. Similar to the
light-dark box results, no significant differences were observed in the time spent in the open
arms between mice that received ethanol or tap water during adolescence and then injected
with saline during adulthood (p>0.05). No differences were found between groups in mice
treated with 2 g/kg ethanol and tested on the EPM (p>0.05). However, ethanol injection in
adulthood significantly increased the % time spent in the open arms in both groups [Suppl.
Fig. 3A, Fireatment(3,24) = 2.59, p<0.05]. There were no significant differences in the
number of crossovers between open and light arms [Suppl. Fig. 3B, Fireatment (3,24) = 2.858,
p>0.05].
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The impact of alcohol exposure during adolescence on ethanol-induced LORR in
adulthood.

In experiment 5, we assessed the impact of ethanol exposure during adolescence on ethanol-
induced LORR in adulthood by measuring the onset and the duration of LORR. LORR onset
[t=2.697, df=21, p<0.05, Fig. 6A] and duration [t=3.016, df=21, p<0.01, Fig. 6B] were
significantly higher in the EE group compared to WE group. Importantly, BEC (Fig. 6C)
was similar between treatment groups at the onset of LORR or loss of function (LOF)
(p>0.05), but at recovery from LORR BEC was significantly higher in the WE group
compared to EE group (p<0.05). Two-way ANOVA analysis showed [Feyposure(1,24)=8.813,
p<0.01]; [FLoF (1,24)=9.59, p<0.01] ; [Finteraction(1,24)=2.566, p>0.05]. Finally, we
calculated acute functional tolerance (AFT) by subtracting BEC at LORR onset from the
BEC at recovery. There was significant difference in AFT between treatments where WE
mice displayed AFT that was absent in EE mice [t=3.273, df=11, p<0.01, Fig. 6D].

Discussion

The aim of this study was to model binge ethanol exposure using a modified DID protocol in
adolescent C57BL/6J mice to determine behavioral effects that persist into adulthood. We
hypothesized that binge drinking in adolescence would increase ethanol intake and reduce
sensitivity to ethanol in adulthood when compared to animals who are first exposed to
ethanol in adulthood. We demonstrate that binge drinking during early adolescence
increased ethanol 4 hour DID and 24 hour 2-bottle choice drinking in adulthood, which was
affected by the duration and pattern of administration, and age of exposure. This increase in
ethanol intake was also associated with an increase in relapse drinking via the alcohol
deprivation effect and a reduction of ethanol’s sedative effects such as initial ethanol
sensitivity in the LORR test, but also an increase in duration of LORR that is possibly due to
diminution of acute functional tolerance. Interestingly, protracted abstinence in adults that
were pre-exposed to ethanol in adolescence did not alter anxiety-like behaviors in two
independent tasks. Together, these data show that early life/adolescent exposure to binge
alcohol persistently increases ethanol consumption, relapse drinking, and initial sensitivity in
adulthood and supports the level of response model for increased AUD risk (Schuckit et al.,
2004).

Using a modified DID paradigm as a limited-exposure model of acute binge drinking
(Rhodes et al. 2005), we found that 4-hour exposure every day to ethanol in adolescence is
necessary to robustly increase adult intake. This is consistent with previous studies that
showed that early alcohol experience predisposes animals to consume higher alcohol amount
in their adulthood stage (Cox et al., 2013; Lee et al., 2017). Intermittent (every-other-day) 4
hour DID exposure moderately increased adult ethanol intake but only on a few days of the
drinking sessions. Importantly, mice in the daily 4 hours exposure paradigm had four more
drinking sessions than mice in the intermittent exposure paradigm. This raises the possibility
that a minimum number of ethanol exposures in adolescence may be needed to reliable
increase adult drinking. Indeed, in outbred HS/Npt mice 2 weeks of DID exposure did not
increase ethanol intake as adults, whereas mice exposed for 4 or 8 weeks did show increases
(Metten et al. 2011). As predicted by studies in adult mice and rats (Hopf et al. 2010, Hwa et
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al. 2011), ethanol intake in the intermittent treatment adolescent group did escalate over the
treatment period (PND 28-36), modeling a dependence phenotype and suggesting that
adolescent mice may find ethanol rewarding even though their adult intake did not escalate
as robustly as with daily access. Cox et al., in 2013 also found that repeated cycles of binge-
like ethanol drinking during adulthood increased subsequent voluntary ethanol intake, and
this effect become more robust with increasing DID cycles. Interestingly, contrary to the
present work, mice given DID exposure during adulthood, showed increases in subsequent
voluntary ethanol intake (Cox et al. 2013). The difference may result from different
exposure protocols used in our studies. More generally, the fact that different approaches and
routes of adolescent exposure to alcohol are reported in the literature, this may influence
adult intake behavioral measures later in life.

We also report that the adolescent period is especially sensitive to binge ethanol since adult
exposure did not alter ethanol intake three weeks after ethanol abstinence. Our findings are
in line with several previous studies, showing adolescence is a critical period for ethanol
induced risk for increased adult intake (Pascual et al. 2007, Moore et al. 2010, Strong et al.
2010, Fabio et al. 2014). Interestingly, Cox et al. found that repeated cycles of binge-like
ethanol drinking during adulthood increased subsequent voluntary ethanol intake, and this
effect become more robust with increasing DID cycles (Cox et al. 2013). Importantly, we
show that 4 hours DID increase adult ethanol intake in two drinking paradigms, both 4 hours
DID and 24-hour access to 2-bottle choice. Others have shown that adolescent binge ethanol
only reliably increases adult intake in an unlimited 24-hour access model but not in a shorter
2-hour access model (Strong et al. 2010). Differences in the number and length of ethanol
exposure likely account for these adult behavioral differences. Mice in the Strong ef a/. study
was exposed to ethanol in the scheduled high alcohol consumption procedure with only 30
minutes of ethanol exposure per day, while mice here had 4 hours of exposure (Strong et al.
2010). While adolescent and adult females consumed more ethanol than adult males, both
males and females similarly increased ethanol intake in adulthood. The relative difference in
ethanol intake between males and females was not as robust as 24-hour access models, likely
due to the abbreviated 4-hour exposure in our model. Finally, it is important to note that age
difference in testing could have possibly accounted for the drinking differences seen in our
studies.

Prior experience with ethanol also significantly increased ethanol intake following a period
of ethanol abstinence and this effect was greater in mice with an adolescent history of binge
ethanol. The alcohol deprivation effect is a temporary increase in ethanol intake after a
forced period of ethanol abstinence (Sinclair et al. 1968) which has been routinely used to
model relapse drinking in rodents (Vengeliene et al. 2014). This may be the first report in
mice to show that adolescent binge ethanol can enhance the alcohol deprivation effect in
adulthood. This effect is similar to the one reported in rats by Gilpin et al., 2012 that shows
that voluntary binge drinking early in adolescence augments relapse-like drinking in adult
male rats. These results add to the evidence that adolescence is critically sensitive for
increased risk to developing alcohol abuse tendencies.

In our studies, binge ethanol drinking in adolescence did not lead to changes in ethanol-
induced anxiolysis in adult animals as seen in LDB and EPM assay, 36 days after alcohol
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removal. Relative to saline-treated mice, ethanol significantly decreased anxiety-like
behavior in the light-dark model and the elevated plus maze. But no differences were found
between mice with a history of binge ethanol or ethanol naive mice. In addition, binge
alcohol-drinking did not elicit an increase in basal anxiety-like behaviors 36 days following
the alcohol removal. Our findings are in line with a previous report in DBA/2J mice
(Wolstenholme 2017) which also did not report a lasting effect on ethanol anxiolysis in
adults with a history of binge ethanol. Similarly, when assayed 24 hours after alcohol
exposure, adolescent C57BL/6J mice that consumed alcohol-for 2 weeks did not show
withdrawal-induced anxiety in the marble burying test (Lee et al., 2016). In contrast,
adolescent mice in protracted withdrawal and adult mice in early withdrawal from alcohol
drinking exhibited hyper-anxiety-like behaviors in the marble burying (Lee et al., 2017).
This increased anxiety-like behavior during alcohol withdrawal in mice with a history of
binge-drinking may result from the changes in mGIlu5 function and modulation in the brain
(Lee etal., 2017; Lee et al., 2018). Similarly, (Pandey et al., 2015) reported increased
anxiety-like behaviors after both early and protracted alcohol withdrawal in adolescent rats.
We do not believe that motor function impairment has affected our results in the LDB and
EPM assays since the total number of crossovers between arms/boxes is not significantly
changed by alcohol injection. A limitation of our study with alcohol’s anxiolytic effects is
the use of one dose alcohol challenge in adulthood.

The effects of adolescent binge ethanol on adult ethanol sensitivity in the LORR assay were
not straight forward. Adolescent binge ethanol exposure increased LORR onset and
decreased AFT in adulthood, suggesting long-lasting alterations in ethanol sensitivity.
Conversely, the duration of LORR was significantly greater in mice pre-exposed to binge
ethanol in adolescence, similar to previous reports (Wolstenholme 2017) and suggesting
these mice are more sensitive to ethanol. To estimate potential changes in acute functional
tolerance, we calculated the change in BEC when each mouse regained the righting reflex
from its LORR onset. Ethanol naive mice had a significantly greater change in BEC than
mice with a history of binge ethanol, indicating that mice with adolescent history of binge
drinking had to achieve a lower BEC in order to recover the righting reflex relative to
ethanol naive mice. This suggests that adolescent mice with a binge-drinking history do not
display acute functional tolerance unlike the ethanol naive mice. Clearly, adolescent binge
ethanol has lasting effects on adult ethanol sensitivity, at least at high, sedative doses, and
may decrease the development of acute functional tolerance to ethanol. Interestingly, acute
functional tolerance and DID ethanol intake were significantly correlated to each other in
inbred mouse strains (Radcliffe et al. 2013), where decreased sensitivity was associated with
increased ethanol intake. These data lend support to the level of response model (Schuckit
2004) where less intense effects of high doses of ethanol (here, initial sensitivity at LORR
onset and AFT) are associated with increased ethanol drinking and ultimately increased risk
for developing an AUD.

The mechanisms underlying the effect of “binge drinking” experience during adolescence to
increase subsequent ethanol intake during adulthood are not known. A possible explanation
for the elevated consumption in mice subsequent to adolescent “binge drinking” experience
is that age-related differences in the neurobiological effects of ethanol differ in adolescent
versus adult animals. The neurochemistry and structure of the brain is still developing in
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adolescent mice (Spear 2000b), which makes adolescents acutely sensitive to ethanol’s
insults. Delay or damage to the developing nervous system can lead to the behavioral
differences we report in adulthood such as increased intake, heightened ADE response, and
altered sensitivity in LORR. This altered brain development may also explain the disconnect
between ethanol sensitivity and intake. Future studies using this model can aid in
understanding these mechanisms by interrogating the neurochemical changes in adolescent
brains following binge ethanol.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Ethanol exposure early in adolescent mice increases drinking and relapse in
adulthood.
. Ethanol exposure early in adolescent mice did not reduce alcohol-induced

anxiety-like behavior in adulthood.

. Ethanol exposure early in adolescent mice did increase the loss of righting
reflex induced by alcohol in adulthood

Pharmacol Biochem Behav. Author manuscript; available in PMC 2020 September 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Younis et al.

EtOH Intake (g/kg/4hrs)

Page 17

Male

(A) 20, (B
20,
O WE - EE isl
15/
10; b *
54 o
o 0
0 1 2 3 4 5 6 7 8 9 10 Water  EtOH
(C) Female (D)
20 20+
151 15-
101 *
10+
5.
54
01 2 3 4 5 6 7 8 9 10

Water EtOH

Time (days)

Figure 1: Exposure to ethanol during early adolescence enhances ethanol intake later in
adulthood.

Mice exposed to DID 20% v/v ethanol (EE) vs. water only (WE) consumption during
adolescence showed higher daily ethanol (EtOH) intake profiles in the adult phase of
exposure (PND72 to PND80). Panels A and C depict PND 72-80 ethanol intake (g/kg/4
hours) in a daily exposure DID procedure for 9 days in male and female C57BL/6J
respectively, whereas Panels B and D depict the average ethanol intake for the 9 days period.
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* Denotes p<0.05 vs. WE group. Each point represents the mean+ SEM of 8 animals per
group and sex. W= water; E = ethanol.
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Figure 2: Alcohol exposure in adulthood did not result an increase of alcohol intake later in life.
Adult mice exposed to DID 20% v/v ethanol (EE) vs. water only (WE) during adulthood

(PND72 to PND80) showed similar daily ethanol (EtOH) intake profiles later in life (starting
PND 108) in both A (male) and B (female) mice. Each point represents the meanz SEM of 8
animals per group. W= water; E = ethanol.
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Figure 3: Adolescent mice with a history of binge ethanol increase adult intake in a 2-bottle
choice paradigm.
Male adolescent (PND 28-36 days) mice were exposed to DID ethanol (20%, v/v). When

they reached adulthood (PND72), they were given a choice of ethanol or water in 2-bottle
choice paradigm (EE group). In addition, a water control group (during adolescence period)
received ethanol when they were adult (WE group). The 2-bottle choice drinking assay
employed escalating ethanol concentration (5%, 10% and 15%) every three days. The
average of three consecutive days was recorded for per concentration. The EE mice
consumed more ethanol in the 2-bottle choice paradigm compared to WE group. Panel (A)
depicts ethanol intake, whereas Panel (B) depicts ethanol preference. Each point represents
the meanz SEM of 7 animals per group. * p<0.05. W= water; E = ethanol.
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Figure 4: Adolescent binge ethanol enhances the alcohol deprivation effect (ADE) in males.
After completing the experiments in Figure 3, all mice underwent 2-bottle choice paradigm

using ethanol (15%) vs water for additional 5 days. The last measurement of daily ethanol
intake was recorded as pre-ADE. After recording last measurement, ethanol was taken from
the cages, and mice underwent a-week duration of alcohol deprivation. Then, mice were re-
exposed to ethanol (15%) vs water in 2-bottle choice paradigm. Mice which exposed to DID
ethanol during adolescence (EE) showed an increase of ethanol intake (A) and ethanol
preference (B) as compared to mice which only exposed to 2-bottle choice ethanol during
adulthood (WE). Data are presented as the mean= SEM of 7 animals per group. *p<0.05.
W= water; E = ethanol.
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Figure 5: The impact of alcohol exposure during adolescence on ethanol-induced anxiolysis-like

behaviors in adulthood.

Mice were exposed to 20% v/v ethanol (E) vs. water (W) in the DID paradigm during
adolescence and then tested at PND 72 with saline (Sal) or ethanol (EtOH) at 2 g/kg, i.p. and
then tested 15 min later in the LDB assay. Panel (A) depicts the latency to enter the dark
zone in the light-dark box. Panel (B) depicts % time spent in light side of the light-dark box.
*Denotes p<0.05 vs. saline control group. Data represents the mean+ SEM of 8 animals per

group.
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Figure 6: The impact of ethanol exposure during adolescence on ethanol LORR in adulthood.
Mice exposed to 20% v/v ethanol (EE) vs. water only (WE) in the DID paradigm during

adolescence and then tested at PND 72 with 3.5g/kg ethanol (20%v/v, i.p.) and monitored
for the onset and duration of loss of righting reflex (LORR). Panel (A) depicts latency for
the onset of LORR in sec. Panel (B) depicts LORR duration in min. Panel (C) depicts blood
ethanol concentration (BEC) at the loss of function (LOF) and LORR recovery. Panel (D)
depicts acute functional tolerance (AFT) score calculated as the difference between BEC at
LORR recovery (BEC2) versus BEC at LORR onset (BEC1). * p<0.05 vs. WE group. Data
represents the mean+ SEM of 10 animals per group. W= water; E = ethanol.
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