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1. Introduction

Alcohol use typically begins early in adolescence (Faden, 2006). This use differs from that
of adults, with adolescents drinking on average twice as much per drinking episode than
adults (SAMHSA, 2008). This intake sometimes reaches high levels, with 23.7% of high
school seniors in the United states reporting consumption of 5+ drinks (Johnston et al.,
2013), >10% reporting consumption of 10+ drinks and >5% reporting 15+ drink
consumption (Patrick et al., 2013) per drinking episode in the past 2 weeks.

Studies in laboratory animals such as the rat have likewise revealed 2—3 fold higher ethanol
consumptions during adolescence than in adulthood (Doremus et al., 2005, Hargreaves et al.,
2011; Schramm-Sapyta et al., 2014; Vetter-O’Hagen et al., 2009), suggesting that the
elevated ethanol intake of adolescents may have a biological component. Indeed, studies in
rats have revealed a number of potential contributors to elevated adolescent intake, including
notable differences between adolescents and adults in their sensitivity to the acute effects of
ethanol. For instance, adolescents show social facilitation in response to low doses of
ethanol that is not seen in adults (Varlinskaya & Spear, 2002) and are also more sensitivity
than adults to ethanol’s rewarding effects (e.g., Pautassi et al, 2008); these effects may make
ethanol particularly desirable for adolescents. On the other hand, adolescents are less
sensitive than adults to the social impairing, motor disrupting, aversive and sedative effects
of higher doses of ethanol (Anderson et al, 2010; Ramirez & Spear, 2010; Silveri & Spear,
1998; Varlinskaya & Spear, 2002) — effects of ethanol likely serving to moderate drinking.
This combination of age-dependent ethanol sensitivities appears to be associated with
differential rates of development of neural systems underlying these ethanol effects (see
Spear, 2014, for discussion). Although comparable studies in humans are not surprisingly
limited due to ethical constraints regarding administration of ethanol to youth, what findings
are available provide suggestions of similar age-related ethanol sensitivities in human
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adolescents that may help drive the elevated consumption levels characteristic of this age
period (for review, see Spear, under revision).

The early initiation and relatively high use levels of alcohol by adolescents could potentially
disrupt maturational changes occurring in the brain at this time in regions such as those
critical for cognitive control (Casey et al., 2008), motivational responding and the processing
of rewarding, arousing, aversive, social and emotional stimuli (Blakemore, 2012; Ernst &
Fudge, 2008). Indeed, early onset of drinking has been found to be predictive of alcohol-
related problems later in life (Grant & Dawson, 1997; Palmer et al., 2009), with those
engaging in even episodic heavy drinking at an early age being more likely to develop
alcohol use disorders (Bonomo et al., 2004; Hingson et al., 2006; Grant et al., 2001) and to
experience a number of long-lasting adverse psychosocial consequences (Wells et al., 2004).
Although these associations are not necessarily causal (Black et al., 2015; Edwards et al.,
2014), evidence is emerging that binge patterns of adolescent drinking that bring blood
alcohol levels to 80 mg/dl and higher can be disruptive to the developing adolescent brain
(Bava & Tapert, 2010; Silveri, 2012; Spear, 2015).

Given developmental changes in alcohol-sensitive brain circuits implicated in responsiveness
to social and emotional stimuli (e.g., Blakemore, 2012; Spear, 2011), it is not surprising,
therefore, that anxiety, depression, and enhanced stress reactivity have often been associated
with alcohol-dependency in adolescents (Martin et al., 2000). Alcohol-related problems are
often evident in anxious adolescents, with social anxiety disorder sometimes noted as a
particular vulnerability factor (Black et al., 2015; Buckner et al., 2006), however, causal
relationships are still not fully established (e.g., Morris et al., 2005). For instance, social
anxiety has been reported to often precede alcohol use disorders (Buckner et al., 2008). Sex
differences are sometimes apparent, with anxiety disorders in early adolescence associated
with later adolescent alcohol use in females but not males (Zehe et al., 2013). Conversely,
there is also evidence that alcohol abuse can promote later expression of anxiety disorders
(e.g., Falk et al., 2008; Kushner et al., 2000), with alcohol use disorders preceding the onset
of anxiety more often in males than in females (Falk et al., 2008). Bi-directional associations
between anxiety disorders and alcohol use could initiate a “feed-forward cycle”, with
anxiety symptoms inducing alcohol use for its anxiolytic effects, whereas increasing use of
alcohol may further enhance anxiety symptoms (see Kushner et al., 2000).

The relationship between adolescent anxiety and alcohol use disorders is even more
complicated, given emerging evidence pointing to a substantial role of stress (negative life
events) in both affective disorders and adolescent alcohol use (Fidalgo et al., 2008; Lopez et
al., 2005; Low et al., 2008; Rutledge & Sher, 2001; Schmidt et al., 2007). Given that the
developmental transition from immaturity/dependence to maturity/independence is often
stressful, it is not surprising that adolescents have been reported to experience more stressors
and negative life events than either children or adults (Buchanan et al., 1992). An increased
prevalence of stressors during this ontogenetic period, when combined with enhanced stress
reactivity relative to other ages (Dahl & Gunnar, 2009), may contribute to the onset of
psychiatric problems during adolescence. Indeed, strong associations have been reported
between adolescent stress and the emergence of anxiety disorders (Barrocas & Hankin,
2011; Grant et al., 2003; Oldehinkel & Bouma, 2011). Although the relationship between
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alcohol use and stressful life events has been shown to be quite complex (Uhart & Wand,
2009), it has been suggested that stress is most strongly associated with heavy drinking in
adolescence, with this association becoming considerably weaker later in life (Aseltine &
Gore, 2000).

Human studies of the consequences of underage alcohol use do not permit systematic
manipulation of critical variables, due to ethical considerations that preclude administration
of alcohol to young adolescents. Similarities found between human adolescents and
adolescents of various mammalian species in terms of developmental history, neural,
hormonal and behavioral alterations (Spear, 2000, 2011; Spear & Varlinskaya, 2010) provide
reasonable justification for the use of animal models for assessments of the relationship
between adolescent alcohol exposure, stressors, and anxiety. In humans, adolescence
generally refers to a transitional period between youth and maturity that occurs
predominantly during the second decade of life (Petersen et al., 1996). In rats, many
behavioral, hormonal, physiological and neural characteristics of early to mid-adolescence
are evident between postnatal days (P) 28 and 42, with later ontogenetic periods (until
~P55-65) generally more analogous to late adolescence/emerging adulthood in humans
(Spear, 2000; Vetter-O’Hagen and Spear, 2012).

Using a rat model of adolescence, we have shown that, similar to human findings (e.g., Zehe
et al., 2013) initially high socially anxious adolescent females, but not high socially anxious
adolescent males, demonstrate enhanced sensitivity to the socially anxiolytic effects of
ethanol and high levels of ethanol intake under social circumstances (Varlinskaya et al.,
2015a,b). In contrast, repeated exposure to ethanol through early/mid adolescence has long-
lasting detrimental consequences in males, but not females (Varlinskaya et al., 2014). These
males, like their human counterparts (e.g., Falk et al., 2008), demonstrated anxiety-like
behavioral alterations, indexed via significant decreases in social investigation and social
preference when tested in adulthood (Varlinskaya et al., 2014). As adults, males exposed to
ethanol early in adolescence also exhibited adolescent-characteristic responding to ethanol,
demonstrating ethanol-induced social facilitation that is not normally evident in adulthood
(e.g., see Varlinskaya & Spear, 2002). Intriguingly, similar behavioral alterations (i.e.,
decreases in baseline social investigation and social preference and induction of ethanol-
induced social facilitation) also emerged following repeated exposure to restraint stress in
adult male and female rats that were naive to ethanol (Varlinskaya et al., 2010).

Given apparent similarities in the social consequences evident following repeated ethanol
and repeated restraint, Experiment 1 of the present study was designed to assess whether the
social anxiety-like behavior associated with adolescent intermittent ethanol (AIE) exposure
to 3.5.9/kg given intragastrically (i.g.) every other day (P25-P45) is further exacerbated by
later stressors (restraint, 90 min/day, P66—P70) in males and whether such stressor exposure
might possibly precipitate expression of latent social anxiety in AIE females. Another aim of
Experiment 1 was to assess the impact of AIE alone or in combination with stress on intake
of a sweetened ethanol solution under social circumstances (see Table 1). The two main
goals of Experiment 2 were (a) to assess whether AIE alters adaptation of the hormonal
stress response to acute and repeated restraint (indexed via corticosterone) and (b) to
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determine the impacts of AIE and the repeated stressor on intake of the sweetened solution
alone (see Table 2).

2. Results

2.1. Effects of AIE on stress-induced social alterations and ethanol intake under social
circumstances in adulthood

2.1.1. Body weight—When body weight data were assessed prior to the social interaction
test on P70 and P77, no effects of adolescent exposure or stress were evident in males and
females (all ps > 0.05). As expected, there were significant main effects of sex evident at
P70, F(1, 56) = 540.44, p < 0.0001, as well as at P77, F(1, 56) = 555.72, p < 0.0001, with
males having greater body weight than females at both ages (473.5 £ 7.5 g versus 272.9
+3.5gat P70; 489.0 £ 8.1 g versus 273.8 + 3.6 g at P77).

2.1.2. Social Investigation—When immediate consequences of restraint were assessed
on P70, restraint effects were evident only in water-exposed animals [adolescent exposure x
stress interaction, F(1, 56) = 5.4, p < 0.05], with restraint stress suppressing social
investigation regardless of sex (Figure 1). There was also a significant early exposure x sex
interaction, F(1, 56) = 13.77, p < 0.001, with AIE suppressing social investigation only in
males, replicating prior findings (Varlinskaya et al., 2014).

Delayed effects of restraint assessed a week later on P77 revealed the same patterns, with
water-exposed males and females still demonstrating reductions in social investigation when
tested 7 days after the last exposure to restraint [adolescent exposure X stress interaction,
F(1, 56) = 4.38, p < 0.05]. AIE males, but not females, again demonstrated significant
decreases in social investigation relative to their water-exposed counterparts [adolescent
exposure x sex interaction, F (1, 56) = 9.46, p < 0.005].

2.1.3. Social Preference—Similar to social investigation, significant adolescent exposure
x sex interactions were evident on P70, F(1, 56) = 6.15, p < 0.05, as well as on P77, F(1, 56)
=8.99, p < 0.005, with only ethanol-exposed males demonstrating significant decreases in
social preference relative to their water-exposed counterparts (Figure 2). Stress effects again
were seen only in water-exposed males and females, with stressor-associated decreases in
social preference evident both immediately following the final restraint session [adolescent
exposure x stress interaction, F(1, 56) = 4.68, p < 0.05], as well as 7 days later [adolescent
exposure x stress interaction, F(1, 56) = 5.08, p < 0.05].

2.1.4. Overall Locomotor Activity—Overall locomotor activity within the social context
(indexed via total number of crossovers) did not differ as a function of adolescent exposure,
stress exposure or sex either on P70 or on P77 (all ps > 0.05; 36.3 + 1.2 crossovers for P70
and 30.9 £ 1.3 for P77).

2.1.5. Social Drinking—Saocial drinking was not affected by either adolescent exposure or
restraint (see Figure 3, left panel, with data collapsed across sex and test days), although the
ANOVA revealed a significant interaction between sex and drinking day, F(7, 392) =4.14, p
< 0.001. Adult females ingested significantly more ethanol on a g/kg basis than males on all
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test days but Day 4, regardless of adolescent exposure and prior stress (Figure 3, right
panel). Males gradually increased ethanol intake from Day 1 to Day 3, with intake remaining
stable thereafter, whereas females demonstrated peak ethanol intake on Day 2. No sign of an
“alcohol deprivation effect” emerged in males, with intake not elevated following the 4-day
abstinence period (i.e., test Day 5 vs. test Day 4). In contrast, females demonstrated a
modest, albeit significant increase in ethanol intake on test Day 5 relative to test Day 4.

On the last test day, ethanol intake and BECs did not differ as a function of adolescent
exposure or prior stress. Females were found to consume significantly more ethanol than
males (1.10 £ 0.11 g/kg versus 0.83 + 0.06 g/kg, respectively), although BECs did not differ
significantly as a function of sex (females: 57.8 + 6.9 mg/dl, males: 50.2 = 5.2 mg/dl).

When the adolescent-typical behavior of play fighting was assessed and analyzed during the
social drinking session on the last test day, the ANOVA revealed a significant adolescent
exposure x stress condition x sex interaction, F(1, 56) = 4.24, p < 0.05 (see left panels of
Figure 4). Among non-stressed animals, AIE altered play fighting during social drinking in a
sex-dependent manner, increasing play fighting in males but decreasing play in females
under these same social drinking conditions. Among water-exposed males, stress increased
play fighting during social drinking relative to their counterparts that were not stressed.

2.2. Effects of AIE on stress-induced corticosterone levels and intake of “supersac” under
social circumstances in adulthood

2.2.1. Restraint-induced Corticosterone Levels—Corticosterone (CORT) levels were
assessed from tail bloods taken at 30 min into the 90 min restraining period, given that adult
males and females demonstrate peak CORT levels at approximately this time (Doremus-
Fitzwater et al., 2009). The overall 2 (adolescent exposure) x 2 (sex) x 2 (day) mixed factor
ANOVA revealed a significant main effect of sex, F(1, 28) = 216.93, p < 0.0001, tempered
by a significant adolescent exposure x day interaction, F(1, 28) = 13.37, p < 0.01. As
expected, females had significantly greater CORT levels 30 min following the onset of the
stressor (976.8 + 28.0 ng/ml) than males (380.4 = 26.5 ng/ml). Separate ANOVAS were
conducted on data within each sex to further explore the impact of AIE on the CORT
response across days. In the analysis of the CORT data in males, a significant adolescent
exposure x day interaction emerged, F(1, 14) = 5.80, p < 0.05. On the first day of restraint
stress, both ethanol- and water-exposed males exhibited comparable CORT levels 30 min
into stressor, whereas on the last day significant habituation of the CORT response at this
time point was evident only in water-exposed males (see Figure 5). Similar patterns of
CORT changes over days were evident in females as well [exposure x day interaction, F(1,
14) = 4.70, p < 0.05], with water-exposed females, but not their ethanol-exposed
counterparts, demonstrating habituation of the CORT levels on day 5 versus day 1.

2.2.2. Social Drinking—The 2 (adolescent exposure: water, ethanol) x 2 (stress: no,
restraint) x 2 (sex) x 8 (drinking day) mixed factor ANOVA revealed a significant four-way
interaction, F(7, 392) = 2.19, p < 0.05 (see Figure 6). In general, females ingested more
“supersac” on a ml/kg basis that males regardless of adolescent exposure and stress
condition on all test days, with this sex difference being the smallest on Day 1. Males
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showed a significant, though moderate increase in “supersac” intake from Day 1 to Day 2,
whereas females more than doubled their intake on Day 2 relative to Day 1 and maintained
intake at relatively high levels through the entire drinking period. Intake of “supersac” was
enhanced by a 4-day off period in females regardless of adolescent exposure and stress
condition, and in all male groups but water-exposed non-stressed males. In females, intake
of “supersac” was not affected by either adolescent exposure or stress condition. In contrast,
repeated restraint decreased “supersac” intake in ethanol-exposed males relative to their non-
stressed counterparts on test Days 4 — 8, while increasing it in water-exposed males on Day
5 (see Figure 6).

The ANOVA of play fighting during the social drinking session with “supersac” on the last
test day revealed no significant main effects or interactions. Thus, the level of play fighting
when ingesting sweet solution under social circumstances was not affected by AIE or stress
in neither males nor females (see Figure 4, right panels).

3. Discussion

As in our previous study (Varlinskaya et al., 2014), the effects of AIE on social anxiety-like
behavioral alterations in adulthood differed drastically in males and females, with only
males demonstrating these alterations in a modified social interaction test. These sex-
dependent findings are reminiscent of sex differences reported for humans, with alcohol use
promoting later expression of anxiety disorders more frequently in males than in females
(Falk et al., 2008). Similar to their human counterparts, non-stressed males exposed to
ethanol as adolescents demonstrated anxiety-like alterations evident through significant
reductions in social investigation and social preference relative to their water-exposed
counterparts.

High levels of social investigation and social preference demonstrated by water-exposed
control animals were substantially reduced by exposure to repeated stress in adult males and
females, with these effects seen both immediately post-stressor (at P70) and one week
thereafter (P77). The former results are reminiscent of our previous findings (Doremus-
Fitzwater et al., 2009; Varlinskaya et al., 2010) where otherwise non-manipulated adolescent
and adult males and females tested immediately post-stressor demonstrated consequences of
repeated restraint similar to those evident in water-exposed rats in the present study. In both
those studies and the current experiment, social preference and/or social investigation were
significantly decreased by prior exposure to the stressor, suggesting that these two social
measures are extremely sensitive to anxiogenic manipulations under normal circumstances.

Adolescent exposure to ethanol altered the social response normally seen to repeated
restraint, with these animals not showing the stress-associated decrease in social interactions
seen in adults that were not exposed to ethanol in adolescence. While this could reflect a
floor effect in AIE males (given that they exhibited baseline reductions in social
investigation and social preference even when not stressed), this was not the case with
females, given that AIE alone did not suppress these social measures in female subjects. An
alternative interpretation of these findings is that the AIE exposure may have attenuated later
stress reactivity in these animals. The supersaccharin intake anhedonia data (in males) and
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the corticosterone data in animals of both sexes provide compelling evidence, however, that
AIE-exposed rats are reactive to stressors in adulthood. For instance, in terms of the CORT
data, whereas adults of both sexes that only received water exposure during adolescence
demonstrated adult-typical habituation of the CORT response from Day 1 to Day 5, adult
male and female subjects exposed to ethanol as adolescents demonstrated no evidence of
habituation across days, suggesting likely dysregulation of the HPA axis associated with
early AIE in both males and females. Although adult exposure groups were not included in
this experiment, it is possible that the observed alterations in CORT response habituation
may be especially pronounced after adolescent exposure, given that comparable ethanol
exposure in adulthood was not found to affect habituation of the CORT response to a
stressor (Przybycien-Szymanska et al., 2011). Taken together, these findings may have
translational relevance; given data from human studies that chronic alcohol produces
dysregulation of the HPA axis and, therefore, induces a persistent impairment in the ability
to adequately respond to stress (Sher, 2007).

The lack of habituation in adult animals after AIE is reminiscent of the adolescent-typical
CORT response to restraint. Whereas prior work has shown that adult rats habituate to
repeated restraint, as evident by notably diminished levels of CORT on the last relative to
first day of stressor exposure, young adolescent animals show no habituation of the CORT
response to a repeated homotypic stressor (Eiland & Romeo, 2013; Doremus-Fitzwater et
al., 2009; Romeo et al., 2006; Romeo, 2010). Therefore, repeated exposure to ethanol early
in adolescence appears to preserve adolescent-characteristic hormonal responding to a
stressor, with this effect evident in both males and females tested in adulthood. It is likely
that repeated ethanol exposure prevents age-appropriate maturation of the HPA axis that
normally occurs during adolescence and is associated, to some extent, with pubertal
maturation (McCormick & Mathews, 2007; McCormick et al., 2010; Romeo, 2010). These
findings extend to a hormonal measure other work reporting an AIE-induced retention of
adolescent-typical phenotypes into adulthood based on behavioral, electrophysiological, and
neuroanatomical data (see Spear & Swartzwelder, 2014, for review and references).

Neither AIE nor stress had any effects on ethanol intake in a social drinking paradigm, with
females drinking more than males regardless of adolescent ethanol and adult stress exposure
conditions. The elevated intake of adult females relative to adult males observed in the
present study is consistent with other intake data in adult rodents, in which a similar sex
difference has been reported under a number of intake testing conditions (Broadwater et al.,
2013; Cailhol & Mormede, 2001; Chester et al, 2006; Doremus et al, 2005; Varlinskaya et
al., 2015a; Vetter-O’Hagen et al., 2009). Results of studies assessing effects of adolescent
exposure to ethanol in rats on later intake of ethanol are mixed, with studies reporting
increases in ethanol intake following adolescent ethanol exposure (Pandy et al., 2015;
Pascual et al., 2009; Siciliano & Smith, 2001) contrasting with others that found no
increases in later intake (Toliver & Samson, 1991; Vetter et al., 2007) that were independent
of solution acceptance due to its familiarity (Broadwater et al., 2013).

In humans, high levels of drinking, especially early in adolescence, increase later alcohol use
and problems associated with that use (Grant & Dawson, 1997; Dawson et al., 2008).
However, we did not observe any increases in ethanol intake under social circumstances
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following AIE alone or in combination with repeated restraint. These discrepancies between
human and animal data may be related to a number of different factors. Among these factors,
the forced nature of adolescent exposure to ethanol may play a substantial role (Ufer et al.,
1999), given that experimenter-administered ethanol can mimic some but not all aspects of
adolescent ethanol exposure. Although the ideal route of adolescent exposure arguably
would be through ethanol drinking, the i.g. route was chosen in this study not only to
provide consistent g/kg exposure to ethanol across animals, but also to achieve BECs well
into the binge range.

It has been shown previously that adolescent rats tested under familiar, non-anxiogenic
circumstances demonstrate increases in social behavior following acute i.p. administration of
relatively low doses (0.5-0.75 g/kg) of ethanol, an ethanol-induced facilitation of social
behavior that is predominantly characterized by an increase in play fighting and is not
normally seen in adults (Spear and Varlinskaya, 2005; Trezza et al., 2009; Varlinskaya and
Spear, 2002, 2006, 2007; Willey et al., 2009). Such low-dose ethanol-induced social
facilitation has been shown to be expressed in adulthood following restraint stress in both
males and females (Varlinskaya et al., 2010). The current data demonstrate similar increases
in play fighting following voluntary ethanol ingestion in stressed water-exposed males, but
not females, thereby providing evidence for sex differences in sensitivity to the socially
stimulating effects of ethanol when it is ingested voluntarily. These sex differences may be
related at least in part to initially high levels of play fighting evident in non-stressed water-
exposed females, suggesting that the chronic perturbation of water administration during
adolescence in itself may be sufficient to increase sensitivity of adult females to ethanol-
induced social facilitation. These high levels of play fighting were not evident, however, in
non-stressed females given AIE. This significant difference could perhaps be a function of
increased sensitivity of AIE females to ethanol-induced social suppression following
voluntary ethanol ingestion. Yet, previously we have observed that sensitivity to ethanol-
induced social suppression following i.p. ethanol challenge did not differ between AIE
females and their control counterparts (Varlinskaya et al., 2014), weakening this suggestion.

In Experiment 1 of the present study, adult males that demonstrated increases in play
fighting on Day 8 during the social drinking session (stressed water-exposed and ethanol-
exposed males) ingested about 0.83 g/kg ethanol and demonstrated mean BECs around 50
mg/dl (see 2.1.5. Social Drinking). These BECs are in the range of those produced by
ethanol doses inducing social facilitation after i.p. administration (i.e., ~ 40 to 80 mg/dl; see
Varlinskaya & Spear, 2002, 2015). It is tempting to speculate from these findings that AIE
males, as well as stressed water-exposed males may modulate and limit their ethanol intake
to achieve ethanol levels optimal for experiencing the socially facilitating effects of ethanol.

Social facilitation seen in adolescent animals following acute ethanol administration is
seemingly mediated, at least in part, through ethanol-induced release of endogenous ligands
for the mu-opioid receptor (MOR) or an ethanol-associated enhancement of sensitivity of
these receptors to their endogenous ligands, since the facilitation of play fighting by low
doses of ethanol can be attenuated by the nonselective as well as by selective mu opioid
antagonists (Varlinskaya and Spear, 2009). Indeed, the MOR system is implicated in
modulation of play behavior, with selective MOR agonists increasing play fighting in young
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adolescent males and antagonists suppressing this form of social behavior (see Trezza et al.,
2010 for references and review). While the endogenous MOR system plays a considerable
role in facilitation of play fighting by ethanol (Trezza et al., 2009; Varlinskaya & Spear,
2009), other neural systems are implicated in ethanol-associated modulation of play fighting
as well. For instance, social behavior during adolescence can be facilitated by indirect
cannabinoid agonists (Trezza & Vanderschuren, 2008a, 2008b), whereas CB1 receptor
antagonists are able to diminish ethanol-induced facilitation of play behavior during early
adolescence (Trezza et al., 2009). Play fighting in adolescent rats is also under inhibitory
control of the NMDA system, with NMDA antagonists facilitating play fighting at low
doses, but suppressing social behavior at higher doses (Siviy et al., 1995) — biphasic effects
on play fighting similar to those induced by ethanol (Varlinskaya & Spear, 2002, 2006). The
NR2B subunit of the NMDA receptor may play a particularly important role, given that a
selective NR2B antagonist, ifenprodil, was found to facilitate play fighting in a manner
similar to that produced by low doses of less selective NMDA antagonists as well as ethanol
(Morales et al., 2013). It seems reasonable to suggest that some of the neural systems that
are involved in ethanol-induced social facilitation during adolescence might play a similar
role in AIE males as well as in stressed water-exposed males. If this was the case,
pharmacological manipulations that have been shown to produce social facilitation in
adolescents, but not in adults, should likewise be effective in terms of their socially
activating effects in adult males exposed to ethanol as adolescents or to repeated stress in
adulthood, with no activating effects evident in their control counterparts.

In contrast to the insensitivity of ethanol intake to adolescent exposure or stress condition
(Experiment 1), stressor exposure in combination with AIE sex-dependently suppressed
intake of the sweet solution used as a vehicle for ethanol when it was given alone
(Experiment 2). In males, but not females, the combination of AIE and later repeated
restraint substantially decreased “supersac” intake relative to control males and males given
either ethanol exposure or restraint stress alone, with only five days of stressor exposure
being sufficient for producing decreases in “supersac” intake. Suppressed intake of sweet
solutions has been frequently used as an index of anhedonia (1997 Anisman & Matheson,
2005; Henningsen et al., 2009; Moreau et al., 1995; Willner, 1997). Anhedonia is one of the
core symptoms of depression (Heshmati & Russo, 2015), and has been modeled in studies
with (primarily male) rodents using exposure to unpredictable variable stressors (heterotypic
stressors) applied for an extended period of time (see Wilner, 2005 for references). Although
such studies have rarely used animals of both sexes, there is some evidence that females are
less sensitive to stress-associated decreases in sucrose preference than their male
counterparts. That is, whereas sucrose preference was often reported to be decreased to some
extent in rats of both sexes, these reductions were notably more pronounced in males than
females (Dalla et al., 2005, 2008; Kamper et al., 2009). Similarly, when stress-associated
anhedonia was assessed in adult animals following maternal deprivation or chronic
unpredictable stress in adulthood, male subjects demonstrated severe to moderate anhedonia,
respectively, whereas no signs of anhedonia were evident in stressed females relative to their
non-stressed controls (Bai et al., 2014).

The results of Experiment 2 demonstrate that relatively short repeated exposure to restraint
(5 days) was not sufficient to produce anhedonia in either males or females under control
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conditions. This is in agreement with findings that reported no effects of repeated restraint (1
hr, 14 days) on sucrose preference in most experimental subjects, with only 18% of stressed
male rats demonstrating some signs of anhedonia (Poulin et al., 2014), suggesting that there
may be individual differences in pre-disposition to exhibit anhedonia to a relatively mild
homaotopic stressor. Indeed, anhedonia indexed by decreased intake of “supersac” was
evident in the present study only in males that were exposed to ethanol during adolescence
and restrained as adults. These results are consistent with the suggestion that early AIE may
make males more vulnerable to stress-precipitated depression-like alterations, with females
being less vulnerable to this effect. Alternatively, it is possible that intake of sweet solutions
may not serve as an appropriate behavioral index of depressive-like behavior in females (see
Franceschelli et al., 2014 for references and review), since they drink more sucrose than
males under normal conditions and show marked increases in their intake over time (Dalla et
al., 2005; Pitychoutis et al., 2012, see also Figure 6). Clearly, more studies are needed to
further explore possible female vulnerability to stress-associated depressive-like behavioral
alterations after adolescent ethanol exposure.

The results of this and our previous study (Varlinskaya et al., 2014) demonstrate pronounced
sex differences in vulnerability to the harmful effects of adolescent ethanol exposure alone
or in combination with stressor exposure later in life, with males being more vulnerable to
these effects than their female counterparts. One possible contributor to the apparent
resistance of females is that neuroactive steroids may serve to protect them from ethanol-
associated alterations within brain systems implicated in anxiety- and depression-like
behavior. Indeed, levels of progesterone-derived neurosteroids are higher in females than
males (Corpechot et al., 1993; Torres et al., 2001), and these neurosteroids have been shown
to have anxiolytic and antidepressant effects in a number of paradigms (Bitran et al., 1991;
Brot et al., 1995; Eser et al., 2008; Frye & Walf, 2004; Khisti et al., 2000; Molina-
Hernandez et al., 2005). Therefore, high levels of endogenous anxiolytic and antidepressant
substances in females may play a role in protecting against the induction of both AIE-
associated social anxiety-like behaviors as well as stress-induced anhedonia in adulthood.

In summary, the results of the present study confirm a particular vulnerability of young
adolescent males to long-lasting adverse effects of repeated ethanol. In males, exposure to
ethanol early in adolescence produces social anxiety-like behavioral alterations and
preservation of adolescent-like sensitivity to ethanol-induced social facilitation evident
following forced ethanol administration (Varlinskaya et al., 2014), as well as during
voluntary ingestion of ethanol under social circumstances. Males exposed to ethanol early in
adolescence also demonstrate enhanced vulnerability to consequences of adult stress: the
combination of early AIE with later mild stress serves as a risk factor for the development of
depressive-like behavioral alteration in males during adulthood. In humans, high rates of co-
morbidity between alcohol use, anxiety and depression disorders have been reported in both
adolescents and adults (Armstrong & Costello, 2002; Kessler et al., 1997; Marmorstein,
2009), with repeated occurrence of negative life events increasing vulnerability to depressive
and substance use disorders (Brady & Sinha, 2005). The results of the present animal study
directly demonstrate a strong association between early alcohol exposure, anxiety, stress and
depression, providing a solid background for experimental research examining the
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mechanisms contributing to co-occurring alcohol use, anxiety and depression disorders, at
least in males.

In contrast to AIE males, AIE females demonstrated no anxiety-like social alterations and
did not show signs of anhedonia following repeated restraint, although both they and their
male counterparts did retain into adulthood the immature, adolescent-typical pattern of
CORT response to repeated versus acute stressors, suggesting an AlE-associated persisting
dysregulation of the HPA axis reminiscent of that reported in humans following chronic
alcohol (Sher, 2007). Given these findings, it is possible that different approaches might be
needed for female subjects. These approaches could include not only higher ethanol
exposure doses and different exposure regimens, but also perhaps pre-screening to determine
whether detrimental effects of ethanol during adolescence or stress in adulthood may vary
among females with different baseline levels of social anxiety-like behavior that potentially
may differ in level of protection provided by endogenous anxiolytics.

4. Experimental Procedure

4.1. Subjects

Males and female Sprague Dawley rats bred and reared in our colony at Binghamton
University were used (Experiment 1: n=64 experimental subjects plus 64 social partners;
Experiment 2: n=64 subjects). All animals were housed in a temperature-controlled (22°C)
vivarium maintained on a 14-/10-hr light/dark cycle (lights on at 07:00 hr) with continuous
home cage ad libitum access to food (Purina Rat Chow, Lowell, MA) and water throughout
these studies. Litters were culled to 8 (4 male and 4 female) pups on P1 and housed with
their mothers in standard maternity cages with pine shavings as bedding material. Pups from
four litters born the same day were weaned on P21, with one animal from each litter placed
in each standard plastic cage of same-sex non-littermates (n=4/cage). In all respects,
maintenance and treatment of the animals were in accord with guidelines for animal care
established by the National Institutes of Health, using protocols approved by the
Binghamton University Institutional Animal Care and Use Committee.

4.2. Experimental Design

The design for each of the two experiments was a 2 (adolescent exposure: water, ethanol) x
2 (sex) x 2 (stress: no, restraint) factorial, with 8 animals placed into each of the 8
experimental groups. Animals assigned to the same adolescent exposure and adulthood
stressor condition were housed together. Animals were assigned semi-randomly to the pre-
test conditions, with the constraint that no more than one subject of a given sex from a given
litter was assigned to a particular pre-test condition (see Holson and Pearce, 1992; Zorrilla,
1997). Experiment 1 of the present study was designed to assess the effects of AIE and
repeated restraint on (a) social anxiety-like behavior and (b) intake of a sweetened ethanol
solution under social circumstances. The two main aims of Experiment 2 were to assess (a)
whether AIE alters adaptation of the hormonal stress response to acute and repeated restraint
(indexed via CORT) and (b) to determine the impacts of AIE and the repeated stressor on
intake of the sweetened solution alone. Timelines for Experiments 1 and 2 are presented in
Tables 1 and 2, respectively.
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4.3. Intermittent Ethanol Exposure

In Experiments 1 and 2, animals were exposed to ethanol i.g. (3.5 g/kg, 25% solution in tap
water) every other day (11 exposures) during early-mid adolescence (P25-P45). Controls
were given an isovolumetric amount of tap water by gavage on these exposure days.

4.4, Stressor Procedure

In each of the two experiments, beginning at P66, animals from the repeated stress group
were removed from their home cage between 1000 — 1200 hr and then restrained in plastic
flat-bottom restrainers (6.35 cm diameter x 15.24 cm length for females and 8.57 cm
diameter x 21.51 cm length for males) for 90 min in a novel holding cage. This restraint
procedure was conducted daily for 5 days (i.e., P.66—70). Animals assigned to the no stress
condition were not manipulated during this 5-day stressor phase (Doremus-Fitzwater et al,
2009). In Experiment 2, tail blood samples were collected 30 min after placing animals into
the restraint tubes on Day 1 and Day 5.

4.5. Modified Social Interaction Test

In Experiment 1, social testing occurred on P70 and P77. Immediate post-stressor effects on
social behavior were tested 30 min following the offset of the last stressor period (P70),
whereas delayed consequences of the stressor were assessed 7 days following exposure to
restraint (P77). On each of the two test days, to familiarize the test animal with the testing
situation, each test subject was placed individually for 30 min in a two-compartment testing
apparatus (overall dimensions: 45 x 30 x 20 cm) with an aperture (9 x 7 cm) connecting the
two sides. A social partner of the same age and sex was then introduced for a 10-min test
period. Partners were not pre-exposed to the test apparatus on test day, and were always
unfamiliar with the experimental animal, were not socially deprived, and had not received
prior i.g. exposure to ethanol or water (Varlinskaya and Spear, 2002, 2006, 2008). Partners
were used two times (P70, and P77), with each experimental subject exposed to a novel
partner at each test. Weight differences between test subjects and their partners were
minimized as much as possible, with this weight difference not exceeding 20 g and test
subjects always being heavier than their partners.

During the 10-min test session, the behavior of the animals was recorded by a video camera
(Panasonic model AF-X8, Secaucus, NJ), with real time being directly recorded onto the
videotape for later scoring (Easy Reader Il Recorder; Telcom Research TCG 550,
Burlington, Ontario). All testing procedures were conducted between 9:00 and 13:00 hr
under dim light (15-20 Ix). Two stress-sensitive behavioral measures, namely social
investigation and the coefficient of social preference/avoidance (Doremus-Fitzwater et al.,
2009; Varlinskaya et al., 2010, 2013), were scored from the video recordings and analyzed.
Social investigation was defined as the sniffing of any part of the body of the partner. Social
preference/avoidance was analyzed by separately measuring the number of crossovers
demonstrated by the experimental subject towards as well as away from the social partner
and assessed by means of a coefficient [coefficient (%) = (crossovers to the partner —
crossovers away from the partner)/(total number of crosses both to and away from the
partner) x 100]. Social preference was defined as positive values of the coefficient, while
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social avoidance was associated with negative values. Total number of crossovers was also
analyzed as a rough index of general locomotor activity in this social test situation.

4.6. Social Drinking

Ethanol (Experiment 1) or “supersac” (Experiment 2) intake was assessed using a novel
social drinking paradigm (Varlinskaya et al., 2015a,b) whereby animals in each cage-mate
group were placed together in a novel cage for a 30-min drinking session. During this
session, the animals were given free access to two bottles, both containing either 10%
ethanol in “supersac” solution (3% sucrose + 0.125% saccharin, see Ji et al., 2008) or
“supersac” alone (note: two bottles of the same solution were provided to reduce
competition for fluid access within the group during the session). All sessions were
videotaped and were conducted daily from P80 to P83 and again from P88 to P91. Between
these two sets of 4-day sessions (i.e., from P84 to P87), animals were left undisturbed in
their home cages. Each animal in a group was given a unique mark on its head or body with
a permanent marker that allowed determination of the time spent drinking by each animal in
the group from the video recording of each drinking session. Drinking behavior was
characterized by the animal standing on its hind limbs and grasping the drinking tube with
its forepaws, and by repetitive, regular small movements of the head up and down. This
drinking behavior was distinct and readily distinguishable from brief investigation or
sniffing of the drinking tube. Determination of total ethanol consumption per session (i.e., g
of ethanol ingested by all cage-mates) and time each rat spent drinking, as assessed by video
records of the social drinking session, was used to calculate g/kg ethanol intake for each
individual animal using the following formula: (individual g/kg intake = [(g of ethanol
consumed by the group/sum of time spent drinking by all cage-mates) x time for an
individual animal]/body weight of the respective animal). Our previous work (Varlinskaya et
al., 2015a) has revealed significant correlations between time spent drinking and BECs in
individually and socially tested adult males and females (r values ranging from 0.80-0.92),
therefore confirming that time spent drinking is a reliable measure for assessment of ethanol
intake.

During the last drinking session, the adolescent-typical behavior of play fighting (number of
playful nape attacks demonstrated by each individual animal during the 30-min drinking
session) was scored and analyzed in both experiments.

4.7. Blood Ethanol Determination

In Experiment 1, for analysis of blood ethanol content, trunk blood samples were collected
immediately after the last drinking session using heparinized tubes. Blood samples were
then rapidly frozen and maintained at —80°C. Samples were assessed for BECs via
headspace gas chromatography using a Hewlett Packard (HP) 5890 series Il Gas
Chromatograph (Wilmington, DE). At the time of assay, blood samples were thawed and 25-
ul aliquots were placed in airtight vials. Vials were placed in a HP 7694E Auto-Sampler,
which heated each individual vial for 8 min and then extracted and injected a 1.0 ml sample
of the gas headspace into the chromatograph. Ethanol concentrations in each sample were
determined using HP Chemstation software, which compares the peak area under the curve
in each sample with those of standard curves derived from reference standard solutions.
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4.7. Corticosterone Determination

In Experiment 2, 30 min after placement into the restrainers on days 1 and 5, tail blood
samples were collected using heparinized tubes. Samples were then centrifugated at 2°C for
20 minutes at 3000 rpm, and the plasma frozen and maintained in a —80°C freezer until the
time of assay. Plasma corticosterone (CORT) levels were analyzed by radioimmunoassay
(RIA) using RIA kits obtained from INCBiomedicals, Inc. (Orangeburg, NY).

4.8. Data Analyses

Social drinking in both experiments (Experiment 1: intake of ethanol in g/kg; Experiment 2:
intake of “supersac” in ml/kg) was analyzed using a 2 (adolescent exposure: water, ethanol)
x 2 (stress: no, restraint) x 2 (sex) x 8 (drinking day) ANOVA, with drinking day treated as a
repeated measure. BECs (Experiment 1) and play fighting (both experiments) demonstrated
by experimental subjects on the last drinking day were analyzed using 2 (adolescent
exposure: water, ethanol) x 2 (stress: no, restraint) x 2 (sex) ANOVAs. In Experiment 1,
body weight, as well as social investigation and social preference during the social
interaction testing on P70 and P77 were analyzed using separate 2 (adolescent exposure:
water, ethanol) x 2 (stress: no, restraint) x 2 (sex) analyses of variance (ANOVAS). In
Experiment 2, CORT levels were assessed using a 2 (adolescent exposure) x 2 (sex) x 2
(day) mixed factor ANOVA. To avoid inflating the possibility of type Il errors on tests with
at least three factors (Carmer & Smanson, 1973), Fisher’s planned pairwise comparisons
were used to explore significant effects and interactions.
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Highlights

Early adolescent ethanol exposure (AIE) produced social anxiety in males
only.

Repeated restraint had social impairing effects in both males and females.
AIE curbed sensitivity to the social impairing effects of repeated restraint.

AIE eliminated corticosterone habituation to repeated restraint in both
Sexes.

The combination of AIE and stress induced anhedonia only in males.
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Social Investigation
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' Female (P77)

B No Stress
W Restraint

II

Water EtOH

The impact of early adolescent intermittent exposure and repeated restraint on social
investigation during a 10-min modified social interaction test in males and females when
tested immediately (P70) or 7 days following restraint (P77). Significant effects of AIE
relative to the water-exposed controls are indicated with # (p < 0.05), whereas significant
effects of restraint within each exposure/sex condition are indicated with * (p < 0.05).
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Social Preference/Avoidance
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Figure 2.
The impact of early adolescent intermittent exposure and repeated restraint on the coefficient

of social preference/avoidance during a 10-min modified social interaction test in males and
females when tested immediately (P70) or 7 days following restraint (P77). Significant
effects of AIE relative to the water-exposed controls are indicated with # (p < 0.05), whereas
significant effects of restraint within each exposure/sex condition are indicated with * (p <
0.05).
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Social Drinking: Ethanol in “Supersac”
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Ethanol intake under social circumstances in males and females: (a) the impact of early
adolescent intermittent exposure and repeated restraint (left panel) and (b) sex differences in
intake across test days (right panel). Significant effects of sex are indicated with a A.
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Play Fighting during Social Drinking Session (Day 8)
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Figure 4.
The impact of early adolescent intermittent exposure and repeated restraint on the

adolescent-typical behavior of play fighting during social drinking of (a) ethanol in
“supersac” (left panels) or (b) “supersac” only (right panels) on Day 8 in males and females.
Significant effects of AIE relative to water-exposed controls within each sex are indicated
with # (p < 0.05), whereas significant effects of restraint within each exposure/sex condition
are indicated with * (p < 0.05).
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Corticosterone response to acute (Day 1) and repeated (Day 5) restraint
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females: the impact of early AIE. Significant habituation indexed via significant decreases in

CORT levels on Day 5 relative to Day 1 within adolescent exposure/sex conditions is

marked with @ (p < 0.05).
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|| EtOH-expgsed female

12345678
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“Supersac” intake under social circumstances in males and females: the impact of early AIE
exposure and repeated restraint. Significant stress-induced changes within test day are

indicated for each adolescent exposure/sex condition with * (p < 0.05).
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P25 - P45

P66 - P70

P80 - P83

P88 - P91

EtOH i.g. 3.5 g/kg every other
day

No Restraint

Restraint (90 min/day), tail blood
samples for CORT on P66 and P70

Social Drinking (30 min
“supersac” only)

Social Drinking (30 min
“supersac” only)

Water i.g. every other day

No Restraint

Restraint (90 min/day), tail blood
samples for CORT on P66 and P70

Social Drinking (30 min
“supersac” only)

Social Drinking (30 min
“supersac” only)
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