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Abstract
In rats, considerable differences in the social consequences of acute ethanol are seen across
ontogeny, with adolescents being more sensitive to low dose ethanol-induced social facilitation
and less sensitive to the social inhibition evident at higher ethanol doses relative to adults. Stressor
exposure induces social anxiety-like behavior, indexed via decreases in social preference, and
alters responsiveness to the social consequences of acute ethanol by enhancing ethanol-associated
social facilitation and anxiolysis regardless of age. Given that substantial ontogenetic differences
in the social consequences of ethanol are evident even within the adolescent period, the present
study was designed to investigate whether similar stress-associated alterations in social behavior
and ethanol responsiveness are evident in early and late adolescents. Juvenile-early adolescent
[postnatal days (P) 24-28] and mid-late adolescent (P38-42) male and female Sprague-Dawley rats
were repeatedly restrained (90 min/day) for 5 days, followed by examination of ethanol-induced
(0, 0.25, 0.5, or 1.0 g/kg) alterations in social behaviors on the last day. Responsiveness to
restraint stress in terms of both stress-induced behavioral alterations and stress-associated changes
in sensitivity to the social consequences of acute ethanol challenge differed drastically at the two
ages. Repeated restraint increased anxiety-like behavior in a social context in older adolescents,
whereas the previously stressed young adolescent males showed substantial increases in play
fighting – an effect of stress not evident in P28 females or P42 adolescents of either sex.
Unexpectedly, repeated restraint eliminated sensitivity to ethanol-induced social facilitation in P28
adolescent males and made their female counterparts less sensitive to this effect. In contrast,
previously stressed late adolescents became sensitive to the socially facilitating and anxiolytic
effects of acute ethanol.
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1. Introduction
In humans, adolescence refers to a transitional period between youth and maturity occurring
predominantly during the second decade of life, with females generally showing more rapid
maturation than males (Petersen et al., 1996). This gradual transformation from immaturity/
dependence to maturity/independence is a developmental phase that can be identified across
different mammalian species (Spear, 2010), with adolescent animals often differing notably
from those younger or older in the way they respond to stimuli in their environment
(Doremus-Fitzwater et al., 2010; Spear, 2000). In rats, a conservative age range during
which adolescent-characteristic behavioral and neural features are evident in males and
females is the range between P28 and P42 (Spear, 2000), although this timing may vary
depending on the growth rate of animals (Kennedy & Mitra, 1963) and the maturational
index used. Whereas the onset of adolescence is generally accepted to be between postnatal
days 28-32 (P28-32), offset times have been suggested to vary between P38-50 or even later
(Odell, 1990; Schneider, 2013). Thus, the broad adolescent age range has recently been
subdivided into three developmental phases, namely early adolescence (P28-35), mid
adolescence (P35-42), and late adolescence/emerging adulthood (between approximately
P42 and P55) (e.g., Vetter-O'Hagen and Spear, 2012).

In humans, adolescence as a developmental period is characterized by high levels of alcohol
use, with approximately 5.1% of 8th graders, 15.6% of 10th graders, and 23.7% of high
school seniors in the United States reporting a binge pattern of drinking (5+ drinks in a row)
in the last two weeks (Johnston et al., 2013), and even more elevated rates of binge drinking
reported among adolescents in many European countries (Ahlstrom & Osterberg, 2005).
High levels of ethanol consumption are not restricted to human adolescents but may be seen
in adolescent rodents as well, with adolescent rats ingesting more ethanol on a g/kg basis
than adults (Broadwater et al., 2011; Brunell and Spear, 2005; Doremus et al., 2005; Vetter
et al., 2007; Vetter-O'Hagen et al., 2009). These high levels of ethanol intake during
adolescence may be related to adolescent-typical insensitivities to a number of adverse
ethanol effects that serve to moderate drinking under normal circumstances (Spear and
Varlinskaya, 2010). For instance, adolescent rats are less sensitive than adults to ethanol-
induced social inhibition and anxiogenesis (Varlinskaya and Spear, 2002), sedation (Draski
et al., 2001; Moy et al., 1998; Silveri & Spear, 1998), motor impairment (Ramirez and
Spear, 2010; White et al., 2002), and taste aversion (Anderson et al., 2010; Schramm-Sapyta
et al., 2010; Vetter-O'Hagen et al., 2009). However, adolescent rats are conversely
extremely sensitive to ethanol-induced social facilitation, demonstrating pronounced social
activation following low doses of ethanol that is not normally evident in adult rats (Trezza et
al., 2009; Varlinskaya and Spear, 2002). Considerable ontogenetic differences in the social
consequences of acute ethanol are seen even within the adolescent period, with early
adolescence being a time when adolescent-typical sensitivities to ethanol are particularly
pronounced. For instance, early adolescent rats tested on P28 are more sensitive to low dose
ethanol-induced social facilitation and less sensitive to the social inhibition evident at higher
ethanol doses than animals tested during late adolescence at P42 (Varlinskaya and Spear,
2004, 2006).

Sensitivity to the social consequences of ethanol can be modified by stress in both mid
adolescent and adult rats. Repeated restraint stress exacerbated adolescent-typical
responsiveness to the social consequences of acute ethanol challenge in mid adolescent
(P35) animals, enhancing adolescent-typical sensitivity to the stimulatory effects of ethanol
on play fighting and further attenuating adolescent-characteristic insensitivities to the
socially suppressing effects of ethanol (Varlinskaya et al., 2010). Surprisingly, among adults
tested at P70, prior repeated restraint induced an adolescent-typical pattern of
responsiveness to the social consequences of ethanol, precipitating ethanol-induced
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facilitation of play fighting and eliminating the social inhibition induced by higher ethanol
doses in non-stressed animals. Furthermore, anxiety-like behavioral alterations induced by
repeated restraint and indexed via decreases in social preference and social investigation
were effectively attenuated by acute ethanol in both mid adolescents and adults, whereas no
effects of stress were evident on ethanol-associated inhibition of locomotor activity
(observed at 1.0 g/kg ethanol) under social test circumstances regardless of age (Varlinskaya
et al., 2010). These findings suggest that repeated stress diminishes age-related differences
in sensitivity to the social consequences of ethanol and makes both adolescent and adult
animals unusually sensitive to ethanol-associated anxiolysis.

Given that substantial ontogenetic differences in the social consequences of ethanol are
evident even within the adolescent period (Varlinskaya and Spear, 2004, 2006), the present
study was designed to investigate: (1) whether typical developmental differences in
sensitivity to the social consequences of acute ethanol seen between early and late
adolescents are diminished or even eliminated by prior exposure to restraint, and (2) whether
repeated restraint similarly enhances sensitivity of both younger and older adolescents to the
socially anxiolytic effects of ethanol. For animals tested as early adolescents on P28
repeated stressor exposure occurred during juvenile period, whereas late adolescents tested
at P42 were exposed to restraint during mid adolescence.

2. Methods
2.1. Subjects

Adolescent Sprague-Dawley male and female rats bred and reared in our colony at
Binghamton University were used. A total of 48 litters provided 192 male and female
offspring to serve as experimental subjects and 192 to serve as partners. Animals were
housed in a temperature-controlled (22°C) vivarium, and maintained on a 12:12 hr light:dark
cycle (lights on at 0700 hr) with ad libitum access to food (Purina rat chow) and water.
Litters were culled to 10 pups (five males and five females) within 24 hr after birth on P0
and reared until weaning with their mothers in standard plastic maternity cages with pine
shavings as bedding material. Rats were weaned on P21 and housed with their same-sex
littermates. At all times, rats used in the current study were produced, maintained, and
treated in accordance with the guidelines for animal care established by the National
Institutes of Health, using protocols approved by the Binghamton University Institutional
Animal Care and Use Committee.

2.2. Experimental Design
The design was a 2 (age: early, late adolescent) × 2 (sex) × 2 (stress condition: no stress or
repeated restraint) × 4 (ethanol dose: 0, 0.25, 0.5, and 1.0 g/kg) factorial, with six
experimental animals tested per group. Males and females were tested either on P28 (early
adolescents) or on P42 (late adolescents). All animals from a given litter were assigned to
the same stress condition. To avoid the possible confounding of litter with the experimental
variables (Holson and Pearce, 1992; Zorrilla, 1997), no more than one subject of a given sex
from a given litter was assigned to a particular ethanol dose/stress condition, with order of
testing counterbalanced across litters.

2.3. Stressor Procedures
Beginning at P24 for animals to be tested as early adolescents or at P38 for those to be tested
as late adolescents, rats from the repeated stress group were removed from their home cage
between 1000 – 1200 hr and then restrained in an age size-adjusted restraint tube for 90 min
in a novel holding cage. Restraint tubes (Braintree Scientific, Braintree, MA) were round
slotted Plexiglas cylinders with sliding plugs to allow adjustment of the tube length for each
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animal's size. Cylinders measured 18.0 × 4.7 cm for the juvenile-early adolescent rats and
20.5 × 7.0 cm for mid-late adolescents (length × diameter). For animals in the stress group,
this restraint procedure was repeated each day for 5 days. Animals placed in the control
condition were non-manipulated throughout the 5-day stressor phase until the time of
ethanol challenge, except for body weighing on P24 or P38.

As in our previous studies (Doremus-Fitzwater et al., 2009; Varlinskaya et al., 2010;
Varlinskaya and Spear, 2012), restraint was used as a stressor, since this stressor is primarily
psychological in nature and does not induce physical pain or harm to an experimental
subject (Herman and Cullinan, 1997; Weinberg et al., 2007).

Percentage body weight gain from day 1 (P24 or P38) to day 5 (P28 or P42) was calculated
for males and females from each stress condition using litter as a unit of analysis (i.e.,
analyzing mean body weights for animals of each sex within each litter, see Holson and
Pearce, 1992).

2.4. Ethanol Challenge
Ethanol was injected intraperitoneally (i.p.) as a 12.6% (v/v) solution in saline (0.9%, w/v)
at doses of 0, 0.25, 0.5, and 1.0 g/kg. Ethanol challenge dose was varied by altering the
volume of the 12.6% ethanol solution to avoid concentration-induced differences in ethanol
absorption rate (see Linakis and Cunningham, 1979). Control animals were injected with
isotonic saline at a volume equal to that of the highest dose of ethanol administered. All
solutions were injected at room temperature. Similar to our previous work (e.g., Varlinskaya
& Spear, 2002, 2006, 2012; Varlinskaya et al., 2010), the i.p. route of ethanol administration
was employed in this study, given that it produces little variability in blood ethanol levels
and has been the most commonly used route of administration in neuropharmacological
studies of acute ethanol effects.

2.5. Testing Procedures
Immediately after the 90-min stressor exposure on day 5 (or upon removal from the home
cage for non-stressed animals), each subject was injected with one of the four doses of
ethanol. Immediately after drug administration, each experimental animal was placed alone
into the testing chamber for 30 min. This pretest familiarization was conducted to increase
baseline levels of social interaction during testing, hence making potential anxiogenic
effects of the repeated stressors easier to observe (Willey et al., 2009). A same age and sex
test partner unfamiliar with both the test apparatus and the experimental animal was then
placed into the apparatus, and social interactions were recorded for 10 min. Partners were
always non-stressed, drug-naive animals that had not been socially isolated prior to testing.
Weight differences between test subjects and their partners were minimized as much as
possible, with this weight difference not exceeding 5 g for animals at P28 and 10 g at P42,
and test subjects always being heavier than their partners. The order of testing was
counterbalanced for all experimental conditions.

Testing was conducted in Plexiglas test chambers (30 × 20 × 20 cm) that contained clean
pine shavings. The test apparatuses (Binghamton Plate Glass, Binghamton, NY) were
divided into two compartments by a clear Plexiglas partition containing an aperture (7 × 5
cm) to allow movement of animals between compartments (Varlinskaya et al., 1999, 2001).
Each 10-min social interaction test session was conducted under dim light (15-20 lux)
between 1200 and 1600 hr, with a white noise generator used to attenuate extraneous sounds
during testing. The behavior of each pair was recorded by a video camera mounted above
the apparatus.
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2.6. Behavioral Measures
The frequencies of social investigation and play fighting were analyzed from video
recordings (Vanderschuren et al., 1997; Varlinskaya and Spear, 2002, 2006, 2008a) by a
trained experimenter without knowledge of the experimental condition of any given animal.
Social investigation was defined as the sniffing of any part of the body of the partner. Play
fighting was scored as the sum of the frequencies of the following behaviors: pouncing or
playful nape attack (experimental subject lunges at the partner with its forepaws extended
outward); following and chasing (experimental animal rapidly pursues the partner); and
pinning (the experimental subject stands over the exposed ventral area of the partner,
pressing it against the floor). Play fighting can be distinguished from serious fighting in the
laboratory rat by the target of the attack—during play fighting, snout or oral contact is
directed towards the partner's nape, whereas during serious fighting the partner's rump is the
object of the attack (Pellis and Pellis, 1987). Aggressive behavior (serious fighting) was not
analyzed in these experiments, since subjects did not exhibit serious attacks or threats.

Social preference/avoidance was assessed by separately measuring the number of crossovers
demonstrated by the experimental subject towards as well as away from the social partner
and was indexed by means of a coefficient of preference/avoidance [coefficient (%) =
(crossovers to the partner – crossovers away from the partner)/(total number of crosses both
to and away from the partner) × 100]. Social preference was defined as positive values of the
coefficient, while social avoidance was associated with negative values (Varlinskaya et al.,
1999).

The total number of crossovers (movements between compartments through the aperture to
and from the social partner) exhibited by each experimental subject was used as an index of
locomotor activity in the social context (Varlinskaya et al., 1999).

2.7. Blood Ethanol Determination
For analysis of blood ethanol content (BEC), trunk blood samples were collected
immediately after behavioral testing 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 II Gas Chromatograph
(Wilmington, DE). At the time of assay, blood samples were thawed and 25-μl 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.

2.8. Data Analyses
Data for each dependent variable (play fighting, social investigation, preference coefficient,
and total number of crossovers) were analyzed using separate 2 (age) × 2 (sex) × 2 (stress
condition) × 4 (ethanol dose) ANOVAs. Significant age × stress × ethanol dose interactions
emerged in these overall ANOVAs for play fighting, social investigation, and preference
coefficient (all p < .05), suggesting pronounced age-related differences not only in ethanol
sensitivity but in stress responsiveness as well. Therefore, each of the behavioral measures
was examined separately at each age using 2 (stress condition) × 2 (sex) × 4 (ethanol dose)
ANOVAs. In order to avoid inflating the possibility of type II errors in tests with at least
three factors (Carmer and Swanson, 1973), Fisher's planned pair-wise comparison test was
used to explore significant effects and interactions. Where significant interactions involving
stress condition and ethanol challenge dose were evident, ethanol-induced changes were
assessed between ethanol-challenged animals and saline-challenged controls within each
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stress condition. Fisher planned comparisons were also conducted between non-manipulated
and stressed animals challenged with saline within each age group for the assessment of
stress effects on each of the social behavioral measures.

3. Results
3.1. Body weight gain (Table 1)

A 2 (stress condition) × 2 (age) × 2 (sex) ANOVA for percent body weight gain from day 1
to day 5 of the stress exposure period revealed significant main effects of stress condition,
F(1, 40) = 34.10, p < .0001, age, F(1, 40) = 103.34, p < .0001, and sex, F(1, 40) = 10.37, p
< .01. Stressed animals gained significantly less weight than non-stressed animals. Younger
rats gained significantly more weight than their older counterparts, whereas males gained
significantly more weight than females.

3.2. Play fighting frequency (Fig.1)
The analysis of play fighting in P28 rats revealed a significant stress × sex × ethanol dose
interaction, F(3, 80) = 4.39, p < 0.01. In non-stressed adolescent males and females tested at
P28, the dose of 0.5 g/kg produced significant increases in play fighting. Restraint stress
substantially enhanced baseline levels of play fighting in early adolescent males, with no
further ethanol-induced increase evident in these animals. This stress-associated increase in
play fighting was not seen in early adolescent females under basal (i.e., saline-challenged)
conditions. However, the stressed females were less sensitive to the stimulatory effects of
ethanol on play fighting, demonstrating significant ethanol-induced increases in play only
following a dose of 1.0 g/kg, in contrast to a dose of 0.5 g/kg, which was effective in non-
stressed females.

In P42 adolescents, play fighting differed as a function of stress condition and ethanol dose,
F(3, 80) = 5.17, p < .01. Non-stressed late adolescents demonstrated significant suppression
of play fighting following the dose of 1.0 g/kg ethanol, with no stimulatory effects evident at
lower ethanol doses. Repeatedly stressed late adolescents, however, showed ethanol-induced
facilitation of play fighting following acute challenge with 0.25 and 0.5 g/kg ethanol, and
were insensitive to ethanol-associated inhibition of play fighting. No sex differences were
observed in stress and/or ethanol effects on play fighting in late adolescent animals.

3.3. Social investigation frequency (Fig.2)
In early adolescent animals, social investigation differed as a function of stress and ethanol
dose, F(3, 80) = 2.89, p < .05, with no main effect or interactions involving sex. Repeated
restraint produced no effect on baseline levels of social investigation in saline-challenged
P28 animals, however the stimulatory effects of the 1.0 g/kg dose seen in non-stressed early
adolescents were eliminated by repeated restraint.

In contrast, prior stress exposure of older adolescents substantially reduced baseline levels of
social investigation and changed sensitivity to the effects of ethanol [stress × ethanol dose
interaction, F(3, 80) = 9.50, p < .0001], with again no effects or interactions involving sex.
A stress-induced decrease in social investigation was seen in saline-challenged animals, with
this apparent social anxiety reversed by the dose of 0.5 g/kg – a stimulatory effect of ethanol
not seen in non-stressed controls.

An ethanol-induced suppression of social investigation was seen at the dose of 1.0 g/kg in
non-stressed, but not in stressed, P42 adolescents.
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3.4. Social preference/avoidance (Fig.3)
In early adolescents, the coefficient was not affected either by ethanol or restraint stress. The
ANOVA of the preference/avoidance coefficient in older adolescents revealed a significant
stress × ethanol dose interaction, F(3, 80) = 5.57, p < .01. In contrast to younger animals, an
anxiogenic effect of repeated restraint emerged in P42 adolescents, with stressed animals
challenged with saline showing a reduction of social preference relative to their non-stressed
counterparts. This reduction in the social preference coefficient was reversed by ethanol
challenge at the doses of 0.25 and 0.5 g/kg. Social preference was transformed into social
avoidance in non-stressed P42 animals following 1.0 g/kg ethanol, an effect not evident in
stressed animals.

In P42 animals, ethanol dose also interacted with sex, F(3, 80) = 4.41, p < 0.01, with females
being less sensitive to ethanol-induced social avoidance than males. When collapsed across
stress condition, social avoidance was evident in P42 males following the dose of 1.0 g/kg,
whereas in females social avoidance did not emerge at the highest ethanol dose (see Table
2).

3.5. Locomotor activity under social circumstances (Fig.4)
Repeated restraint and acute ethanol challenge had no effect on overall locomotor activity
under social circumstances in early adolescents. The ANOVA of total number of crossovers
(an index of locomotor activity within the social context) in P42 animals revealed significant
main effect of ethanol dose, F(3,80) = 17.17, p < 0.0001, and no effects or interactions
involving stress, with a decrease in overall locomotor activity evident at 1.0 g/kg ethanol.
This effect, however was tempered by a significant sex × ethanol dose interaction, F(3, 80) =
3.24, p <0.05. When collapsed across stress condition, late adolescent females were less
sensitive to ethanol challenge than their male counterparts, with these sex differences
evident at the 1.0 g/kg dose of ethanol (see Table 2).

3.6. Blood ethanol concentration (Table 3)
BECs increased in a dose-dependent fashion in early and late adolescents, [main effects of
ethanol dose, F(2, 60) = 602.73, p < 0.0001 and F(2, 60) = 439.01, p < 0.0001, respectively),
but did not differ as a function of sex or stress at either age (see Table 2).

4. Discussion
Findings of the present study demonstrate that responsiveness to restraint stress in terms of
both stress-induced behavioral alterations and stress-associated changes in sensitivity to the
social consequences of acute ethanol challenge differs drastically among early adolescent
and late adolescent rats. However, physiological consequences of repeated restraint are
similar among early and late adolescents. Restraint stress significantly suppressed body
weight gain at both ages, suggesting that the procedure was equally stressful for younger and
older animals.

4.1. Stress-associated behavioral alterations
Repeated restraint increased anxiety-like behavior in a social context when indexed both via
decreases in social investigation and social preference in older adolescents, but not in their
younger counterparts. In our previous studies, repeated restraint stress that occurred either
on P31-P35 or on P65-P70 also induced reliable anxiety-like behavioral alterations with
these same measures (Varlinskaya et al., 2010), although adult males did not show the
significant stress-induced reduction in social preference (Doremus-Fitzwater et al., 2009).
Consequently, two measures of social behavior of mid adolescents and adults, namely social
investigation and social preference, are exceptionally sensitive to the anxiogenic effects of
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repeated restraint stress. Therefore, it was not surprising that, in the present study, late
adolescent males and females demonstrated significant decreases in social investigation and
social preference following repeated restraint.

Unexpectedly, prior repeated restraint that occurred during the juvenile period did not alter
social investigation and social preference in animals tested as early adolescents on P28.
Instead, early adolescent males responded to the prior stress exposure with an enhancement
of an adolescent-characteristic form of social behavior, namely, play fighting. One of the
possible explanations for these drastic age-related differences in the consequences of
repeated restraint is that early adolescent animals tested at P28 do not respond to anxiety-
provoking manipulations in a way their older counterparts do. It is unlikely, however, given
that early adolescent rats, in a manner similar to their more mature counterparts, respond to a
novel, anxiety-provoking test situation by transformation of social preference into social
avoidance (Varlinskaya & Spear, 2006, 2008a).

An alternative possibility is that the 90-min periods of restraint were perceived by juvenile
males as significant social deprivation. Indeed, repeated social deprivation (90 min/day, 5
days) was found to produce substantial increases in play fighting in early-mid adolescent
males, but not their female counterparts (Doremus-Fitzwater et al., 2009), with the most
pronounced activating effects on play fighting evident following social deprivation between
P23 and P28, (Varlinskaya & Spear, 2008). Similarly, sex differences in play fighting have
been reported for socially deprived juvenile rats, with males engaging in more play fighting
than females (see Vanderschuren et al., 1997 for references and review), suggesting that
males are more sensitive than females to the activating effects of social deprivation on play
fighting during this developmental period. Interestingly, stressful events that occur even
earlier in ontogeny can also enhance play fighting in young adolescents. For instance,
maternal separation (3 hr/day for 14 days) resulted in enhanced play fighting, when males
were tested at P35 (Veenema & Neumann, 2009). Therefore, adverse early experiences that
include social deprivation are likely to enhance the adolescent-typical social behavior of
play fighting in male rats.

In contrast to their younger counterparts, late adolescents responded to stress exposure by
significant decreases in social investigation and social preference. Similar to our previous
findings in mid adolescents and adults (e.g., Doremus-Fitzwater et al., 2009; Varlinskaya et
al., 2010), the anxiogenic consequences of repeated restraint during late adolescence were
specific to these two behavioral measures, with baseline levels (i.e., levels of saline-injected
animals) of play fighting and locomotor activity being unaffected by repeated restraint.
Taken together with our earlier research (Doremus-Fitzwater et al., 2009; Varlinskaya et al.,
2010), these findings suggest that stress-induced alterations in social preference and/or
social investigation are age-dependent and cannot be observed if repeated exposure to the
stressor occurred prior to P28.

In the rat, the developmental period between weaning and postnatal day 28 corresponds to
the pre-pubertal or juvenile stage of development in both males and females (Schneider,
2013; Vetter-O'Hagen & Spear, 2012). Some researchers suggest that pre-pubertal animals
differ dramatically in their responsiveness to stress relative to post-pubertal, adult rats
(Koenig et al., 2012; McCormick and Mathews, 2007; Romeo, 2010; Romeo et al.,
2004a,b). Pre-pubertal stress has been shown to have long-lasting consequences. For
instance, alterations in stress responsiveness in adulthood were evident following even a
brief, acute stress exposure on P28 (Avital & Richter-Levin, 2005). Furthermore, pre-
pubertal stress enhanced anxiety-like behavior and substantially reduced exploratory
behavior in adulthood (Jakobson-Pick & Richter-Levin, 2010; Tsoory et al., 2007).
However, when these young animals were tested immediately after exposure to stressors,
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they demonstrated increases in exploratory behavior (Horovitz et al., 2012) and decreases in
anxiety (Javcobson-Pick & Richter-Levin, 2012), findings that are reminiscent of the results
of the present study. Therefore, it is possible that the observed age differences in the social
consequences of exposure to restraint are related, to some extent, to pubertal maturation,
with the social behavioral manifestations differing dramatically in pre-pubertal (P28) and
peri-pubertal (P42) animals.

4.2. Stress-associated alterations in responsiveness to acute ethanol challenge
In accord with our earlier findings (Varlinskaya and Spear, 2004, 2006), considerable age-
related differences in sensitivity to the social consequences of acute ethanol challenge were
observed among non-stressed adolescents, with only P28 animals, but not their older
counterparts tested at P42 demonstrating ethanol-induced facilitation of play fighting and
social investigation. In contrast, no inhibitory effects of ethanol on social behavior and
locomotor activity were evident in young non-stressed adolescents, whereas older non-
stressed adolescents demonstrated significant social and locomotor inhibition following the
highest ethanol dose. It is possible that these inhibitory effects of ethanol evident at the 1.0
g/kg dose in late adolescents may have reflected ethanol-induced sedation, with suppressed
locomotor activity contributing to social inhibition. This possibility seems less likely,
however, given that this suppressant effect in late adolescents on the total number of
crossovers was seen in both non-stressed and stressed animals, whereas ethanol-induced
social suppression was only evident in the non-stressed animals.

Alterations in sensitivity to the social consequences of acute ethanol following repeated
restraint in late adolescents were not limited to the apparent stress-associated sobering
effects. Similarly to adults (Varlinskaya et al., 2010), animals stressed in late adolescence
expressed ethanol-induced facilitation of play fighting that is normally evident in early and
mid adolescents, but not older animals, after administration of low doses of ethanol
(Varlinskaya and Spear, 2002, 2004, 2006). These stress effects were evident in both males
and females. Ethanol-induced increases in play fighting were not associated with any
increases in locomotor activity when indexed via total number of crossovers in the social
test context, suggesting that these activating effects of ethanol reflect ethanol-induced social
facilitation rather than general activation.

Stressed females tested at P28 still demonstrated ethanol-associated facilitation of play
fighting, although they required a higher ethanol dose relative to their non-stressed
counterparts for this effect to emerge (1.0 g/kg versus 0.5 g/kg). In contrast, repeated
restraint stress eliminated sensitivity to the stimulatory effects of ethanol in P28 adolescent
males, with no ethanol-induced facilitation of play fighting or social investigation evident at
any dose. The lack of ethanol-induced facilitation of play fighting in stressed P28 males is
likely related, at least in part, to the dramatic stress-associated increase in baseline levels of
this adolescent-characteristic form of social interactions from which it might be difficult to
see further stimulatory effects.

Our previous research focusing on neural mechanisms of the ethanol-induced social
facilitation typically evident in adolescence has shown this social facilitation to be
associated, at least in part, with ethanol-induced activation of the endogenous mu opioid
receptor (MOR) system (Varlinskaya & Spear, 2009). This finding was not surprising, given
that the MOR system is implicated in modulation of play behavior, with selective agonists
increasing play fighting in young adolescent animals and antagonists having an opposite
effect (see Trezza et al., 2010 for references and review). Taken together, these findings
suggest that under normal, non-stressful circumstances, ethanol may produce more
pronounced activation of the endogenous MOR system in younger than in older adolescents
and in adults, with this activation inducing facilitation of play fighting during early and mid
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adolescence, but not in late adolescence or adulthood. Repeated restraint, however, makes
older animals extremely sensitive to the socially facilitating effects of ethanol, and these
effects of ethanol in stressed animals may be MOR-related as well. Indeed, adult rats were
found to be insensitive to a selective MOR agonist DAMGO under normal, non-stressful
circumstances, whereas stressed adults showed significant increases in play fighting
following DAMGO administration (Varlinskaya & Spear, 2008b). In contrast, previously
stressed young adolescents became insensitive to the socially activating effects of this
selective MOR agonist, suggesting that exposure to stressors produces alterations within the
MOR system, with these alterations being age-dependent (Varlinskaya & Spear, 2008b).

Although the endogenous MOR system plays a substantial role in ethanol-induced social
facilitation during adolescence (Trezza et al., 2009; Varlinskaya & Spear, 2009), some
experimental evidence implicates other neural systems in the modulation of play fighting.
For instance, indirect cannabinoid agonists (Trezza & Vanderschuren, 2008a,b) have also
been shown to facilitate social behavior during adolescence, with CB1 receptor antagonists
altering ethanol-induced increases in play behavior in adolescents (Trezza et al., 2009), and
the endogenous cannabinoid system implicated in ethanol intake and reinforcement
(Vengeliene et al., 2008) and stress responsiveness (Hill & Tasker, 2012; Riebe & Wotjak,
2011). 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). Our recent study has also
supported the hypothesis that the increases in social interactions observed in adolescents
following acute ethanol may be driven in part by NMDA receptor antagonism—particularly
of the NR2B subunit—given that a selective NR2B antagonist, ifenprodil, facilitated play
fighting in a manner similar to that produced by low doses of ethanol (Morales et al., 2013).
Therefore, a number of neural systems, including endogenous cannabinoid, NMDA, and
opioid systems may contribute to stress-induced alterations in play fighting observed in
young adolescent males and developmental alterations in sensitivity to the effects of ethanol
on social behavior.

Stress-induced social anxiety-like behavioral alterations seen in older adolescents were
reversed by ethanol, suggesting an enhanced sensitivity to the socially anxiolytic effects of
ethanol in these animals. This stress-associated enhancement of sensitivity to ethanol
anxiolysis may be related in part to stress-induced alterations in the GABAA receptor system
that has been shown to contribute to a number of ethanol effects (Enoch, 2008; Kumar et al.,
2009; Lobo & Harris, 2008), including its anxiolytic properties (Eckardt et al., 1998).
GABAA receptors with different subunit composition appear to differentially contribute to
various ethanol effects, with α1 subunits playing a role in ethanol-induced sedation and
motor impairment (Werner et al., 2006), and α2/α3 subunits implicated in anxiolytic effects
of ethanol (Morris et al., 2006). Exposure to stressors has been shown to increase expression
of α2 subunits in brain regions associated with anxiety (Jacobson-Pick et al., 2012), and
these stress-associated changes in GABAA subunit expression may play a role in the
enhanced sensitivity to the anxiolytic effects of ethanol observed in late adolescents. In
contrast, younger adolescents demonstrated a decrease in expression of α2 subunits in the
amygdala after the same stressors (Jacobson-Pick & Richter-Levin, 2012). These age-
dependent alterations in expression of α2 subunits may contribute to the drastic differences
in stress-associated social anxiety-like behavioral alterations and sensitivity to the anxiolytic
effects of ethanol that are seen between early and late adolescent rats.

The results of the present study clearly demonstrate that the immediate consequences of
exposure to stressors in terms of behavioral alterations and changes in ethanol sensitivity
differ dramatically in pre-pubertal rats relative to their more mature adolescent counterparts,
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with older adolescents demonstrating stress-induced decreases in social investigation and
social preference as well as enhancement of sensitivity to ethanol anxiolysis. Neural
mechanisms of these age differences in stress responsiveness remain to be investigated.
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Highlights

> Early and late adolescent rats responded differently to repeated restraint stress.

> Repeated restraint decreased social investigation and preference in late adolescent.

> In contrast, the stressor enhanced social play in early adolescents.

> Stress enhanced ethanol anxiolysis and social facilitation in late adolescents.

> Restraint made early adolescents insensitive to ethanol-induced social facilitation.
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Figure 1.
The impact of repeated restraint on ethanol-induced alterations in play fighting in early
(P28) and late (P42) adolescent males and females during a 10-min social interaction test.
Asterisks (*) indicate significant (p < .05) dose differences from saline-challenged controls
within each stress/age/sex condition, pound signs (#) indicate significant indicate significant
(p < .05) stress-associated changes in play fighting relative to non-stressed same age and sex
animals following acute saline challenge.
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Figure 2.
The impact of repeated restraint on ethanol-induced alterations in social investigation in
early (P28) and late (P42) adolescent rats during a 10-min social interaction test, with data
collapsed across sex. Asterisks (*) indicate significant (p < .05) dose differences from
saline-challenged controls within each stress/age condition, pound signs (#) indicate
significant (p < .05) stress-associated changes in play fighting relative to non-stressed same
age animals following acute saline challenge.
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Figure 3.
The impact of repeated restraint on ethanol-induced alterations in social preference/
avoidance in early (P28) and late (P42) adolescent rats during a 10-min social interaction
test, with data collapsed across sex. Asterisks (*) indicate significant (p < .05) dose
differences from saline-challenged controls within each stress/age condition, pound signs (#)
indicate significant (p < .05) stress-associated changes in play fighting relative to non-
stressed same age animals following acute saline challenge.
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Figure 4.
The impact of repeated restraint on ethanol-induced alterations in overall locomotor activit
in early (P28) and late (P42) adolescent rats during a 10-min social interaction test, with data
collapsed across sex. Asterisks (*) indicate significant (p < .05) dose differences from
saline-challenged controls within each stress/age condition.
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Table 1

Percent body weight gain from day 1 to day 5 in non-stressed and stressed P28 and P42 rats

Sex
Body Weight Gain (%) P28 Body Weight Gain (%) P42

No Stress Stress No Stress Stress

Male 30.6 ± 1.2
23.7 ± 1.2

* 17.9 ± 0.4
12.6 ± 0.9

*

Female 27.6 ± 1.1
19.2 ± 1.0

* 14.8 ± 3.9
8.0 ± 1.0

*

*
Asterisks indicate a significant differences from the non-manipulated group, collapsed across sex and age (main effect of stress condition).
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Table 2

Sex-related differences in sensitivity to the social consequences of ethanol among late adolescent (P42) rats,
with data collapsed across pre-test stress condition (n=12 per group)

Ethanol Dose (g/kg)
Social Preference/Avoidance Crossovers

male female male female

0 32.3 ± 5.6 35.9 ± 4.6 38.4 ± 2.1 40.6 ± 1.8

0.25 42.6 ± 5.6 41.2 ± 5.0 39.7 ± 3.0 39.8 ± 2.8

0.5 27.2 ± 6.7 44.4 ± 6.2 33.8 ± 1.9 38.5 ± 2.9

1.0
−16.2 ± 10.9

* 24.3 ± 7.6
16.8 ± 2.6

* 31.4 ± 3.6

*
Asterisks indicate significant differences from corresponding saline controls within each sex.
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Table 3

Blood Ethanol Concentration in non-stressed and stressed P28 and P42 rats, with data collapsed across sex
(n=12 per group)

Ethanol Dose (g/kg)
BEC (mg/dl) P28 BEC (mg/dl) P42

No Stress Stress No Stress Stress

0.25 15.8 ± 0.7 13.8 ± 0.9 16.8 ± 0.6 17.3 ± 1.5

0.5 20.3 ± 0.8 25.6 ± 0.9 23.8 ± 1.7 23.6 ± 2.0

1.0 72.9 ± 4.6 75.3 ± 4.3 84.7 ± 4.4 88.3 ± 5.6
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