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Abstract

Human adolescents consume alcohol largely to enhance social interactions. Adolescent, but not
adult rats likewise exhibit ethanol-induced social facilitation under low-stress circumstances.
Since the relationship between stress and ethanol sensitivity across ontogeny still has yet to be
well explored, the present study sought to characterize possible age-associated differences in the
influence of stressor exposure on ethanol-induced changes in social behavior in adolescent
[postnatal days (P) 30-36] and adult (P65-71) male and female Sprague-Dawley rats. Animals
were repeatedly restrained (90 min/day) for 5 days, followed by examination of ethanol-induced
(0,0.25, 0.5, 0.75, or 1.0 g/kg) alterations in social behaviors on the last day. Results revealed
typical age-related differences in sensitivity to ethanol among controls, with adolescents being
uniquely sensitive to low-dose ethanol stimulation of social investigation and play fighting, but
less sensitive than adults to the social suppression emerging at higher doses. At both ages, stressor
exposure decreased sensitivity to social inhibitory effects of ethanol, while augmenting expression
of ethanol’s social facilitatory effects. Ethanol also attenuated the stress-related suppression of
social motivation at both ages. These results suggest that repeated stressor exposure diminishes
age-related differences in the social consequences of ethanol, with stress enhancing ethanol-
induced social facilitation across age.
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Of the many drugs that have been reported to be used by adolescents, alcohol is by far the
most commonly and excessively abused substance, with as many as 72% of 12th graders
reporting lifetime alcohol use and approximately 25% reporting binge-like consumption in
the last month (Johnston et al., 2007). Survey and self-report data have shown that
adolescents drink alcohol for a variety of reasons; among these reasons social factors appear
to be an especially salient contributor. Expectancy of social facilitation from drinking is an
important predictor of current and longitudinal drinking (Mackintosh et al., 2006; Smith et
al., 1995), with adolescents strongly believing that alcohol will make them more confident,

Address Correspondence to: Dr. Elena Varlinskaya, Department of Psychology, Binghamton University PO Box 6000, State
University of New York, Binghamton, NY 13902-6000, varlinsk@binghamton.edu, Phone: 607-777-7164, Fax: 607-777-6418.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Varlinskaya et al.

Page 2

socially assertive, relaxed in a social setting and sexually enhanced (Brown et al., 1987;
Mackintosh et al., 2006; Smith et al., 1995).

Elevated levels of ethanol intake and ethanol-induced social facilitation are not restricted to
human adolescents but can be seen using a simple model of adolescence in the rat (see Spear
and Varlinskaya, 2005 for references and review). Similarities across species in neural,
hormonal and behavioral attributes of adolescence (e.g., Adriani and Laviola, 2004;
Doremus-Fitzwater et al., 2009a; Spear, 2000, 2007b) provide reasonable face and construct
validity (Spear, 2007a) for the use of animal models to investigate adolescent responding to
ethanol, investigations that are generally ethically inappropriate in underage youth. In rats,
the period of adolescence can be conservatively defined as postnatal days (P) 28 to 42,
during which subjects of both sexes exhibit adolescent-typical neurobehavioral
characteristics (Adriani and Laviola, 2004; Spear, 2000; Spear and Brake, 1983), with this
age range sometimes being subdivided into early (around P28), mid (around P35), and late
(around P42) adolescence (Varlinskaya and Spear, 2006a, 2008b).

Adolescent rats ingest more ethanol than adults under various testing paradigms (Brunell
and Spear, 2005; Doremus et al., 2005; Lancaster et al., 1996; Vetter et al., 2007; Vetter-
O’Hagen et al., 2009) and differ markedly from adults in the impact of ethanol on their
social behavior. Adolescent rats tested under familiar, non-anxiogenic circumstances show a
facilitation in social behavior following acute exposure to relatively low doses (0.5 - 0.75 g/
kg) of ethanol (Varlinskaya and Spear, 2002, 2006a). These doses produce blood ethanol
concentrations (BECs) from approximately 40 to 80 mg/dl — BECs that are within the
moderate consumption range in humans (see Eckardt et al., 1998 for references and review).
Social facilitation induced by ethanol is seen in both male and female adolescent rats and is
evident not only in terms of increases in play fighting, an adolescent-characteristic form of
social interactions in rats, but also via increases in social investigation, a more adult-typical
social behavior (Vanderschuren et al., 1997; Varlinskaya and Spear, 2008b).

Higher doses of ethanol induce social inhibition, an effect to which adults are more sensitive
than adolescents (Varlinskaya and Spear, 2002, 2007). For instance, adult rats usually
exhibit reduced levels of overall social activity, social investigation and play behavior
following 0.75 and 1.0 g/kg doses of ethanol, whereas adolescents typically require doses in
excess of 1 g/kg to demonstrate reductions in social behavior. Importantly, these age
differences in ethanol’s stimulatory or inhibitory effects on social behavior have been shown
to be unrelated to simple alterations in activity levels (ethanol-induced locomotor
stimulation or hypoactivity) or pharmacokinetic factors (Varlinskaya and Spear, 2002).

Social behavior is highly sensitive to stressors and anxiogenic stimuli (Doremus-Fitzwater et
al., 2009b; File, 1993; File and Seth, 2003) and stress reduction and alleviation of anxiety is
one of the frequently mentioned reasons for which human adolescents and adults report
drinking alcohol (Beck and Treiman, 1996; Cooper et al., 2000). Adolescents who expect
alcohol to alleviate their anxiety and to relieve their personal problems are especially likely
to engage in heavy and problem drinking (Bates and Labouvie, 1997; Kuntsche and
Kuendig, 2005; Montgomery et al., 1993). Although the association between alcohol use
and stressful events has been extensively investigated in adult humans (Brady and Sonne,
1999; Pohorecky, 1991; Sayette, 1999) and laboratory animals (Chester et al., 2004; Lynch
et al., 1999), this relationship has been shown to be quite complex, and still not completely
understood. Limited evidence has suggested that, in humans, stressor exposure results in a
—sobering effect to some of the aversive consequences of alcohol consumption (Breslin et
al., 1995). Alternatively, evidence with animal models has shown that prior exposure to
stressors results in sensitization to some alcohol effects, particularly those involving the
positive/stimulatory consequences of ethanol (Phillips et al., 1997). Effects of stressors on
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ethanol sensitivity during ontogeny have been little explored, despite evidence that
adolescence may be a relatively stressful phase characterized not only by elevated exposure
to stressful life events (Arnett, 1999), but also by potentially enhanced stress reactivity
(Spear, 2000; Walker et al., 2001). Given the magnitude and speed of adolescent-associated
changes, it is not unlikely that these challenges could overburden the capacity of some
adolescents to cope with different environmental and social challenges (Collins, 2001;
Davis, 2003; Jessor, 1993) and potentially alter their responsiveness to drugs and alcohol.

The purpose of the present study, therefore, was to assess the impact of previous stress
history on the acute effects of ethanol on social behavior of adolescent and adult male and
female rats. Restraint was used for the repeated stressor since it is a primarily psychological
stressor that does not cause physical pain (Herman and Cullinan, 1997; Weinberg et al.,
2007). Animals were exposed to restraint for 90-min each day over a 5 day period, a chronic
stress paradigm shown previously to induce significant anxiogenesis in the social interaction
test (Doremus-Fitzwater et al., 2009b). After the final restraint session, animals were acutely
challenged with ethanol, and ethanol-induced changes in social behavior were assessed
using a modified social interaction test under familiar circumstances.

A total of 240 adolescent and adult Sprague-Dawley male and female rats were used as
experimental subjects, with the same number of animals assigned to serve as social partners.
Animals were obtained from our breeding facilities, housed in a temperature-controlled
(22°C) vivarium, and maintained on a 14:10 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 (5 males
and 5 females) within 24 hr after birth on PO and reared until weaning with their mothers in
standard plastic opaque 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 experiments 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.

Experimental Design

The design of this study was a 2 (age: adolescent, adult) x 2 (sex) x 2 (stress condition: non-
manipulated or repeated restraint stress) x 5 (dose: 0, 0.25, 0.5, 0.75 or 1.0 g/kg ethanol)
factorial, with 6 experimental animals tested per group. Males and females were tested either
on P35 (adolescents) or on P70 (adults). To avoid the possible confounding of litter with
stress condition and ethanol dose, no more than one male and one female animal from a
given litter was placed into a particular experimental group (Holson and Pearce, 1992;
Zorrilla, 1997).

Stressor Procedures

Beginning at P31 for adolescents or P66 for adults, animals from the repeated stress group
were removed from their home cage between 1000 — 1200 hr and then restrained in an age/
sex 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 animal’s size. Cylinders measured 18.0 x 4.7 cm for
adolescent males and females, 20.5 x 7.0 cm for adult females, and 23.0 x 8.0 cm for adult
males (length x 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, with all animals in
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each home cage assigned to the same stressor condition (restrained or non-manipulated), but
to different ethanol challenge dose conditions.

One day prior to the testing (i.e. on the fourth day of the repeated stressor period), and at
least 2 hr after the completion of the restraint stress procedure on that day for animals in the
stress group, all experimental animals were individually exposed to the test apparatus for 30
min. This pretest familiarization was conducted to increase baseline levels of social
interaction on the test day, hence making potential anxiogenic effects of the repeated
stressors easier to observe (File, 1993; File and Seth, 2003).

Testing Procedures

Apparatus

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 5 doses of ethanol
(0, 0.25, 0.5, 0.75 or 1.0 g/kg), given intraperitoneally (i.p.) as a 12.6% (v/v) solution in
saline (0.9%, w/v). 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.

Immediately after ethanol administration, each experimental animal was marked by a
vertical line on the back and isolated in an opaque plastic holding cage (30 x 20 x 20 cm) for
30 min prior to testing (e.g., File, 1993). Thereafter, each animal was placed into the testing
chamber simultaneously with a same age and sex test partner. Partners were always non-
exposed animals that had not been socially isolated prior to testing and who were unfamiliar
with both the test apparatus and the experimental animal with which they were paired for
testing. Weight differences between test subjects and their partners were minimized as much
as possible, with this weight difference not exceeding 10 g for animals at P35 and 20 g at
P70, and test subjects always being heavier than their partners. The order of testing was
counterbalanced for all treatment groups.

Testing was conducted in Plexiglas (Binghamton Plate Glass, Binghamton, NY) test
chambers (30 x 20 x 20 cm for adolescents; 45 x 30 x 30 cm for adults) that contained clean
pine shavings. The test apparatuses were divided into two compartments by a clear Plexiglas
partition containing an aperture (7 x 5 cm for adolescents; 9 x 7 for adults) to allow
movement of animals between compartments (Varlinskaya et al., 2001, 1999).

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.

Behavioral Measures

Frequencies of a number of social activities were scored and analyzed (Meaney and Stewart,
1981; Thor and Holloway, 1984; VVanderschuren et al., 1997; Varlinskaya and Spear, 2008b)
by a trained experimenter without knowledge of the experimental condition of any given
animal. 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
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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 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. Social motivation was assessed 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) x 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)
exhibited by each experimental subject was used as an index of general locomotor activity in
the social context (Varlinskaya et al., 1999).

Blood Ethanol Concentration

Blood ethanol concentrations (BECs) were determined in a separate set of animals (N = 192)
using a 2 (age: adolescent or adult) x 2 (sex: male or female) x 2 (stress: no stress or
repeated restraint) x 4 (dose: 0.25, 0.5, 0.75 or 1.0 g/kg ethanol) between subjects factorial
design. Adolescents and adults were either non-manipulated or exposed to the 5-day
repeated restraint procedure described above. On the fifth day of stressor exposure, animals
were injected with the appropriate dose of ethanol immediately after removal from the
restraint tubes. Following injection, animals were isolated in a novel holding cage for a 30-
min period that was immediately followed by collection of tail blood samples for analyses of
BECs. Thus, BECs were collected at a time that coincided with the onset of social
interaction testing for the experimental animals.

Blood samples were obtained from the tail vein using a heparinized tube, rapidly frozen and
stored 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 HP 5890 series
Gas 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.

Data Analysis

Data were checked for outliers before analysis with mixed-factor analyses of variance
(ANOVA) at each age, with a score > 2.0 standard deviations from the mean of a particular
experimental group being considered an outlier. Since significant main effects of age
emerged in the overall ANOVAs for most of the behavioral measures, separate analyses
were conducted at each age using separate 2 (stress: no stress or repeated restraint) x 4
(dose: 0.25, 0.5, 0.75 or 1.0 g/kg ethanol) x 2 (sex: male, female) ANOVAs. Main effects
and interactions involving repeated stress and ethanol exposure on social interactions were
further explored using Fisher’s least significant difference (LSD) post hoc tests.
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Results
Play Fighting (Figure 1)

The analysis of play fighting revealed a stress x dose interaction for adolescents (F(4,100) =
6.36, p <.001) and for adults (F(4,100) = 5.52, p <.001). Exposure to the repeated stressor
did not impact baseline levels of play in either adolescents or adults administered saline
relative to their non-stressed counterparts. When repeatedly stressed adolescents and adults
given ethanol were compared to those injected with saline, animals that received the 0.25
and 0.5 g/kg doses exhibited increased play fighting at both ages, an effect similar to, but
even more pronounced than ethanol-induced facilitation of play seen in non-stressed
adolescents (at the 0.5 g/kg dose of ethanol). Additionally, stressed adolescents and adults
did not demonstrate the ethanol-induced inhibition of play seen among non-stressed animals
after the 1.0 g/kg dose of ethanol for adolescents and after doses of 0.75 and 1.0 g/kg among
adults.

In adults, dose also interacted with sex in the analysis of this behavioral measure (F(4,100) =
3.12, p <.05) with adult females being less sensitive to ethanol-related reductions in play at
higher doses when compared to their adult male counterparts, regardless of stressor
condition (see Table 1). No significant sex effects were observed in adolescents.

Social Investigation (Figure 2)

Repeated restraint stress reduced baseline levels of social investigation in adolescents [main
effect of stress, F(1,100) = 128.98, p < .0001]—a stress-induced anxiogenic effect observed
previously (Doremus-Fitzwater et al., 2009b), with repeatedly stressed adolescents given
saline at test demonstrating significantly less social investigation than their non-stressed
counterparts. Typical ethanol-induced social facilitation reported earlier (e.g. Varlinskaya
and Spear, 2002, 2006b) was also seen, with both non-stressed and stressed adolescents
showing an ethanol-induced increase in social investigation at a low dose of ethanol (0.5 g/
kg) [dose main effect for adolescents: F(4,100) = 13.55, p < .0001].

The analysis of social investigation in adults revealed a significant stress x dose interaction
(F(4,100) = 6.56, p < .0001). Repeatedly stressed adults challenged with saline showed less
social investigation than their non-stressed counterparts (i.e., stress-induced anxiogenesis).
Among adults, exposure to the repeated restraint procedure eliminated the social inhibition
that was observed at higher ethanol doses in non-stressed animals. Repeated restraint also
resulted in the emergence of a significant increase in social investigation following the 0.5 g/
kg dose of ethanol.

Social Preference/Avoidance (Figure 3)

Anxiogenic effects of repeated restraint also emerged in terms of social motivation when
indexed via the social preference coefficient, with stressed adolescents and adults exposed to
saline showing a reduction in social preference relative to their non-stressed, saline-treated
counterparts. This reduction in social preference was reversed by ethanol at all doses in
adolescents and at the 0.25 and 0.5 g/kg doses in adults [stress x dose interaction for
adolescents: F(4,100) = 5.49, p <.001; for adults: F(4,100) = 4.06, p < .01]. Non-stressed
adults showed the typical reduction in social motivation at higher ethanol doses—social
preference was significantly reduced following 0.75 g/kg ethanol or even transformed into
social avoidance by the 1.0 g/kg dose. These attenuating effects of higher ethanol doses on
social motivation were not evident in stressed adults.

Although not interacting with the stressor condition, a significant sex x dose interaction
(F(4,100) = 2.63, p < .05) was observed among adults in the analysis of social preference,
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with adult males showing significant ethanol-induced increases and decreases in social
preference at the 0.25 and 1.0 g/kg doses of ethanol, respectively, whereas no significant
ethanol-induced alterations in social preference were seen in females (Table 1).

Locomotor Activity (Figure 4)

Overall locomotor activity within the social context (indexed via total crossovers) was not
significantly affected by exposure to a repeated stressor in either adolescents or adults.
Administration of the highest ethanol dose (1.0 g/kg) significantly decreased locomotor
activity at both ages [dose main effect for adolescents: F(4,100) = 8.32, p <.0001; for adults
F(4,100) = 9.67, p <.0001]. As is typically observed in adult rats, females (33.82 + 1.09)
were more active than males (28.80 + 1.56) [sex main effect F(1,100) =9.12, p <.01],
although this sex effect was not evident in the adolescents.

Blood Ethanol Concentration (Figure 5)

BECs increased in a dose-dependent fashion (F(3, 160) = 1085.96, p < =.0001) but did not
differ as a function of age and stress. However, while BECs were similar across age and
stressor exposure, an effect of sex was observed that interacted with dose [sex x dose
interaction: F(3,160) = 2.97, p < .05]. Post hoc analysis of data collapsed across age and
stressor to explore this interaction revealed significantly higher BECs in males than in
females at the 0.50 and 1.0 g/kg doses of ethanol.

Discussion

Similar to our earlier findings (Varlinskaya and Spear, 2002, 2007), considerable age-related
differences in ethanol-induced alterations in social behavior were observed among control
animals, with non-stressed adolescents being uniquely sensitive to ethanol-induced
facilitation of social investigation and play fighting and less sensitive to ethanol-induced
social inhibition, demonstrating significantly attenuated decreases in all social behavioral
measures at higher ethanol doses compared to their adult counterparts. Repeated restraint
stress exacerbated this adolescent-typical responsiveness to the social consequences of acute
ethanol, making adolescent animals even more sensitive to the stimulatory effects of ethanol
on play fighting and even less sensitive to ethanol-induced social inhibition. These findings
are in agreement with the results reported recently (Trezza et al., 2009), with adolescent
animals tested under unfamiliar and hence more stressful circumstances being more
responsive to the stimulatory effects of ethanol on play behavior than those tested in a
familiar environment. Surprisingly, among adults, exposure to repeated stress induced an
adolescent-typical pattern of social behavior to an acute ethanol challenge: prior stress
precipitated the expression of ethanol-induced facilitation of social investigation and play
fighting among adults and eliminated the social inhibition normally seen in adults at the
higher doses tested. Therefore, repeated stress increased sensitivity of both adolescents and
adults to the social-facilitating effects of ethanol and rendered them similarly insensitive to
the socially suppressing effects of ethanol. Assessments of ethanol concentrations in trunk
blood in the present study revealed no effects of age and pretest stress conditions, suggesting
that observed age-related and stress-induced changes in sensitivity to the social
consequences of ethanol were not simply due to pharmacokinetic factors.

We have shown previously that ethanol-induced social facilitation seen in adolescent
animals under normal (i.e., non-stressful) circumstances is attenuated by a non-selective
opioid antagonist naloxone and the selective mu antagonist CTOP (Varlinskaya and Spear,
2009). These earlier findings suggest that ethanol-induced social facilitation seen under
normal circumstances among young adolescents but not adults (Varlinskaya and Spear,
2002, 2007) may be related to greater ethanol-associated activation of the endogenous mu
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opioid system in adolescence than in adulthood, although direct across-age comparisons of
ethanol activation of this system have yet to be conducted. The induction of sensitivity to the
social stimulatory effects of ethanol in adult animals following restraint stress may likewise
be associated with stress-induced alterations within mu opioid systems. Indeed, repeated
restraint stress not only makes adult animals sensitive to the stimulatory effects of ethanol
but also to the socially activating effects of mu opioid receptor activation. The latter
conclusion is based on other recent work where adolescent, but not adult rats were found to
be sensitive to the socially stimulating effects of a selective mu agonist DAMGO under non-
stressful circumstances, whereas adults then demonstrated DAMGO-induced social
facilitation when stressed (Varlinskaya and Spear, 2008a). Taken together, these findings
suggest that stress exposure may alter the endogenous mu opioid system of adult animals in
a way that increases sensitivity of mu opioid receptors to the socially facilitating properties
of mu opioid ligands.

This suggestion of a role for mu opioid receptors in stress-related induction of sensitivity to
ethanol-induced social facilitation at maturity is consistent with other evidence for close
interrelationships between stressors and endogenous opioid systems. Numerous studies have
suggested that endogenous opioid systems play an important role in the mediation,
modulation, and regulation of endocrine and behavioral components of stress responses
(Drolet et al., 2001). Conversely, stress has been shown to influence the endogenous opioid
systems as well, with reports of stress- induced alterations in opioid receptor binding, levels
of opioid peptides and their mRNAs, as well as mMRNAs encoding different types of opioid
receptors (Dantas et al., 2005; Nikulina et al., 1999; Yamada and Nabeshima, 1995;
Yamamoto et al., 2003). Although the nature of these stress-induced alterations depend on
paradigm used, strain, and brain regions under investigation, a number of studies have
reported stress-related down-regulation of mu opioid receptors, perhaps as a result of
excessive release of endogenous ligands during repeated stressor exposure (Dantas et al.,
2005; Stuckey et al., 1989).

Although the endogenous opioid systems play a substantial role in ethanol-induced social
facilitation and stress responsiveness, other neural systems may also be involved. For
instance, indirect cannabinoid agonists (Trezza & Vanderschuren, 2008a, b) and NMDA
antagonists (Siviy et al., 1995), similar to ethanol, facilitate social behavior in adolescence,
with endogenous cannabinoid and NMDA systems being implicated in ethanol intake and
reinforcement (Vengeliene et al., 2008), as well as in stress responsivity (Covington et al.,
2008; Marco and Viveros, 2009). Furthermore, ethanol-induced increases in play behavior
can be blocked by CB; receptor or dopamine receptor antagonists (Trezza et al., 2009).
Therefore, endogenous cannabinoid, NMDA, and dopamine systems may contribute to
stress-induced changes in sensitivity to the socially activating effects of ethanol.

Repeated stress not only influenced ethanol’s impact on social behavior in the present study,
but also suppressed baseline levels of social investigation and social motivation in both
adolescents and adults as well. These apparent anxiogenic effects of repeated restraint are
similar to results reported previously (Doremus-Fitzwater et al., 2009b), with stressed
adolescents and adults challenged with saline at test showing less social investigation and
reduced social preference relative to their non-manipulated counterparts. Such anxiogenic
consequences of restraint stress on social preference were reversed by acute ethanol
regardless of age, whereas similar anxiolytic effects of ethanol were not evident under these
familiar test circumstances in non-stressed controls. Stress-exposed animals not only are
seemingly more sensitive to the anxiolytic effects of ethanol, but also are less sensitive to
ethanol’s inhibitory effects on social behavior. Both of these consequences of repeated
restraint may be related to alterations in GABAa receptor systems, given substantial
evidence that GABAa receptors contribute to inhibitory and anxiolytic effects of ethanol
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(Eckardt et al., 1998). Under some circumstances, stress-induced alterations seen among
adolescents may be long lasting. Animals stressed as early adolescents (P27—-P29) and tested
as adults at P60 became more sensitive to anxiolytic effects and less sensitive to sedative
effects of benzodiazepines — compounds that target GABAa receptors (Jacobson-Pick et al.,
2008).

GABAa receptors sensitive to ethanol traditionally are characterized as containing 2 and y2
subunits in partnership with benzodiazepine-sensitive al, 02, a3 and a5 subunits (Faingold
et al., 1998), with non-selective benzodiazepine agonists and ethanol sharing many
prominent effects, including anxiolysis, behavioral suppression, and sedation at higher doses
(e.g., Blednov et al., 2003; Corbett et al., 1991). Given evidence for a role of receptors
containing al-subunits in impairing and sedative effects of ethanol (Blednov et al., 2003;
Rudolph et al., 1999), and a2- and/or a3-subunits in ethanol-related anxiolysis (e.g., Atack
et al., 2006), the results of the present study would be consistent with a potential stress-
related shift toward lower al-subunit and greater a2- and/or a3-subunit activity, especially
among adolescents. Clearly the impact of repeated stressors on mu opioid and GABAa
receptor systems and their sensitivity to ethanol during adolescence and in adulthood
provides promising areas for future ontogenetic investigation of factors contributing to
initiation of alcohol intake and its increased consumption during periods of stress.
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stress

0 25 5 .75 10

The impact of repeated restraint stress on ethanol-related alterations in play behavior in both
adolescent and adult male and female rats during a 10-min social interaction test. Ethanol-
induced alterations are shown for both control (non-stressed) (gray bars) and stressed
(hatched bars) animals, with data shown collapsed across sex. In this and subsequent figures,
bars represent the mean for a given condition, with error bars representing the standard error
of the mean. Asterisks (*) indicate significant differences from the corresponding saline

control group (p < .05).
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The impact of repeated restraint stress on ethanol-related alterations in social investigation
in both adolescent and adult male and female rats during a 10-min social interaction test.

Ethanol-induced alterations are shown for both control (non-stressed) (gray bars) and

stressed (hatched bars) animals, with data shown collapsed across sex. Asterisks (*) indicate
significant differences from the corresponding saline control group, whereas the pound signs

(#) indicate significant reductions in behavior among stressed animals relative to non-

stressed saline controls within that age group (p < .05).

Pharmacol Biochem Behav. Author manuscript; available in PMC 2011 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Varlinskaya et al. Page 15

Social Preference/Avoidance

Adolescent Adult
control stress control stress

75 75

50 50

T o

25 25 *

Coefficient (%)

-50 T -50 T
0 25 5 .75 10 0 25 5 .75 10 0 25 5 75 10 0 25 5 .75 10

Ethanol Dose (g/kg)

Figure 3.

The impact of repeated restraint on ethanol-related alterations in coefficients of social
preference/avoidance during the 10-min. social interaction test among adolescent and adult
male and female rats. Data are collapsed across sex and are shown for control (gray bars)
and repeatedly stressed (hatched bars) animals. Asterisks (*) indicate significant differences
from the corresponding saline control group, whereas pound signs (#) indicate significant
reductions in behavior among stressed animals relative to non-stressed saline controls within
that age group (p < .05).
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Figure 4.

The impact of repeated restraint and ethanol on number of crossovers exhibited during a 10-
min social interaction test among adolescent and adult male and female rats that were either
non-stressed (controls; gray bars) or repeatedly stressed (hatched bars). Data shown are
collapsed across sex, with asterisks (*) indicating significant differences from the
corresponding saline control group (p < .05).
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Blood ethanol concentration (BEC) 30 min. following acute challenge with 1 of 5 doses of
ethanol among non-stressed (control) and repeatedly restrained (stressed) adolescent and
adult male (black bars) and female (gray bars) rats.
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Sex-related differences in sensitivity to the social consequences of ethanol among adult (P70) rats, with data

Table 1

collapsed across stress condition (n=12 per group)

Play Fighting Social Preference/Avoidance
Ethanol Dose (g/kg) male female male female
0 31.1+35 28118 279+6.2 240%59
0.25 417+32% | 378444 [ 490+63™ | 33838
0.5 27.2+30 348+34 422+6.2 327+69
0.75 153+29% | 238225 29.0£6.0 19.2+6.3
10 104+21" | 175+32™ | -108+86 * | 10080

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