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Abstract
Background—Ethanol consumption is considerably elevated during adolescence. Attractiveness
of alcohol for humans during the adolescent developmental period is based, in part, on its ability
to induce social facilitation—a facilitation of social interactions not only evident in human
adolescents but also in adolescent rats. Endogenous opioid systems are among the multiple neural
systems implicated in the behavioral and reinforcing effects of ethanol and may play a substantial
role in modulating stimulatory effects of low doses of ethanol on social behavior during
adolescence. This possibility was explored in the present study through the use of an animal model
of peer-directed social behavior.

Methods—Sprague–Dawley rats were challenged early in adolescence with saline or ethanol
intraperitoneally (i.p.), placed into an individual holding cage for 30 minutes, and then tested in a
familiar situation with a nonmanipulated partner of the same age and sex. In Experiment 1, each
test subject was injected subcutaneously with one of the three doses of a nonselective opioid
antagonist naloxone (0, 0.05, and 0.1 mg/kg), 5 minutes prior to the social interaction test and 25
minutes following challenge with saline or ethanol (0.5 g/kg), whereas in Experiment 2 animals
were challenged with one of the six doses of ethanol (0, 0.25, 0.5, 0.75, 1.0, and 1.25 g/kg) prior to
injection of either saline or naloxone (0.05 mg/kg). In Experiment 3, animals were pretreated i.p.
with the selective μ-opioid antagonist CTOP (0, 0.01, 0.025, 0.05, and 0.1 mg/kg) 30 minutes prior
to challenge with saline or ethanol (0.5 g/kg).

Results—Low doses of ethanol (0.5 and 0.75 g/kg) produced social facilitation, as indexed by
significant increases in play fighting and social investigation. Both doses of naloxone and the three
highest doses of CTOP blocked the stimulatory effects of ethanol on play fighting but not on
social investigation. These effects were not associated with alterations in ethanol pharmacokinetic
properties or with shifts in the biphasic ethanol dose–response curve.

Conclusions—Ethanol-induced facilitation of social play behavior seen in adolescent animals is
mediated in part through ethanol-induced release of endogenous ligands for the μ-opioid receptor
or an ethanol-associated enhancement of sensitivity of these receptors for their endogenous
ligands.
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Ethanol consumption is considerably elevated during adolescence. According to the 2007
Monitoring the Future National Survey, 8% of eighth graders, 19% of tenth graders, and
30% of twelfth graders were reported being drunk within the past 30 days, with
approximately 11% of eighth graders, 22% of tenth graders, and 25% of high school seniors
reported to show binge pattern of drinking (i.e., consumption of five or more drinks per
occasion) in the last 2 weeks (Johnston et al., 2007). Given the importance of interactions
with peers during adolescence (see Spear, 2000 for references and review), it is not
surprising that human adolescents often drink with peers, with heavy drinkers, and problem
drinkers expecting alcohol to make them more sociable and relaxed (Brown et al., 1987).
Therefore, attractiveness of ethanol for human adolescents seems to be based, in part, on its
ability to facilitate social interactions (Beck and Treiman, 1996; Beck et al.,1993).

Adolescence is a developmental transition during which an immature and dependent youth
is gradually transformed into a mature and relatively independent adult. A similar
developmental transition from immaturity toward maturity can be identified across different
mammalian species. In humans, adolescence is commonly defined as the second decade of
life (Petersen et al., 1996), with females generally maturing more rapidly than males (e.g.,
Buchanan et al., 1992). A conservative interval during which rats of both sexes and most
breeding stock exhibit adolescent-typical neurobehavioral features is the range between
postnatal day (P) 28 and P42 (Spear, 2000), with this age range being sometimes subdivided
into three developmental phases, namely, early (around P28), mid (around P35), and late
(around P42) adolescence (Adriani et al., 2002). Human adolescents and adolescents of
other mammalian species demonstrate substantial commonalities in developmental history,
age-typical behavioral predispositions, neural characteristics, and changing hormonal milieu
(see Spear, 2007, for review). These across-species similarities provide sufficient face and
construct validity to support elaboration of animal models of adolescence.

The use of a model of adolescence in the rat has demonstrated that the propensity for
elevated ethanol intake and ethanol-induced social facilitation is not restricted to human
adolescents. Adolescent rats likewise demonstrated greater voluntary ethanol intake than
their adult counterparts under various circumstances (Brunell and Spear, 2005; Doremus et
al., 2005; Lancaster et al., 1996; Vetter et al., 2007; although see also Yoshimoto et al.,
2002). Moreover, acute exposure to relatively low experimental doses of ethanol (0.5 to 0.75
g/kg) administered intraperioneally (i.p.) has been shown to facilitate social interactions in
adolescent rats tested under familiar, nonanxiogenic circumstances (Varlinskaya and Spear,
2002, 2006). These doses produce blood ethanol concentrations (BECs) from approximately
40 to 80 mg/dl—BECs that are within the moderate to heavy consumption range in humans
(see Eckardt et al., 1998, for references and review). Ethanol-induced social facilitation is
seen in both male and female adolescent rats and is predominantly characterized by an
increase in play fighting—an adolescent-characteristic form of social interactions in rats
(Vanderschuren et al., 1997). This social facilitation is most pronounced early in
adolescence and declines gradually across the adolescent period to be no longer evident in
late adolescents and adults (Varlinskaya and Spear, 2002, 2006). Adolescents develop
tolerance to the social consequences of ethanol following repeated exposure, with ethanol-
induced social facilitation emerging at higher ethanol doses in these tolerant animals
(Varlinskaya and Spear, 2007).

Although sex differences in ethanol consumption, pharmacokinetics, and some ethanol-
induced effects have been reported for adult rats (Blanchard and Glick, 1995; Blanchard et
al., 1993; Brasser and Spear, 2002; Cailhol and Mormède, 2001; Doremus et al, 2005;
Lancaster et al., 1996; Silveri and Spear, 1999; Varlinskaya and Spear, 2004; Webb et al.,
2002), in sufficiently powered experiments, we have not observed significant sex differences
in responsiveness to ethanol-induced social facilitation among adolescent animals
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(Varlinskaya and Spear, 2002, 2006). Likewise, although sex differences in social
interactions with same sex peers have been reported in adult rats, as well as in some
experiments with adolescent rats (Johnston and File, 1991; Pellis and Pellis, 1990; Pellis et
al., 1997; Thor and Holloway, 1986), sex differences in baseline social activity have not
emerged in group-housed adolescents in our studies (Varlinskaya and Spear, 2008).
Variations across studies in the incidence of sex differences in social behavior may, in part,
be strain-dependent. For instance, sex differences in play fighting have been observed in
adolescent Long–Evans hooded but not Sprague–Dawley rats (Pellis et al., 1997). Given the
reliable ethanol-induced social facilitation seen under our testing circumstances in
adolescent animals regardless of sex (Varlinskaya and Spear, 2002, 2006), both male and
female adolescent rats were used in the present study to explore the role of endogenous
activity at opioid receptors in ethanol-induced social facilitation.

Although multiple neurochemical brain systems have been implicated in the behavioral and
reinforcing effects of ethanol (see Eckardt et al., 1998, for references and review), the
current project focused on the role of endogenous opioid systems, as activation of μ-opioid
receptors contributes to the positive reinforcing and stimulatory effects of ethanol. Ethanol
has been shown to induce the release of endogenous ligands (including β-endorphin) for
these receptors in the hypothalamus, nucleus accumbens, and ventral tegmental area
(Boyadjieva and Sarkar, 1997; De Waele and Gianoulakis, 1993; De Waele et al., 1992;
Olive et al., 2001; Rasmussen et al., 1998). The consequent interaction of these endogenous
ligands with μ-opioid receptors located within the mesolimbic reward system is viewed as a
central event underlying the euphoric, positively reinforcing effects of ethanol (Froehlich
and Li, 1994; Gianoulakis, 1996; Herz, 1997; Oswald and Wand, 2004). Likewise, μ-opioid
agonists (Beatty and Costello, 1982; Niesink and Van Ree, 1989; Vanderschuren et al.,
1995) join ethanol, alpha-2 adrenoreceptor antagonists (Siviy and Baliko, 2000; Siviy et al.,
1994), indirect cannabinoid agonists (Trezza and Vanderschuren, 2008a,b), and N-methyl-
D-aspartate (NMDA) antagonists (Siviy et al., 1995) in being among the few
pharmacological manipulations effective in precipitating play fighting in young adolescent
animals. Together, such data support the hypothesis that the facilitation of play fighting in
adolescent animals may be mediated, in part, via ethanol-induced release of endogenous
ligands for the μ-opioid receptor or ethanol-associated enhancement of sensitivity of μ-
opioid receptors to their endogenous ligands.

Therefore, the present study used an animal model of peer-directed social behavior to
investigate the possible roles of endogenous opioid systems in the facilitation of social
interactions by low doses of ethanol during early adolescence. Specifically, Experiment 1
assessed the effects of a nonselective opioid antagonist naloxone on ethanol-induced social
facilitation in rats challenged with 0.5 g/kg ethanol, whereas Experiment 2 examined
whether naloxone-induced blockade of the stimulatory effects of ethanol on social behavior
reflected an overall shift in the dose–response curve for ethanol or pharmacokinetic factors.
Finally, Experiment 3 investigated whether selective blockade of μ-opioid receptors was
effective in attenuating ethanol-induced social facilitation during early adolescence.

General Methods
Subjects

Sprague–Dawley rats bred and reared in our colony at Binghamton University were used in
these experiments. All animals were housed in a temperature-controlled (22°C) vivarium
maintained on a 14-hour/10-hour light/dark cycle (lights on at 7:00 AM) with ad libitum
access to food (Purina Rat Chow, Lowell, MA) and water. Litters were culled to 10 pups
(five males and five females) within 24 hours after birth and were housed until weaning with
their mothers in standard opaque maternity cages with pine shavings as bedding material.
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On P21, rats were weaned and housed with same sex littermates. 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.

Animals were tested on P28. To avoid the possible confounding of litter with treatment
effects (Holson and Pearce, 1992), animals were assigned semirandomly to the experimental
groups, with the constraint that no more than one subject per sex from a given litter was
assigned to a particular treatment group. The order of testing was counterbalanced for all
treatment groups. Equal numbers of males and females were included into each group to
allow for maximal utilization of generated litters, although assessment of sex differences
was not a focus of these studies, given prior evidence that sex is not a significant variable in
the facilitation of social behavior by ethanol under these test circumstances (e.g.,
Varlinskaya and Spear, 2002, 2006).

Ethanol Exposure and Drug Challenge
As in our earlier studies that have demonstrated reliable ethanol-induced social facilitation
in adolescent animals after i.p. administration (Varlinskaya and Spear, 2002, 2006), ethanol
was administered i.p. as a 12.6% (v/v) solution in physiological saline, a relatively low-
concentration that induces little (if any) tissue irritation at the site of injection. Dose of
ethanol was varied by altering volume rather than concentration to avoid concentration-
induced differences in ethanol absorption rate (Linakis and Cunningham, 1979). Control
animals were injected i.p. with isotonic saline in a volume equal to the volume of the highest
dose of ethanol. Solutions were administered at room temperature. The i.p. route of ethanol
administration was employed in this study, as well as in our earlier studies, because 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.

A nonselective opioid antagonist, naloxone (Sigma, Atlanta, GA), was dissolved in
physiological saline and injected subcutaneously (s.c.) in a volume of 2 ml/kg. This
competitive opioid antagonist was administered five minutes prior to the social interaction
test and 25 minutes after ethanol challenge, given its extremely fast onset and short duration
of action, as well as its rapid penetration and removal from the brain (Brown et al., 1983;
Cohen and Coffman, 1980; Ngai et al., 1976). A cyclic octapeptide analogue of somatostatin
(CTOP, Sigma), a highly potent and selective antagonist for μ-opioid receptors (Pelton et al.,
1986), was dissolved in saline and injected i.p. in a volume of 2 ml/kg. Given the long
duration of CTOP action and some findings suggesting a noncompetitive nature of its
antagonist action (Kramer et al., 1989; Walker, 2006), this compound was administered 60
minutes prior to the social interaction test and 30 minutes prior to ethanol challenge. All
solutions were administered at room temperature.

Testing Procedure
One day before testing (P27), each experimental animal was placed individually into the
testing apparatus for 30 minutes to familiarize it with the experimental situation, as ethanol-
induced social facilitation was seen under familiar, nonanxiogenic test circumstances
(Varlinskaya and Spear, 2002). Each test apparatus (30 × 20 × 20 cm) composed of
Plexiglas (Binghamton Plate Glass, Binghamton, NY) and contained clean pine shavings.
The apparatus was divided into two equally sized compartments by a clear Plexiglas
partition that contained an aperture (7 × 5 cm) to allow movement of the animals between
compartments (Varlinskaya et al., 1999, 2001).
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On test day (P28), experimental animals were injected with ethanol or saline, marked by a
vertical line on the back, and placed individually into a holding cage for 30 minutes before
testing. This pretest social deprivation in a novel environment was a standard procedure
used to increase baseline levels of social behavior (see File, 1993) from which both
stimulatory and inhibitory effects of ethanol on social interactions may be readily detected
(Varlinskaya and Spear, 2002, 2006). At the onset of testing, each experimental animal was
placed into the testing apparatus and immediately exposed to a non-drug-treated peer of the
same sex and age. Social behavior (Pellis and McKenna, 1992, 1995; Varlinskaya et al.,
1999) and social motivation (Varlinskaya et al., 1999) can be dramatically modified by
social activity of the partner, with high socially active partners often precipitating high
social activity in the animals with which they are paired. Consequently, low socially active
partners were used in this as well as in our previous studies to increase sensitivity to ethanol-
induced social facilitation. Given that both familiarity and prior social isolation enhanced
social behavior at this age (Varlinskaya and Spear, 2008), low levels of social activity were
fostered in the test partners by avoiding any social isolation prior to testing and by not
familiarizing these partners to the test apparatus or the experimental animals with which
they were paired for testing. Weight differences between test subjects and their partners
were limited to at most a 5 g difference, with test subjects always being heavier than their
partners. During the 10-minute 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 II Recorder; Telcom Research
TCG 550, Burlington, Ontario, Canada). After each test, the apparatus was wiped with 3%
peroxide hydrochloride and the shavings were replaced with fresh ones.

Behavioral Measures
The frequency of a number of social activities of each test subject was analyzed from the
video recordings (Meaney and Stewart, 1981; Thor and Holloway, 1984; Vanderschuren et
al., 1997; Varlinskaya and Spear, 2002, 2006; Varlinskaya et al., 1999, 2001). Social
investigation was defined as the sniffing of any part of the body of the partner. Play fighting
was analyzed by scoring the frequencies of the following behavioral acts and postures:
pouncing or playful nape attack (the experimental subject lunges at the partner with its fore-
paws extended outward), following and chasing (the 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). In addition to the assessment of social behaviors,
total number of crossovers (movements between compartments) demonstrated by each
experimental subject was determined and used as an index of general locomotor activity in
this social context (Varlinskaya and Spear, 2002).

Blood Ethanol Determination
For analysis of BEC, trunk blood samples were collected immediately after behavioral
testing using heparinized tubes (Experiments 2 and 3). 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 minutes 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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Data Analysis
Behavioral data were scored from the videotape records by two observers without
knowledge of the drug treatment condition of any animal. Agreement between observers
scoring the same videotape was in excess of 90% for each measure of social behavior.

Frequencies of social investigation and play fighting, overall number of crossovers, and
BECs were examined by using separate between group ANOVAs. Tukey/Kramer tests were
used to explore significant main effects and interactions. A significance level of p < 0.05
was used for all analyses and comparisons. Given that these studies were not designed to
focus on assessments of sex differences and hence were not powered for these assessments,
sex was excluded as a factor in the ANOVAs of the data.

Experiment 1: Effects of a Nonselective Opioid Antagonist Naloxone on Ethanol-Induced
Facilitation of Play Fighting and Social Investigation of Adolescent Rats

Experiment 1 was designed to assess whether endogenous opioid systems play a role in
mediating adolescent-characteristic social facilitation induced by ethanol. This social
facilitation was evident under familiar test circumstances following i.p. administration of
low doses of ethanol, with both early (P28) and mid (P35) adolescents responding to 0.5 g/
kg ethanol with increases in social investigation and play fighting (Varlinskaya and Spear,
2002, 2006). To the extent that this social facilitation is related to the activation of the
endogenous opioid system by ethanol, a nonselective opioid antagonist should attenuate the
stimulatory effects of ethanol on social behavior of adolescent animals. This possibility was
tested by assessing the effectiveness of low doses of the nonselective opioid antagonist,
naloxone, for blocking ethanol-induced social facilitation.

Methods—A total of 60 animals served as experimental subjects and 60 served as partners
in this experiment. Twenty four hours after preexposure to the testing apparatus (see General
Methods), P28 experimental subjects were challenged either with 0 (saline) or 0.5 g/kg of
ethanol and placed into individual holding cages. Five minutes prior to the social interaction
test and 25 minutes after ethanol challenge, each animal was injected s.c. with one of the
three doses of naloxone (0, 0.05, and 0.1 mg/kg). Therefore, the design of this experiment
was a 2 (ethanol challenge dose) × 3 (naloxone dose) factorial, with 10 animals placed into
each of the six experimental conditions.

Results—Similarly to our previous findings, ethanol-induced social facilitation was
evident in adolescent rats tested in a familiar environment. As seen in Fig. 1 (left and
center), the 0.5 g/kg dose of ethanol enhanced social investigation [main effect of ethanol
dose, F(1,54) = 20.11, p < 0.0001] and play fighting [ethanol challenge dose × naloxone
dose interaction, F(2,54) = 4.27, p < 0.05]. Ethanol-induced increases in social interactions
did not reflect nonspecific activating effects of ethanol, given that overall locomotor activity
in the social context indexed by the total number of crossovers between compartments, was
not affected by ethanol (Fig. 1, right).

Both doses of naloxone blocked the stimulatory effect of ethanol on play fighting, whereas
pretest administration of naloxone had no effects on ethanol-induced facilitation of social
investigation. Social behavior and locomotor activity of saline-challenged controls were not
affected by naloxone.

The results of Experiment 1 confirmed previous observations (Varlinskaya and Spear, 2006)
that social behavior was facilitated by a low dose of ethanol among early adolescents tested
in a familiar context. This ethanol-induced facilitation of play fighting (an adolescent-
characteristic form of social behavior) was attenuated by naloxone. However, ethanol-
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related increases in social investigation (a more adult-like form of social interactions) were
not affected by this nonselective opioid antagonist.

Experiment 2: Effects of Naloxone on Social Behavior of Adolescent Rats Challenged With
Different Doses of Ethanol

Effects of ethanol on social behavior of early adolescent rats were dose-dependent, with low
doses (0.5 to 0.75 g/kg) producing social facilitation of play fighting, moderate doses (1.0 g/
kg) having no effects, and higher doses (1.25 g/kg and higher) eliciting social inhibition
(Varlinskaya and Spear, 2006). Therefore, the lack of ethanol-induced facilitation of play
fighting following naloxone administration in Experiment 1 may be related, at least partly,
to a naloxone-induced shift of the dose-response curve for ethanol. Experiment 2 was
designed to investigate whether naloxone indeed blocked the stimulatory effects of ethanol
on play fighting by assessing its effects on social behavior of P28 adolescent rats challenged
with ethanol, across a range of doses that captures both stimulatory and inhibitory effects of
ethanol on social interactions. An additional aim of this experiment was to assess possible
effects of naloxone on BECs.

Methods—A total of 120 animals served as experimental subjects, and 120 served as test
partners in Experiment 2. Following preexposure to the testing apparatus on P27, P28
animals were challenged with one of the six doses of ethanol (0, 0.25, 0.5, 0.75, 1.0, and
1.25 g/kg) and placed into individual holding cages. Five minutes prior to the social
interaction test and 25 minutes after ethanol challenge, each animal was injected s.c. with
either saline or 0.05 mg/kg of naloxone. Trunk blood samples were collected immediately
after behavioral testing for BEC analyses. Therefore, the design of Experiment 2 was a 6
(ethanol challenge dose) × 2 (naloxone exposure) factorial, with 10 animals placed into each
of the 12 experimental conditions.

Results—As seen in Fig. 2 (left), the facilitation of social investigation by 0.5 g/kg of
ethanol was unaffected by naloxone [main effect of ethanol challenge dose, F(5,108) =
15.77, p < 0.0001]. The stimulatory effects of 0.5 and 0.75 g/kg of ethanol on play fighting
evident in saline-treated animals were blocked by naloxone (see Fig. 2, right), whereas this
nonselective opioid antagonist did not alter the inhibition of this adolescent characteristic
form of social interactions seen following a higher (1.25 g/kg) dose of ethanol [ethanol
challenge dose × naloxone exposure interaction. F(5,108) = 3.07, p < 0.05]. There was no
effect of naloxone exposure on overall locomotor activity in the social context (Fig. 3, left),
with activity in this context significantly suppressed by 1.25 g/kg of ethanol [main effect of
ethanol dose, F(5,108) = 2.55, p < 0.05]. BECs increased in a dose-dependent fashion [main
effect of ethanol challenge dose, F(4,90) = 662.52, p < 0.0001] and did not differ as a
function of naloxone treatment (see Fig. 3, right).

As in Experiment 1, the stimulatory effects of ethanol on play fighting but not on social
investigation were attenuated by naloxone. Social and locomotor inhibition evident at the
highest dose of ethanol was not affected by naloxone exposure. These results demonstrated
that the naloxone-related blockade of the stimulatory effects of ethanol on play fighting was
not associated with a shift in the overall biphasic dose–response curve for ethanol or with
alterations in ethanol's pharmacokinetic properties.

Experiment 3: Effects of the Selective μ-Opioid Antagonist CTOP on Ethanol-induced
Facilitation of Play Fighting and Social Investigation in Adolescent Rats

The attenuation of ethanol-induced facilitation of play fighting by naloxone seen in
Experiments 1 and 2 suggested that endogenous activity at opioid receptors might play a
role in mediation of the stimulatory effects of ethanol on this adolescent characteristic form
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of social interactions. Experiment 3 was designed to investigate whether the stimulatory
effect of ethanol on play fighting was related to ethanol-induced activation of the
endogenous μ-opioid system by assessing the effectiveness of the selective μ-opioid
antagonist CTOP in blocking ethanol-induced social facilitation.

Methods—A total of 100 animals served as experimental subjects and 100 served as
partners for Experiment 3. On P28, experimental animals were pretreated i.p. with one of the
five doses of the selective μ antagonist CTOP (0, 0.01, 0.025, 0.05, and 0.1 mg/kg) and
returned to their home cage for 30 minutes (Kim et al., 2000; Pastor and Aragon, 2006).
Then each animal was injected i.p. with either saline (0 g/kg ethanol) or 0.5 g/kg of ethanol
and placed individually into a holding cage for a 30-minute period prior to behavioral
testing. Therefore, the design of this experiment was a 2 (ethanol challenge dose) × 5 (CTOP
dose) factorial, with 10 animals placed into each of the 10 experimental conditions. Trunk
blood samples were collected immediately after behavioral testing for BEC analyses.

Results—Reminiscent of Experiments 1 and 2, ethanol-induced facilitation of social
investigation [main effect of ethanol challenge dose, F(l,90) = 115.88, p < 0.0001] was not
affected by CTOP pretreatment (see Fig. 4, left). In contrast, stimulatory effects of ethanol
on play fighting, evident in adolescents exposed to saline prior to ethanol challenge, were
attenuated by the selective μ-opioid antagonist CTOP [ethanol challenge dose × CTOP dose
interaction, F(4,90) = 4.37, p < 0.01—see Fig. 4, right]. Overall locomotor activity in the
social context, indexed in terms of crossovers between compartments, was not affected
either by ethanol, F(1,90) = 0.02, p > 0.05, or CTOP, F(4,90) = 0.27, p > 0.05 (see Fig. 5,
left). Similarly, BECs did not differ as a function of CTOP dose, F(4,45) = 0.06, p > 0.05
(Fig. 5, right).

The results of Experiment 3 suggest that ethanol-induced facilitation of play fighting seen in
adolescent animals was related to the activation of the endogenous μ-opioid system, as the
selective μ antagonist, CTOP, reliably attenuated this social facilitation while producing no
effects on social investigation, overall locomotor activity, or BECs.

Discussion
The results of the present experimental series were in agreement with our previous
observations. In a familiar, nonstressful environment, low doses of ethanol enhanced social
investigation and play fighting in early adolescent animals tested on P28. This low dose
stimulation was specific to social behavior, given that ethanol did not affect locomotor
activity, as indexed by overall number of crossovers between compartments. Similar to our
earlier findings (Varlinskaya and Spear, 2004, 2006), play fighting was more sensitive to the
stimulatory effects of ethanol than social investigation, with play fighting being notably
enhanced by 0.5 and 0.75 g/kg of ethanol, whereas social investigation was slightly but
significantly increased only after the dose of 0.5 g/kg.

The facilitation of play fighting by low doses of ethanol in early adolescent rats was
attenuated by the nonselective opioid antagonist naloxone (Experiments 1 and 2) as well as
by the selective μ antagonist CTOP (Experiment 3). The attenuation of ethanol-induced
facilitation of social behavior was specific to play fighting and was not evident in terms of
social investigation. This pattern of results suggested that endogenous activity at μ-opioid
receptors was necessary for mediation of the stimulatory effects of ethanol on an adolescent-
associated form of social behavior, namely, play fighting. The results of the present study
were added to the list of the stimulatory and reinforcing effects of ethanol that were
mediated, in part, via opioid receptor systems.
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There were some occasional reports that opioid antagonists could affect ethanol absorption
and modify BECs, although there was inconsistency in the directionality of these effects. For
instance, Linseman and Lê (1997) reported naltrexone-induced decreases in BECs following
intragastric ethanol administration, whereas Benitez and others (1987) found that brain and
blood ethanol levels were elevated following naloxone and the same route of ethanol
administration. Assessment of BECs in the present study, however, revealed no effects of
naloxone or CTOP administration, confirming that under the circumstances of these tests,
both antagonists blocked the socially activating effects of ethanol without altering its
pharmacokinetic properties. The lack of effects of opioid antagonists on ethanol
pharmacokinetics in the present study is likely to be related to the relatively rapid absorption
of ethanol following its i.p. administration.

Whereas a number of studies had reported that nonselective opioid antagonists reliably
decreased play fighting in adolescent animals (e.g., Beatty and Costello, 1982; Niesink and
Van Ree, 1989; Panksepp et al., 1980; Siegel and Jensen, 1986), we did not observe
naloxone-induced attenuation of play fighting in adolescents challenged with saline.
Similarly, β-FNA, a selective μ antagonist has been reported to significantly decrease play
fighting in P21 animals (Vanderschuren et al., 1995), whereas the selective μ antagonist,
CTOP, produced no effects on the levels of play fighting of adolescents challenged with
saline in Experiment 3. The discrepancy between the present study and those earlier studies
may be related to procedural differences, including housing conditions, strain of rats as well
as doses of the antagonists. For instance, in the studies reporting declines in play fighting
following naloxone or naltrexone administration, play behavior of the experimental animals
was enhanced by individual housing (Beatty and Costello, 1982; Niesink and Van Ree,
1989; Panksepp et al., 1980; Siegel and Jensen, 1986) or pair-housed animals were tested
repeatedly following administration of different naloxone doses (Panksepp et al, 1985;
Siegel et al., 1985), with the dose ranges being much higher in these earlier studies than that
used in the present study (1.0 to 10.0 mg/kg vs. 0.05 to 0.1 mg/kg, respectively). Therefore,
it is likely that opioid antagonists are effective in decreasing play fighting in adolescent
animals when levels of play fighting are elevated by either pretest manipulations or
pharmacologically, with high antagonist doses perhaps producing general behavioral
suppression as well. The suggestion that opioid antagonists are effective in decreasing play
fighting only when previously enhanced by pharmacological and/or behavioral
manipulations seems reasonable, given that endogenous opioid systems demonstrates little
or no intrinsic activity under normal circumstances, but rather are activated by a number of
biologically relevant stimuli (Herz, 1997).

Although ethanol-induced facilitation of play fighting in adolescent rats is antagonized by μ-
opioid receptor blockers, the exact mechanisms underlying opioid-related socially activating
effects of ethanol remain to be investigated. These socially facilitating effects may be
mediated through ethanol-induced release of endogenous ligands for the μ-opioid receptors
as well as ethanol-related enhancement of sensitivity of these receptors to their endogenous
ligands. Indeed, ethanol has been demonstrated to stimulate the release of endogenous
ligands for μ- and δ-opioid receptors (β-endorphin, enkephalins) in distinct brain regions
associated with reward and reinforcement (Boyadjieva and Sarkar, 1997; De Waele and
Gianoulakis, 1993; De Waele et al., 1992; Olive et al., 2001; Rasmussen et al., 1998),
release that is transient and is rapidly followed by a return to basal levels (De Waele and
Gianoulakis, 1993; Keith et al., 1986). In vitro studies had shown dose-dependent effects of
ethanol on β-endorphin release from the pituitary or hypothalamus (De Waele et al., 1992;
Gianoulakis, 1990; Keith et al., 1986), with lower concentrations inducing more pronounced
increase in β-endorphin release than higher ethanol concentrations (i.e., an inverted U-
shaped dose–response curve). Such ethanol-induced release of β-endorphin in the
hypothalamus, nucleus accumbens, and ventral tegmental area (Boyadjieva and Sarkar,
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1997; De Waele and Gianoulakis, 1993; De Waele et al., 1992; Marinelli et al., 2003; Olive
et al., 2001; Rasmussen et al., 1998) and consequent interaction of this endogenous ligand
with μ-opioid receptors located within the mesolimbic reward system may be viewed as one
of the possible mechanisms underlying ethanol-induced social facilitation. There are other
possibilities as well. For instance, indirect cannabinoid agonists (Trezza and Vanderschuren,
2008a,b) and NMDA antagonists (Siviy et al., 1995) like ethanol, facilitated social behavior
in adolescence, with these systems being implicated in ethanol intake and reinforcement
(Vengeliene et al., 2008). Consequently, these systems are likely candidates with respect to
contributing to ethanol-induced social facilitation in adolescents.

Given that ethanol-induced social facilitation is seen under normal circumstances in
adolescent but not adult rats, it is likely that ethanol activates the endogenous β-endorphin
system of adolescents and adults differentially, with this activation being more pronounced
in younger than older animals. However, age-related differences in ethanol-induced social
facilitation may also be associated with an ontogenetic decline in sensitivity to positive,
stimulatory effects of endogenous ligands for μ-opioid receptors on social behavior, in
general, and play fighting, in particular, with early adolescent animals being most sensitive
and adults being insensitive to these stimulatory effects. Despite the lack of direct age
comparisons, there are some hints that adolescents may be more sensitive than adults to the
social stimulatory effects of μ-opioid agonists. Effectiveness of μ-opioid agonists in
facilitation of play fighting has been demonstrated in preadolescent and early adolescent rats
by a number of investigators (Niesink and Van Ree, 1989; Vanderschuren et al., 1995),
whereas data regarding the effects of opioid manipulations on social behavior of adult rats
are neither plentiful nor consistent. For instance, decreases in social investigation and
contact behavior (Meyerson, 1981) as well as increases in contact behavior but not social
investigation (Van Ree and Niesink, 1983) had both been reported in adult male rats
following β-endorphin administration.

In summary, age-related differences in responsiveness to the stimulatory effects of ethanol
on social behavior, with adolescents showing notable ethanol-induced social facilitation that
is not typically seen in adults, may stem from enhanced sensitivity to ethanol-induced
activation of the endogenous μ-opioid system during adolescence. However, precise opioid
mechanisms underlying this pronounced age-associated difference in sensitivity to ethanol-
induced social facilitation still remain to be elucidated.
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Fig. 1.
Social investigation (left), play fighting (middle), and overall locomotor activity (right) for
adolescent rats challenged either with saline or 0.5 g/kg ethanol and injected with one of the
three doses of naloxone in Experiment 1. Significant changes induced by ethanol challenge
are marked by asterisks, p < 0.05.
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Fig. 2.
Social investigation (left) and play fighting (right) for adolescent rats challenged with one of
the five doses of ethanol or saline and injected either with saline or naloxone pretest in
Experiment 2. Significant changes induced by ethanol challenge are marked by asterisks, p <
0.05.
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Fig. 3.
Locomotor activity (left) for adolescent rats challenged with one of the five doses of ethanol
or saline and injected either with saline or naloxone pretest in Experiment 2. Significant
changes induced by ethanol challenge are marked by asterisks, p < 0.05. Blood ethanol
concentrations (right) are presented for animals challenged with ethanol.
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Fig. 4.
Social investigation (left) and play fighting (right) for adolescent rats challenged with either
ethanol or saline and pretreated with one of the five doses of CTOP in Experiment 3.
Significant changes induced by ethanol challenge are marked by asterisks, p < 0.05.
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Fig. 5.
Locomotor activity (left) for adolescent rats challenged with either ethanol or saline and
pretreated with one of the five doses of CTOP in Experiment 3. Blood ethanol
concentrations (right) are presented for animals challenged with ethanol.

Varlinskaya and Spear Page 19

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


