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Abstract

Adolescents display high levels of interactions with peers relative to other age groups, with these
interactions further enhanced by ethanol under some circumstances. Understanding of the neural
mechanisms underlying these high levels of social interactions is important given that alcohol use
is initiated during adolescence and adolescents tend to report drinking for social reasons. Given
that ethanol’s effects are associated in part with functional antagonism of the NMDA receptor
system, the current experiment explored the role of NMDA antagonists for facilitating adolescent
social behavior. Adolescent male Sprague-Dawley rats were challenged acutely with either the
non-competitive NMDA antagonist, MK-801 (0.01, 0.03 mg/kg), the NR2A antagonist, PEAQX
(1.25, 3.75 mg/kg) or the NR2B antagonist, ifenprodil (0.75, 2.25 mg/kg) 30 min prior to a 10-min
social interaction test. All compounds generally increased overall social activity (i.e., sum of
social investigation, contact behavior, and play), with ifenprodil also significantly enhancing play
and social contact behaviors. Although the frequencies of peer-directed social behaviors were
typically greater following administration with these NMDA antagonists, social preference,
indexed via the number of crossovers to the side with the partner relative to crossovers away, was
significantly reduced in MK-801 and PEAQX-treated rats. None of these changes were associated
with concomitant alterations in overall locomotor activity under these test circumstances. These
data support the suggestion 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 ifenprodil stimulated social behavior in a manner similar to that
produced by low doses of ethanol.

Keywords
Adolescence; social interactions; rat; MK-801; PEAQX; ifenprodil

The developmental period of adolescence is characterized as a time during which
interactions with peers are particularly high in humans and other mammalian species such as
rodents [1-4]. In addition to the high levels of social interactions observed during this time,
alcohol consumption is also higher during adolescence relative to adults in both humans [5]
and laboratory animals [6, 7]. Human adolescents not only spend more time interacting with
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peers, but report consuming alcohol mostly for social reasons (i.e., for social facilitation and
to make social situations more enjoyable) (see [8], for review). Adolescent rats are likewise
more sensitive to the social facilitation induced by low doses of ethanol [4, 9-11], although
they are conversely less sensitive than adults to many other effects of ethanol that emerge at
higher doses, including ethanol-induced social inhibition [4]. For example, in Sprague-
Dawley rats, low doses of ethanol (0.25-0.5 g/kg) have been found to increase social
interactions under familiar test circumstances in adolescents, an effect not normally
observed in adults, whereas adults are more sensitive to the suppression in social behavior
that emerges at higher ethanol doses, as well as to the anxiolytic effects of ethanol and other
anxiolytic drugs [4, 9, 10]. For an example of the latter, the reductions in overall social
interactions of adolescent and adult rats that were observed when tested in an unfamiliar,
anxiogenic environment were reversed by ethanol in adults, but not adolescent rats [4].
Likewise, total time spent in overall social interactions in an unfamiliar environment was
increased in adults after treatment with the benzodiazepine agonist, diazepam, whereas
behavior was unaffected in adolescents [12].

Although several neural systems (e.g., opioid, cannabinoid) have been shown to modulate
social facilitation in young rodents [3, 13], the current experiment explored the potential for
N-methyl-D-aspartate (NMDA) receptor antagonists to facilitate social interactions, given
that ethanol’s effects are partly associated with NMDA receptor antagonism [14] and given
the relationship between this neural system and many ethanol-related behaviors [15, 16].
Indeed, NMDA antagonists have consistently been shown to have social inhibitory effects in
adult rodents [17, 18] (similar to those observed at moderate or higher doses of ethanol [4]),
whereas a biphasic effect with a low dose stimulation of social behavior was reported in one
of the few studies that investigated effects of a NMDA antagonist on social behavior in
young rodents [19]. In that study, the non-competitive NMDA antagonist, MK-801 induced
an increase in play behavior in juveniles at a low dose (0.025 mg/kg), but a suppression in
social behavior at higher (0.1 and 0.2 mg/kg) doses [19]. These results resemble biphasic
effects of ethanol on social behavior that are observed in adolescent rats [4, 9]. Given that
ethanol’s effects on NMDA function are subunit specific, with the NR2A and NR2B
subunits having the strongest evidence for ethanol’s actions [20], the current experiment
investigated the potential socially facilitating effects not only of MK-801, but also
antagonists selective for the NR2A and NR2B subunits (PEAQX and ifenprodil,
respectively) in adolescent male rats.

Acute effects of low doses of the three NMDA antagonists (MK-801: 0.01, 0.03 mg/kg;
PEAQX: 1.25, 3.75 mg/kg; ifenprodil: 0.75, 2.25 mg/kg) on social behavior was
investigated in adolescent male Sprague-Dawley rats (initial n=10/dose; after outliers n=8—
9/dose for MK-801; n=9-10/dose for ifenprodil; n=10/dose for PEAQX) using a modified
social interaction test [4] and a repeated test design. The non-competitive NMDA
antagonist, (+) MK 801(Dizocilpine) (Tocris) and the NR2A antagonist, PEAQX
tetrasodium hydrate (Sigma Aldrich), were dissolved in 0.9% saline, whereas sterile water
was used as a vehicle for the NR2B antagonist, ifenprodil hemitartrate (Tocris). All drugs
were injected at a volume of 2 ml/kg, with MK-801 and ifenprodil injected intraperitoneally
and PEAQX administered subcutaneously at room temperature. The social testing apparatus
consisted of two compartments with an aperture in the partition that allowed animals to
move between compartments [4]. To ensure that testing occurred in a familiar environment,
experimental and partner animals were habituated individually to the social testing apparatus
for 30 min on postnatal day (P) 33. On P34, (baseline), each experimental animal was
weighed, injected with the route and vehicle associated with its drug assignment, and
immediately placed into the social testing apparatus alone for 30 min. At 30 min post-
injection, a non-manipulated unfamiliar partner of approximately the same weight (within
10 g) was placed into the apparatus for the 10-min videotaped session. Upon completion of
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the 10-min social interaction test, animals were housed back together with their littermate
until testing the next day. On the following day (P35: test), the same procedure was used as
on baseline, except that experimental animals were challenged with the appropriate drug
dose and exposed to the same partner as on baseline. This two-day test procedure has been
previously shown to reveal similar levels of social behavior across days in vehicle-treated
adolescents (baseline: 115.44+13.24; test: 115.67+9.82) and adults (baseline: 87.60+4.08;
test: 81.30+6.01) under these familiar test circumstances, while resulting in significant
decreases in social behaviors following high doses of ethanol or NMDA antagonists on test
day relative to baseline [21]. Thus, while experimental animals were exposed to the same
partner on test day, their social behavior remained unchanged across the two days and
therefore any differences in behavior (i.e., increases on test day) would be attributed to the
compound administered and not general to changes in social behavior.

Social behaviors were later scored by an experimenter blind to the dose/drug condition of
each animal and included play: pinning, chasing, pouncing; social contact: crawling over/
under a social partner; and social investigation: sniffing any part of the partner’s body. In
addition, a social preference/avoidance coefficient [Coefficient (%) = (crossovers to the
same side of the apparatus as the partner — crossovers away from the side where the partner
was located)/(crossovers to the partner + crossovers away from the partner) x 100] was
calculated and used as an index of social motivation, with positive scores reflecting a
relative preference and negative scores indicating relative avoidance of the social partner [4,
10]. To confirm that any changes in social behavior following administration of these
antagonists was not due to changes in motor activity, an index of locomotor activity under
these social test circumstances was calculated by summing the number of crossovers
between compartments made by the experimental animal during the session [4, 10].

The repeated measures ANOVA for overall social activity (sum of social investigation,
contact behavior, and play frequencies) for MK-801-challenged rats revealed a main effect
of day [F(1,15) = 4.39, p<0.05], with overall social activity significantly higher on the test
day (MK-801 challenge) than on the vehicle-exposed baseline day, although this effect
appears to be driven primarily by the lower dose. A similar finding was observed for
adolescents injected with the NR2A antagonist, PEAQX: main effect of day [F(1,18) = 6.62,
p<0.05]. In ifenprodil-challenged adolescents, a day X dose interaction emerged [F(1,17) =
5.16, p<0.05], with only the 0.75 mg/kg dose increasing overall social activity on the
ifenprodil challenge test day (Figure 1). MK-801 at either dose did not impact play or
contact behavior; however, a day X dose interaction emerged for social investigation
[F(1,15) = 7.72, p<0.05], with 0.01 mg/kg MK-801 significantly increasing this behavior on
test day (Figure 2, top middle panel). While there was a trend for PEAQX to increase play
behavior at the 1.25 mg/kg dose, no significant main effects or interactions emerged for any
of the social behaviors examined at any dose tested. The ifenprodil doses examined were
ineffective at altering social investigation, although both play and contact behaviors were
increased following 0.75 mg/kg of this NR2B antagonist [day X dose interaction: F(1,17) =
5.99, p<0.05] and F(1,17) = 5.80, p<0.05, for play and contact behavior, respectively]
(Figure 2, bottom left and right panels). Both doses of MK-801 and PEAQX reduced social
preference on test day [main effect of day: F(1,17) = 7.65, p<0.05 and F(1,16) = 4.35,
p<0.05, respectively], whereas ifenprodil was without effect (Table 1). Ifenprodil was the
only drug that altered locomotion under social circumstances, with both doses significantly
reducing total crossovers on test day relative to the vehicle baseline day [main effect of day
F(1,17) = 10.13, p<0.01] (Table 1).

These results support a role for the NMDA receptor in modulating social behaviors in males
during the adolescent period. The data are reminiscent of the previously reported finding
that low doses of MK-801 increase social behavior in juvenile rats [19], and extend those
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results by demonstrating that antagonists targeting the NR2A and NR2B subunits also
produce social facilitation in adolescents. Furthermore, although all three antagonists were
generally found to significantly increase overall social activity, when specific social
behaviors were examined, only the NR2B antagonist ifenprodil increased play and contact
behaviors. Play and contact are social behaviors that are particularly prevalent early in life,
gradually declining thereafter, whereas social investigation typically increases into
adulthood [22]. Of these behaviors, play is generally the most sensitive to facilitation by
ethanol in adolescent animals [4]. The different responses observed in the specific social
behaviors may be due to ontogenetic differences in expression of the NR2 subunits, with the
NR2A subunit being barely detectable at birth, then increasing with age, whereas the NR2B
subunit is strongly expressed at birth, and at levels higher than those seen in adulthood in
some brain regions [23]. Unfortunately, little is known of the functional ontogeny of NR2A
subunit-containing NMDA receptors, in part because of the relative lack of NR2A-specific
antagonists, making it difficult to draw strong conclusions on age differences in sensitivity
to pharmacological blockade of this subunit at this time. For instance, although PEAQX was
originally described as having a strong selectivity for the NR2A subunit, it has recently been
revealed that its ability to discriminate between the NR2B-containing subunits is actually
small (~5 fold) [24]. More work has investigated the role of the NR2B subunit in
developmental research and its relationship with ethanol-related behaviors, and the present
findings complement and extend those findings. For example, our laboratory has found that
adolescents require a higher dose of the NR2B antagonist ifenprodil than adults to block
ethanol-induced acute tolerance when indexed via motor impairment [16]. Similar to the
adolescent insensitivity observed in that study, we have recently observed that adolescents
were also less sensitive than adults to the social inhibition emerging at higher doses of
ifenprodil (Morales and Spear, in prep), differences that may be due to the ongoing
alterations in NMDA receptor systems occurring throughout adolescence [23]. These data,
in conjunction with the present results, are consistent with the suggestion that developmental
differences in sensitivity to ethanol’s effects may be associated in part with ontogenetic
differences in sensitivity to NR2B subunit manipulations—including not only the adolescent
insensitivity to aversive effects seen at higher doses (i.e., social inhibition, motor
impairment), but also to the social facilitation that emerges at low doses.

The observed increases in social interactions seen following these drugs as well as the
decreases in social motivation seen after MK-801 and PEAQX are not attributable to general
changes in locomotor activity under these test circumstances. MK-801 and PEAQX had no
effect on total number of crossovers, whereas ifenprodil increased social behaviors while
also significantly reducing crossovers in the social test regardless of dose (although this
effect appears to be driven primarily by the 2.25 mg/kg dose). This suggests that the social
facilitation induced by these NMDA antagonists is separable from general alterations in
locomotor activity.

Interestingly, social preference was significantly reduced after administration of both
MK-801 and PEAQX, but not ifenprodil. While our laboratory has consistently reported that
the social preference/avoidance coefficient is sensitive to anxiogenic manipulations (e.g.,
restraint stress or testing in an unfamiliar environment) [4, 10, 25], the amount of social
avoidance induced by the manipulations in those studies was considerably more pronounced
than the modest declines in social preference observed in the current experiments,
suggesting that these slight reductions in social motivation were unlikely to be associated
with notable drug-induced anxiogenesis. Further support for the idea that the lower levels of
social motivation did not reflect anxiogenic effects, per se, is that the reductions in social
motivation observed previously in our laboratory following anxiety-provoking
manipulations were also accompanied by significant decreases in social investigation,
another behavioral measure sensitive to anxiogenic manipulations and anxiolytic compounds
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(e.g., ethanol) [4, 10, 25]. In contrast, no declines in social investigation were seen following
MK-801 or PEAQX, with adolescents even showing a significant increase in social
investigation at the 0.01 mg/kg dose of MK-801—although the elevated levels of social
investigation on test day after the low dose of MK-801 was likely driven by baseline
differences. Nevertheless, although uncommon, other reports of drugs eliciting both an
anxiolytic and anxiogenic effect at the same dose have been reported [26]. For example, the
same dose (5 mg/kg) of MDMA (“ecstasy’) has been shown both to increase time spent in
social interactions (an anxiolytic effect) as well as to reduce time spent in the open arms of
an elevated plus maze test (an anxiogenic effect) [26], supporting the possibility that under
some circumstances drugs may be able to induce both anxiolytic and anxiogenic effects.

Given that we generally do not observe sex differences in social activity [4, 9], only males
were used in the present experiment, so that females could be utilized in other studies. Still,
it should be noted that sex differences in responsivity to NMDA antagonists have been
observed using other behavioral tests. For instance, female mice were shown to be less
sensitive to NMDA antagonism of analgesic responses than males [27]. In terms of
locomotor activity, adolescent (P30) females challenged with 0.1 mg/kg MK-801 showed
significantly higher levels of locomotion and for a longer duration relative to adolescent
males [28]. The literature suggests that sex differences do exist in response to NMDA
antagonists—at least under the cited conditions—and should be considered in future studies
examining the role of this receptor system on behaviors.

The overall findings of this experiment are consistent with the suggestion that the increases
in social interactions observed after low doses of ethanol in adolescents may be associated,
at least in part, with ethanol-induced inhibition of the NMDA receptor system. The NR2B
subunit appears to be of particular importance given that similar socially facilitating effects
were observed with ifenprodil that are observed after low doses of ethanol [4]. Such
developmental differences in sensitivity to the socially facilitating effects of ethanol along
with insensitivity to the aversive effects may help promote the enhanced ethanol intake that
often characterizes this developmental period. Understanding the social motives underlying
drinking and their associated neural mechanisms are likely to prove key for determining why
adolescent alcohol consumption patterns differ from other age populations.
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Figurel.

Overall social activity (frequency of play, social investigation and contact) in adolescent
male rats following an acute challenge with MK-801, PEAQX, or ifenprodil. Regardless of
dose, MK-801 and PEAQX resulted in a significant increase in overall social activity (see
inserts), whereas only the 0.75 mg/kg dose of ifenprodil increased social interactions. *
indicates a significant difference between baseline and test day. p<0.05
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Play, social investigation, and contact behaviors (frequency) in adolescent rats. Social
investigation was significantly increased by 0.01 mg/kg MK-801 (top, middle panel). While
no significant main effects or interactions emerged for PEAQX, adolescents challenged with
0.75 mg/kg ifenprodil demonstrated increases in play and contact behaviors (bottom, left
and right panels). * indicates a significant difference between baseline and test day.
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