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Abstract
Rationale—NMDA antagonists consistently produce social inhibition in adult animals, although
effects of these manipulations on social behavior of adolescents are relatively unknown.

Objectives—The aim of this study was to assess potential age differences in the socially
inhibitory effects of the non-competitive NMDA antagonist, MK-801, as well as NR2 subunit
selective effects, given the regional and developmental differences that exist for the NR2 subunit
during ontogeny.

Methods—In separate experiments, adolescent and adult male Sprague–Dawley rats were treated
acutely with MK-801 (0, 0.05, 0.1, 0.2 mg/kg, i.p.), the NR2A antagonist, PEAQX (2.5, 5, 10, 20
mg/kg, s.c.), or the NR2B antagonist, ifenprodil (1.5, 3, 6, 12 mg/kg, i.p.), 10 min prior to a social
interaction test.

Results—Adolescents required higher doses of MK-801 (0.1 and 0.2 mg/kg) to induce social
suppression, whereas adults demonstrated reductions in social activity after all doses. Likewise,
adolescents required higher doses of ifenprodil (6 and 12 mg/kg) to produce social inhibitory
effects relative to adults (all doses). In contrast, adults were less sensitive to PEAQX than
adolescents, with adults showing social inhibition after 20 mg/kg whereas adolescents showed this
effect following 10 and 20 mg/kg. Although locomotor activity was generally reduced at both ages
by all drugs tested, ANCOVAs using locomotor activity as a covariate revealed similar patterns of
social inhibitory effects.

Conclusions—Adolescents are less sensitive than adults to the disruption of social behavior by
NMDA and NR2B-selective receptor antagonism, but not by an NR2A antagonist—age
differences that may be related to different subunit expression patterns during development.
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Introduction
Adolescence is associated with numerous hormonal, neural, and behavioral changes that are
conserved across mammalian species (Spear 2000, 2010). These similarities have led to the
use of simple animal models of certain adolescent-typical behaviors, such as the study of
social behaviors in the laboratory rat (Trezza et al. 2011; Varlinskaya and Spear 2002;
Varlinskaya et al. 1999). Peer-directed social interactions are of interest because these
behaviors are especially prevalent during adolescence across mammalian species (Berndt
1982; Csikszentmihalyi et al. 1977; Montemayor 1982; Varlinskaya and Spear 2008; Willey
et al. 2009).

The social interaction test has been used extensively for assessment of social behaviors in
male rodents under normal or anxiety-provoking circumstances (File 1980; File and Hyde
1978; File and Seth 2003; Sanders and Shekhar 1995a; Siviy et al. 1995). Although the test
typically consists of placing a pair of animals in an open arena and recording time spent in
overall social interactions as the primary dependent measure, our laboratory has modified
this test to include two sides separated by a partition with an opening to permit the test
animal to freely move toward or away from its partner (Varlinskaya et al. 1999), and hence
obtain an index of social motivation.

Animal models have demonstrated that numerous neural systems are involved in modulating
play (Vanderschuren et al. 1997) and overall social activity (Pellow and File 1984). Among
the critical contributors are the neuropeptides oxytocin and vasopressin (Carter 1998; Domes
et al. 2007; Donaldson and Young 2008), the opioid receptor systems (i.e., mu and kappa
opioid receptors; Trezza et al. 2011; Vanderschuren et al. 1995; Varlinskaya and Spear
2009), GABA system (Sanders and Shekhar 1995a, b), and the glutamate system (de Moura
Linck et al. 2008; Deutsch et al. 2011; Jacome et al. 2011; Snigdha and Neill 2008). Of the
three subtypes of receptors for glutamate, the N-methyl-D-aspartate (NMDA) receptor has
been most strongly implicated in social behavior (de Moura Linck et al. 2008; Silvestre et al.
1997; Snigdha and Neill 2008). While substantial work has shown impairments of social
behaviors due to NMDA receptor antagonists in adult rats and mice, only a few have
examined the role of this receptor system on social behaviors in younger rodents (Moy et al.
2012; Siviy et al. 1995). In one, the non-competitive NMDA receptor antagonist, MK-801,
was found to decrease social preference in adolescent C57BL/6J mice (as indexed by
sniffing of a stranger mouse), whereas in another, a biphasic effect of MK-801 was evident
in male Sprague–Dawley juvenile rats, with 0.025 mg/kg enhancing social play and doses of
0.1 and 0.2 mg/kg, significantly reducing this behavior. Adult comparison groups were not
included in these studies and hence age-related conclusions cannot be derived.

Such age comparisons are important given well-known age differences in sensitivity to
ethanol which, among its many neural consequences, acts to functionally block NMDA
receptors (Eckardt et al. 1998), with strongest effects on the NR2A and NR2B subunits
(Allgaier 2002; Mirshahi and Woodward 1995). Adolescent male rats and mice have been
found to be relatively insensitive to a variety of ethanol’s behavioral effects when compared
to adults (Anderson et al. 2010; Holstein et al. 2011; Schramm-Sapyta et al. 2010;
Varlinskaya et al. 2010). Age differences in sensitivity to ethanol may be related in part to
ontogenetic differences in NMDA receptor subunit sensitivity, with for instance adolescent
rats requiring a higher dose of the selective NR2B antagonist, ifenprodil, to block acute
tolerance to ethanol than adult rats (10 versus 5 mg/kg, respectively) (Ramirez et al. 2011).
However, findings regarding age differences in sensitivity to NMDA and NR2B antagonists
in male rats are mixed (Burton and Fletcher 2012; Silveri and Spear 2002) and hence more
research is needed to determine the functional ontogeny of this receptor and its subunits.
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Ontogenetic changes in functional consequences of NMDA receptor blockade are likely
given that NMDA subunit expression undergoes considerable developmental reorganization
(Haberny et al. 2002). For example, the NR2B subunit is strongly expressed at birth and
generally declines throughout development whereas expression of the NR2A subunit is not
detectable then, but increases dramatically by postnatal days 15–21 in rats and mice (Liu et
al. 2004; Monyer et al. 1994; Sheng et al. 1994; Wenzel et al. 1997), although there are
regional variations in prevalence of this NR2B to NR2A developmental shift (Lopez de
Armentia and Sah 2003).

To the extent that functional blockade of the NMDA receptor systems by ethanol is critical
for social suppression, adolescents would be expected to show a similar insensitivity to
MK-801-induced social suppression relative to adults as they do to ethanol. Moreover,
enhanced developmental expression of the NR2B subunit during adolescence (Wenzel et al.
1997) may render adolescents also relatively resistant to the social suppression resulting
from blockade of this subunit. In contrast, a lower dose of the NR2A antagonist, PEAQX,
may be effective for inducing social inhibition in adolescents, given developmental
increases in expression of this subunit through adolescence into adulthood (Liu et al. 2004).
These hypotheses were tested in three experiments examining potential ontogenetic
differences in the socially inhibitory effects of MK-801 (experiment 1), PEAQX
(experiment 2), and ifenprodil (experiment 3).

Methods
Subjects

A total of 240 male Sprague–Dawley rats derived from our breeding facility were used as
experimental subjects, with an equal number of animals serving as test partners. On
postnatal day (P) 1, all litters were culled to eight to ten pups, maintaining a sex ratio of six
males to four females whenever possible. Pups were weaned at P21 and pair-housed with
same-sexed littermates. Rats were given ad libitum access to food (Purina Lab chow,
Lowell, MA) and water, maintained in a temperature-controlled vivarium with a 14:10-h
light–dark cycle (lights on at 0700 hour), and treated in accordance with guidelines for
animal care established by the National Institutes of Health under protocols approved by the
Binghamton University Institutional Animal Care and Use Committee.

Experimental design
To assess potential age differences in sensitivity to the socially suppressive effects of
MK-801, PEAQX, and ifenprodil (in experiments 1, 2, and 3, respectively), a two-age
(adolescent, adult)×four-dose×two-test-day (baseline, test) mixed factorial was used in each
experiment, with ten male subjects placed into each condition. No more than one animal
from a litter served as a subject in an experimental condition. Males were utilized in the
present series of experiments given that our laboratory has generally not observed sex
differences in social activity (Varlinskaya and Spear 2002, 2012), allowing females to be
used in other experiments. However, given that sex differences have been observed for other
NMDA-related effects (e.g., analgesic responses, locomotor activity) (Frantz and Van
Hartesveldt 1999; Kavaliers and Choleris 1997), future research should include females to
determine the role of this receptor system on behavior.

Drugs
Both (+) MK 801(Dizocilpine) (Tocris) and PEAQX tetrasodium hydrate (Sigma Aldrich)
were prepared in 0.9 % saline whereas ifenprodil hemitartrate (Tocris) was prepared in
sterile water. All drugs were injected at a volume of 2 ml/kg, with MK-801 and ifenprodil
injected intraperitoneally and PEAQX administered subcutaneously. The routes of
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administration and doses were based and modified from previous studies (Anderson and
Spear 2012; Ramirez et al. 2011; Siviy et al. 1995).

Social-interaction apparatus and behavioral measures
Each age-scaled social interaction apparatus (30×20×20 cm for adolescents and 45×30×20
cm for adults) was composed of clear Plexiglas (Binghamton Plate Glass, Binghamton, NY),
and was divided on the long axis into two equal sized compartments by a wall containing an
aperture (measuring 7× 5 cm for adolescents and 9×7 cm for adults) that allowed animals to
move between compartments. Behavioral measures scored during the 10-min videotaped
sessions by an experimenter blind to the experimental condition of each animal included:
play (pouncing or playful nape attack); social investigation (sniffing of any part of the
partner’s body); and social contact (crawling over and under the partner and social
grooming; see Varlinskaya and Spear 2002, for more details). The frequency of each
behavior was scored, with a score of 1 for each time a component behavior began and
stopped. For instance, an animal that playfully lunged at its partner and then pinned him
would receive two frequencies for that play bout. Social behaviors were summed to get an
overall social activity measure. Additionally, a preference/avoidance coefficient [Coefficient
(%)=(Crossovers to the partner–Crossovers away from the partner)/(Crossovers to the
partner + Crossovers away from the partner)×100] was used as an index of social
motivation. An index of motor activity was calculated by summing the number of crossovers
between compartments made by the experimental animal during the test.

Repeated testing procedure
Whereas previous studies examining social interactions utilized a 1-day test procedure
(Morales et al. 2011; Varlinskaya and Spear 2002), a 2-day test procedure that allows each
experimental animal to serve as its own control was examined and validated in experiment 1
and used in the subsequent experiments. Using this procedure, each animal received vehicle
on baseline and drug challenge on test day, thereby serving as its own control. In experiment
1, experimental animals challenged with vehicle on baseline and test day demonstrated
similar levels of social interactions on both days (see “Results” section). Given that repeated
testing was found to have no impact on social behaviors in this test, the vehicle–vehicle
group was eliminated in experiments 2 and 3, with differences in social behavior observed
across days attributed to changes associated with administration of the challenge compounds
rather than general changes in social behaviors due to repeated testing. Thus, the comparison
of interest is between day 1 (baseline) and day 2 (drug challenge) for each drug/dose
condition.

Experimental procedure
On P33 (adolescents) or P68 (adults), experimental and partner animals were individually
placed into the social interaction apparatus for a 30-min habituation period to ensure that
testing occurred in a familiar environment (File and Hyde 1978; Varlinskaya and Spear
2002). On the following day (day 1: baseline), each experimental animal was placed alone in
a holding cage for 30 min and then injected with vehicle (experiments 1 and 2: saline;
experiment 3: sterile water). Immediately post-injection, each animal was put into the social
testing apparatus for 30 min, followed immediately by placement of a non-injected, non-
manipulated partner of the same age and sex into the apparatus for a 10-min videotaped
session. On day 2 (test: drug challenge), the same test procedure was used as on Day 1,
except that experimental animals were challenged with the appropriate dose and drug
(experiment 1: MK-801: 0, 0.05, 0.1, 0.2 mg/kg; experiment 2: PEAQX: 2.5, 5, 10, 20 mg/
kg; experiment 3: ifenprodil: 1.5, 3, 6, 12 mg/kg). Each experimental animal was exposed to
the same partner on both test days.
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Data analysis
Data were subjected to an outlier test, with removal of any data points meeting the criteria of
2 standard deviations above or below the mean prior to data analysis. These tests resulted in
elimination of <1 % of the total data points from each experiment. Given that expected
differences in baseline levels of social activity emerged between adolescents and adults in
all experiments (see “Results” section), data were analyzed separately for each age using a
four-dose×two-test day analysis of variance (ANOVA). Fisher’s planned pairwise
comparison test was used to explore significant effects and interactions. Given the presence
of significant dose effects on locomotor activity in the ANOVAs of all drugs (see “Results”
section), ANCOVAs were also conducted on data that yielded significant correlations
between social behavior and locomotor activity to ensure that the social inhibitory effects of
the NMDA receptor antagonists were not merely a function of reductions in general
locomotor activity. In these analyses, social behavior was expressed as percentage of
baseline to permit inclusion of age as a factor. Significant correlations between social
behavior and locomotor activity emerged for adults in experiment 1 (r =0.63), adolescents
and adults in experiment 2 (r =0.78 at each age), and adolescents and adults in experiment 3
(r =0.77 and 0.56, respectively); hence, all data were analyzed this way. Social preference/
avoidance coefficient data were examined similarly, with a significant negative correlation
emerging in adolescent rats from experiment 2 (i.e., PEAQX), (r = −0.63 precipitating an
ANCOVA of these data). Data are expressed as mean±SEM.

Results
Experiment 1: effects of MK-801 on social interactions

Baseline levels of overall social activity—The ANOVA of overall social activity at
baseline revealed a significant main effect of age [F(1,76)=19.66, p <0.0001], with
adolescents displaying significantly higher levels of social activity relative to adults
(117.58±4.37 and 94.20±3.03, respectively).

Total number of crosses following challenge with MK-801—In adolescents, the
ANOVA of locomotor activity revealed no significant main effects or interactions. In adults,
a main effect of day [F(1,36)=45.42, p <0.0001] was tempered by an interaction with dose,
with motor activity being significantly suppressed after all doses of MK-801 [day×dose
interaction: F(3,36)=3.75, p <0.05] (Table 1).

Social activity following MK-801 challenge—In adolescents, the ANOVA of overall
social activity following challenge with MK-801 revealed a main effect of dose
[F(3,34)=2.93, p <0.05] and day [F(1,34)= 42.47, p <0.0001] and their interaction,
[F(3,34)=23.85, p <0.0001]. MK-801 at doses of 0.1 and 0.2 mg/kg significantly reduced the
social activity of adolescents while saline and 0.05 mg/kg had no effect (Fig. 1, top left). In
adults, analysis of overall social activity revealed main effects of dose [F(3,36)=3.66, p
<0.05] and day [F(1,36)=122.33, p <0.0001], and a dose×day interaction [F(3,36)=14.11, p
<0.0001], with all doses of MK-801 (i.e., 0.05 mg/kg and higher) significantly reducing
overall social activity (Fig. 1, top right).

The ANCOVA for percentage of baseline overall social activity in MK-801-challenged
animals revealed a significant main effect of locomotor activity [F(1,66)=7.09, p <0.01],
dose [F(3,66)=36.01, p <0.00001] and an interaction between age and dose [F(3,66)=4.34, p
<0.01]. Post hoc tests revealed that percentage of baseline social activity of animals
challenged with 0.1 and 0.2 mg/kg MK-801 was significantly lower than vehicle-treated
animals at both ages. Additionally, percentage of baseline social activity of adults was
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significantly lower than that of adolescents after 0.05 mg/kg MK-801, suggesting that adults
were more impaired than adolescents at this dose (Fig. 2, left).

Social preference/avoidance—The ANOVA of the social preference/avoidance
coefficient in adolescents revealed a dose×day interaction [F(3,34)=4.13, p <0.01], with 0.1
and 0.2 mg/kg significantly reducing social motivation. In adults, a main effect of day
[F(1,36)=7.68, p < 0.01] and an interaction of dose and day [F(3,36)=3.74, p < 0.05]
emerged, also revealing significant decreases in social motivation was significantly after 0.1
and 0.2 mg/kg MK-801 (Fig. 3, top panels).

Experiment 2: effects of PEAQX on social interactions
Baseline levels of overall social activity—The ANOVA of overall social activity
revealed a main effect of age [F(1,73)=20.76, p <0.00001]. As expected, adolescents
demonstrated significantly higher levels of social interactions relative to adults (119.89±4.48
and 91.69±4.27, respectively).

Total number of crosses following challenge with PEAQX—The ANOVA of
locomotor activity in adolescents revealed a main effect of dose [F(3,33)=8.83, p <0.001],
day [F(1,33)= 184.43, p <0.00001] and a dose×day interaction [F(3,33)= 23.83, p
<0.00001], with locomotor activity significantly reduced following 5, 10, and 20 mg/kg in
adolescents. In adults, effects of dose [F(3,33)=6.88, p <0.01], day [F(1,33)=47.54, p
<0.00001] and their interaction [F(3,33)=11.62, p <0.0001] emerged, with locomotor
activity significantly reduced at 10 and 20 mg/kg (Table 1).

Social activity following PEAQX challenge—In adolescents, the ANOVA of overall
social activity revealed significant main effects of dose [F(3,32)=20.65, p <0.00001], day
[F(1,32)=34.25, p <0.00001], and a dose×day interaction [F(3,32)=15.71, p <0.00001].
Adolescents demonstrated significant social inhibition following doses of 10 and 20 mg/kg
(Fig. 1, middle left). In adults, the ANOVA of overall social activity revealed main effects
of dose [F(3,35)=2.87, p <0.05], day [F(1,35)=23.04, p <0.0001], and an interaction
between dose and day [F(3,35)=7.15, p <0.0001]. In contrast to adolescents, adults only
showed significant social inhibition after 20 mg/kg (Fig. 1, middle right).

The ANCOVA for percentage of baseline overall social activity yielded main effects of
locomotor activity [F(1,62)= 10.21, p <0.01], dose [F(3,62)=20.70, p <0.0001] and an
age×dose interaction [F(3,62)=2.71, p <0.05]. Post hoc tests revealed that percentage of
baseline social activity was significantly lower in adolescents than adults after 10 mg/kg,
suggesting that adolescents were more sensitive to PEAQX-induced social inhibition (Fig. 2,
middle).

Social preference/avoidance—In adolescents, the ANOVA of the social preference/
avoidance coefficient revealed a main effect of dose [F(3,32)=3.23, p <0.05], day
[F(1,32)=11.93, p <0.01] and a dose×day interaction [F(3,32)=5.86, p <0.01]. Adolescent
rats demonstrated significantly higher levels of social motivation on test than baseline day
following 10 and 20 mg/kg. However, in the ANCOVA of these data where total locomotion
was included as a covariate, no main effects or interactions reached significance, suggesting
that this drug effect was not reliable and was likely associated with alterations in general
locomotion. In adults, no significant main effects of interaction emerged (Fig. 3, middle).

Experiment 3: effects of ifenprodil on social interactions
Baseline levels of overall social activity—The ANOVA of overall social activity at
baseline revealed a main effect of age [F (1,73) = 73.42, p < 0.000001]. Adolescents
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displayed significantly higher levels of social activity than adults did (159.84±3.26 and
112.32±4.51, respectively).

Total number of crosses following challenge with ifenprodil—In adolescents, the
ANOVA of locomotor activity yielded a main effect of day [F(1,35)=19.69, p <0.0001],
with locomotor activity being significantly lower on test day. In adults, a main effect of day
[F(1,35)=43.09, p <0.000001] and a day× dose interaction [F(3,35)=3.55, p <0.05] emerged,
with locomotor activity being significantly reduced after 3 mg/kg and higher (Table 1).

Social activity following ifenprodil challenge—In adolescents, the ANOVA of
overall social activity yielded a main effect of day [F(1,34)=5.44, p <0.05] and a dose×day
interaction [F(3,34)=3.30, p <0.05]. Significant reductions in overall social activity were
observed following the 6- and 12-mg/kg doses (Fig. 1, bottom left). The ANOVA of overall
social activity in adults yielded main effects of dose [F (3,33) =4.23, p < 0.05], day [F
(1,33)= 142.73, p < 0.00001], and a dose×day interaction [F(3,33)=5.18, p < 0.01]. Adults
demonstrated a significant reduction in overall social interactions at all doses of ifenprodil
tested (Fig. 1, bottom right).

The ANCOVA of percentage of baseline overall social activity revealed a main effect of
locomotor activity [F(1,56)=34.83, p <0.00001], age [F(1,56)=4.20, p <0.05], dose
[F(3,56)=5.62, p <0.01], and an age×dose interaction [F (3,56)=4.10, p <0.05]. Post hoc
tests revealed that adolescents had significantly higher percentage of baseline levels of
social activity after 6 and 12 mg/kg than did adults, indicating that adults were more socially
impaired than adolescents. (Fig. 2, right panel).

Social preference/avoidance—In adolescents, no significant effects or interactions
emerged for the social preference/avoidance coefficient. In adults, a main effect of day
[F(1,33)=4.34, p <0.05] as well as an interaction of day with dose [F(3,34)=3.65, p <0.05]
revealed that adults challenged with the highest dose of ifenprodil (12 mg/kg) demonstrated
significantly lower levels of social motivation (Fig. 3, bottom panels).

Discussion
The results from the current experiments demonstrate that pharmacological blockade of the
NMDA receptor with the non-competitive antagonist, MK-801, and subtype-selective NR2A
and NR2B antagonists, PEAQX and ifenprodil, respectively, resulted in age-related
differences in sensitivity to social inhibition. Adolescent rats required a higher dose of
MK-801 and ifenprodil to reduce social interactions than adults did, whereas an opposite age
effect emerged after PEAQX. Locomotor activity (indexed via total number of crossovers)
was generally suppressed in animals after administration of each compound. However,
ANCOVAs conducted using locomotor activity as a covariate revealed similar age
differences in sensitivity as observed in the ANOVAs of overall social activity.

Although adolescents were more resistant than adults to the social inhibitory effects of
MK-801, the social preference/avoidance coefficient yielded similar findings at both ages.
Given that this is the first time MK-801 has been used in the modified social interaction test,
it is unclear why age differences were not evident for this measure of social motivation.
These findings are reminiscent, however, of other data that administration of NMDA
antagonists impairs social motivation in adolescents and adults (Audet et al. 2009; Moy et
al. 2012; Rung et al. 2005). Adolescents were not affected by any dose of ifenprodil in terms
of social motivation whereas adults showed a reduction at the highest dose, an age-related
difference similar to that seen with the social activity data. In contrast to the age differences
seen in PEAQX’s effects on social activity, the drug did not reliably alter social motivation
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at either age (although adolescents demonstrated a PEAQX-associated increase in social
preference at the two highest doses, this effect did not hold when activity was covaried in an
ANCOVA of the data). These differences in patterns of age differences in drug
responsiveness for overall social activity and social motivation per se suggests that the
neural substrates underlying these behaviors may differ.

To our knowledge, these are the first experiments to examine age differences in sensitivity
to the non-competitive NMDA receptor antagonist, MK-801, as well as NR2A (PEAQX)
and NR2B (ifenprodil) antagonists on social behavior. Socially suppressing effects of
MK-801 in adolescents seen here are reminiscent of the adolescent-only data of Siviy et al.
(1995) and Moy et al. (2012) in adolescent rats and mice, whereas our adult data replicate
reductions in social behaviors reported in adult male rodents following drugs that block the
NMDA receptor complex (e.g., MK-801, ketamine; de Moura Linck et al. 2008; Gururajan
et al. 2011; Silvestre et al. 1997) and using genetically bred mice (Deutsch et al. 2011;
Jacome et al. 2011; Labrie et al. 2008).

The decreased sensitivity of adolescents to the socially suppressive effects of NMDA
manipulations when compared to adults may be related to maturational differences in
subunit expression that occur between young and mature animals (Kornhuber et al. 1988;
McDonald and Johnston 1990; Monyer et al. 1994; Wenzel et al. 1997). Indeed, adolescents
were less sensitive to pharmacological blockade of the NR2B subunit with the NR2B
antagonist, ifenprodil, findings consistent with other studies that have suggested a role for
the NR2B subunit in socially-related behaviors in rodents (Jacobs and Tsien 2012; Knapp et
al. 2004; Ma et al. 2006; Sukhotina et al. 1998). The relatively delayed ontogenetic
expression of the NR2A subunit is consistent with findings of experiment 2 where adults
were less affected by pharmacological blockade of the NR2A subunit, as evidenced by
social inhibition after only the highest dose of PEAQX whereas adolescents showed a
reduction in overall social activity after the two highest doses. Unfortunately, studies
investigating effects of NR2A antagonists on social behaviors are lacking (however, see
Bortolato et al. 2012; Turnock-Jones et al. 2009; Zhao et al. 2009), let alone direct age
comparisons of behavioral consequences of such antagonists between adolescents and
adults. This may be due partly to the lack of available NR2A-selective antagonists, with
even some controversy existing regarding the subunit selectivity of PEAQX (Berberich et al.
2005; Frizelle et al. 2006; Neyton and Paoletti 2006). The results from experiment 2 provide
additional evidence for the involvement of the NR2A subunit in modulating social
interactions, and for age differences in sensitivity to the social inhibitory effects observed
after acute challenge with an NR2A antagonist between adolescent and adult rats.

These ontogenetic differences in sensitivity to MK-801 and the NR2B antagonist, ifenprodil,
are reminiscent of adolescent-characteristic insensitivities to the socially suppressing effects
of ethanol in male rats (Morales et al. 2011; Varlinskaya and Spear 2006) and are in line
with previous results from our laboratory demonstrating that adolescents are less sensitive to
ifenprodil’s ability to block acute tolerance to the motor impairing effects of ethanol when
compared to adults (Ramirez et al. 2011). Given that NMDA receptors are a major target for
ethanol’s inhibitory, antagonistic effects, ontogenetically enhanced expression of NMDA
receptors, especially those that are NR2B-containing (Liu et al. 2004), may contribute to the
commonly reported resistance of adolescents to aversive social inhibitory and motor
impairing effects of ethanol (Morales et al. 2011; Ramirez and Spear 2010; Varlinskaya and
Spear 2006). In contrast, adolescent-typical insensitivities were not evident after blockade of
the NR2A subunit that shows a relatively protracted ontogeny (Liu et al. 2004). Along with
an adolescent-related insensitivity to intake-moderating cues that may be related in part to
the NR2B subunit, adolescents also conversely appear more sensitive to the socially
facilitating effects of low doses of ethanol compared to adults (Varlinskaya and Spear 2002).
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This ethanol-induced social facilitation could also contribute to enhanced propensities for
ethanol intake in adolescence, and likewise appears to be facilitated by blockade of NR2B
and not NR2A NMDA subunits (Morales et al. 2013). Together, these data support the
suggestion that the NR2B subunit may play a significant role in contributing to ontogenetic
differences in sensitivities to ethanol-related modulation of social behaviors, which may in
turn facilitate enhanced ethanol consumption during this developmental period.
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Fig. 1.
Overall social activity in adolescent (left panels) and adult (right ▶ panels) rats challenged
acutely with vehicle on baseline (solid bars) and MK-801 (top), PEAQX (middle), or
ifenprodil (bottom) on test day (hatched bars). Significant differences between baseline and
test days are represented by asterisk
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Fig. 2.
Percent (%) of baseline overall social activity in adolescent and adult rats on test day after
challenge with MK-801 (top), PEAQX (middle), or ifenprodil (bottom) Significant
differences between adolescents and adults are represented by number sign whereas
significant differences from vehicle-treated control group is indicated with a plus sign
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Fig. 3.
Social preference/avoidance coefficients in adolescent (left ▶ panels) and adult (right
panels) rats after MK-801 (top), PEAQX (middle), or ifenprodil (bottom). Significant
differences between baseline and test day are represented by asterisk
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Table 1

Total crossovers (mean±SEM) in adolescent and adult male rats challenged acutely with either MK-801,
PEAQX, or ifenprodil

Experiment Adolescents Adults

Baseline Test Baseline Test

MK-801

 0 46.90±4.72 44.60±4.72 35.00±3.40 30.11±2.83

 0.05 mg/kg 45.30±3.11 42.60±5.01 37.33±2.75 26.33±4.40a

 0.10 mg/kg 52.40±4.17 52.00±9.21 36.56±4.91 12.67±3.93a

 0.20 mg/kg 52.60±4.96 42.50±7.01 38.10±3.63 17.60±4.53a

PEAQX

 2.5 mg/kg 55.80±3.77 49.00±3.56 37.90±3.26 35.20±3.58

 5 mg/kg 49.50±5.54 35.60±4.10a 37.00±3.52 34.22±2.11

 10 mg/kg 56.25±2.69 15.50±1.76a 35.50±1.27 23.10±4.30a

 20 mg/kg 54.89±1.84 10.22±1.65a 34.75±3.32 7.50±1.00a

Ifenprodil

 1.5 mg/kg 52.00±4.67 52.78±3.71b 33.20±4.78 27.60±3.13

 3 mg/kg 60.11±7.32 45.67±5.86b 36.90±3.20 28.90±3.55a

 6 mg/kg 57.30±4.86 37.40±4.43b 33.33±2.99 24.44±2.73a

 12 mg/kg 60.20±4.98 35.20±5.89b 34.20±2.84 15.30±5.16a

a
A significant difference between baseline and test day for a given age and dose

b
A main effect of day, regardless of dose (p <0.05)
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