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Mouse Model of OPRM1 (A118G) Polymorphism Increases
Sociability and Dominance and Confers Resilience to Social
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A single nucleotide polymorphism (SNP) in the human �-opioid receptor gene (OPRM1 A118G) has been widely studied for its associa-
tion in drug addiction, pain sensitivity, and, more recently, social behavior. The endogenous opioid system has been shown to regulate
social distress and reward in a variety of animal models. However, mechanisms underlying the associations between the OPRM1 A118G
SNP and these behaviors have not been clarified. We used a mouse model possessing the human equivalent nucleotide/amino acid
substitution to study social affiliation and social defeat behaviors. In mice with the Oprm1 A112G SNP, we demonstrate that the G allele
is associated with an increase in home-cage dominance and increased motivation for nonaggressive social interactions, similar to what is
reported in human populations. When challenged by a resident aggressor, G-allele carriers expressed less submissive behavior and
exhibited resilience to social defeat, demonstrated by a lack of subsequent social avoidance and reductions in anhedonia as measured by
intracranial self-stimulation. Protection from social defeat in G-allele carriers was associated with a greater induction of c-fos in a
resilience circuit comprising the nucleus accumbens and periaqueductal gray. These findings led us to test the role of endogenous opioids
in the A112G mice. We demonstrate that the increase in social affiliation in G carriers is blocked by pretreatment with naloxone. Together,
these data suggest a mechanism involving altered hedonic state and neural activation as well as altered endogenous opioid tone in the
differential response to aversive and rewarding social stimuli in G-allele carriers.
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Introduction
Social interactions, both positive and negative, are critical for
survival. The experience of positive social interactions, such as
social reward and attachment, impact our well-being and impair-
ments are often seen in psychiatric disorders (American Psychi-
atric Association, 2013). Furthermore, the experience of negative
social interactions, such as social rejection, can lead to social
withdrawal, impulsivity, substance abuse, anxiety, and depres-
sion (Baumeister et al., 2005; Williams, 2007; Mallott et al., 2009;
Slavich et al., 2010). �-Opioid receptors (MOPRs) are integrally
involved in the modulation of both positive and negative affective
states, including social reward and rejection (Trezza et al., 2011;
Hsu et al., 2013). During periods of positive social interaction,

endogenous opioids may contribute to the rewarding aspects of
these interactions (Herman and Panksepp, 1978). Furthermore,
social isolation leads to a relative decrease in opioid release, which
may increase the motivation to seek out social interaction (Pank-
sepp et al., 1978; Knowles et al., 1989; Kalin et al., 1995).

Genetic mutations of the MOPRs that alter receptor function
can influence social behavior in a variety of animal models and
humans (Moles et al., 2004; Barr et al., 2008). The nonsynony-
mous single nucleotide polymorphism (SNP) A118G within the
MOPR gene (OPRM1) is commonly seen in European (15–30%)
and Asian (49 – 60%) populations (Bergen et al., 1997; Gelernter
et al., 1999; Tan et al., 2003). Individuals that carry the G allele
have an increased tendency to become engaged in affectionate
relationships and experience more pleasure in social situations
(Troisi et al., 2011). Furthermore, G-allele carriers seem more
resilient in the face of aversive maternal care environments, ex-
hibiting less fearful attachment behavior (Troisi et al., 2012). On
the other hand, G-allele carriers have also been shown to exhibit
increased sensitivity to social rejection (Way et al., 2009; Bertoletti et
al., 2012). These differences may be mediated by the complicated
genetic background and reliance on self-report questionnaires to
evaluate social reward and rejection. To clarify the functional
mechanisms linking the OPRM1 A118G SNP in social behavior
phenotypes, we used a mouse model possessing the equivalent
SNP in the mouse Oprm1 gene (A112G). These mice reproduce
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many of the phenotypic hallmarks of humans with the A118G
SNP (Mague and Blendy, 2010). The present study used this
mouse model to determine the role of this polymorphism in both
positive and negative social interactions and to further examine
neural substrates underlying these behaviors.

Materials and Methods
Animals. The derivation of the OPRM1 A112G mouse was accomplished
using site-directed mutagenesis in a bacterial artificial chromosome con-
taining the C57BL/6 mouse Oprm1 gene. Adenine at position 112 was
replaced with a guanine, resulting in an asparagine to aspartic acid sub-
stitution (for detailed description of generation of Oprm1 tm1Jabl mice,
see Mague et al., 2009). This amino acid change eliminated an N-linked
glycosylation site (Huang et al., 2012), similar to the effect of the A118G
SNP found in humans. Mice were generated using C57BL/6 ES cells
(Millipore Bioscience Research Reagents) and maintained on this strain
background through heterozygous matings. All experiments used adult
male and female mice (�20 weeks old; 20 –35 g; of either the A/A or G/G
genotypes) maintained on a 12 h light/dark cycle with food and water
available ad libitum in accordance with the University of Pennsylvania
Animal Care and Use Committee. Animals were housed with siblings of
mixed genotypes (A/A, A/G, G/G) in groups of 3–5 mice. All experimen-
tal testing sessions were conducted during the light phase of the light/
dark cycle, between 9:00 A.M. and 5:00 P.M.

Three-chamber sociability test. The tendency to seek social interaction
or sociability was measured as previously described by Brodkin et al.
(2004). Briefly, male and female adult mice were placed in a three-
compartment box with two perforated Plexiglas cylinders (diameter, 3
inches; height, 4.9 inches; hole diameter, 0.5 inch) with removable, black
Plexiglas lids, one in each of the side chambers. Animals were allowed to
explore the three compartments and the two empty cylinders for 10 min
(Phase 1). Then a 3– 4-week-old DBA/2J stimulus mouse of the same sex
was placed in one of the cylinders and an object was placed in the other
cylinder. Animals were allowed to have a 10 min visual, auditory, and
olfactory interaction (Phase 2). All behavioral testing was videotaped
with a Sony Digital Video Camera with NightShot feature for recording
in low light. The time spent sniffing the stimulus mouse in the cylinder
was measured, as it has been previously shown to be a direct and sensitive
measure of sociability (Moy et al., 2007). All testing was conducted in
dim light conditions (1–2 lux). In the naloxone experiment, mice were
injected with either naloxone hydrochloride (0.1 mg/kg, s.c.; Sigma-
Aldrich) or saline 10 min before Phase 1 of the social-approach test.

Olfactory acuity test. Three days before the test, mice of both genotypes
were exposed to peanut butter chips in their home cage to acclimatize
them to the novel food. Mice were food deprived overnight before the
test. On test day, mice were individually transferred to a clean holding
cage for 5 min, before the food stimulus was placed in the cage. The food
stimulus (a peanut butter chip) was buried in one corner of the cage and
the mouse was placed at the opposite end. Latency to begin consuming
the peanut butter chip was measured by an observer blind to genotype.

Surgical procedures. Animals were anesthetized with 1–3% isoflurane
in oxygen and positioned in a stereotaxic frame (Kopf Instruments).
Stainless steel bipolar stimulating electrodes (6 mm in length) were low-
ered into the medial forebrain bundle at the level of the lateral hypothal-
amus [MFB; coordinates anteroposterior: �1.9 mm from bregma;
mediolateral: � 0.8 mm; dorsoventral: �4.8 mm from skull surface;
flat-skull position, according to Paxinos and Franklin (2004)]. Electrodes
were secured with one skull screw and dental acrylic. Following implan-
tation, animals were group housed (four animals per cage) and allowed
to recover for 1 week before intracranial self-stimulation (ICSS) training.
Any mice that lost or dislodged their cap/electrode assemblies were dis-
carded from the study (N � 2). The ICSS experimental apparatus con-
sisted of six Plexiglas operant chambers (15.9 � 14.0 � 12.7 cm; Med
Associates), encased individually in a sound-attenuating box (55.9 �
38.1 � 35.6 cm). Each chamber had a metal wheel manipulandum
(width, 3.8 cm; response registered for every 90° of rotation) extending
1.5 cm out of one of the walls. Animals were connected to the stimulation
circuit by flexible bipolar leads (Plastics One) and gold-contact swivel

commutators. Brain stimulation was delivered by constant current stim-
ulators (Stimteck 1200, San Diego Instruments). The stimulation param-
eters, data collection, and all programming functions were controlled by
a microcomputer.

ICSS. For the ICSS procedure, male mice were trained in operant
chambers (Med Associates) using a modified discrete-trial current-
threshold procedure. Current-intensity thresholds were used as a mea-
sure of reward. Each testing session was �45 min in duration. Response
latencies were defined as the time that elapsed between the onset of the
noncontingent stimulus and a positive response. The response latency
for each test session was defined as the mean response latency of all trials.
Baseline activity of brain reward systems remain stable following re-
peated exposures to ICSS (Carlezon and Chartoff, 2007). Stable ICSS
reward thresholds were defined as �10% variation in thresholds over a
3 d period, which was established after 10 –14 d of training.

Social-defeat stress. To ensure stable ICSS baselines in a novel context,
before social defeat (SD), mice were submitted to 8 consecutive days of
sensory exposure with CD1 aggressor mice using a perforated Plexiglas
partition dividing the resident home cage in two halves, allowing visual
and olfactory contact between animals. Every day, the experimental mice
were exposed to sensory contact with a novel mouse. Following context
habituation, mice were submitted to SD stress for 4 consecutive days.
Every day, each experimental mouse was introduced into the home cage
of an unfamiliar resident for 4 min and was physically defeated. Resident
aggressor mice were CD1 breeders selected for their attack latencies that
were reliably shorter than 30 s upon three consecutive screening tests.
After 5 min of physical interaction, intruders were tested for their ICSS
thresholds and then housed in sensory contact with the aggressor
through a perforated Plexiglas partition. Intruder mice were exposed to a
new resident aggressor mouse each day. The nondefeated control ani-
mals were individually housed without any contact with aggressor mice.
The interaction test was performed as previously described (Berton et al.,
2007). Briefly, both naive male control mice and male mice exposed to
the 4 d defeat procedure were allowed to habituate to and explore the
testing arena; a white plastic open field (42 � 42 cm), which contained an
empty removable wire mesh Plexiglas box (10 � 6.5 cm) located at one
end of the field (“no-target” condition). After 2.5 min, the experimental
mouse was removed from the arena and placed back into its home cage
for �1 min, while a CD1 male aggressor was placed inside the Plexiglas
box. The experimental mouse was moved back in the arena and its tra-
jectories were recorded for 2.5 min (“target” condition). A videotracking
system was used to record and analyze the time spent in the “interaction
zone” (8 cm perimeter surrounding the Plexiglas cage) during the “no
target” and “target” conditions. In addition, time spent in the corners
opposite to the location of the box and total locomotion were also re-
corded. The interaction score was calculated as 100 � interaction time,
target present)/(interaction time, target absent).

Tube test. To determine the social dominance of A/A and G/G mice, we
used the social-dominance tube test (Messeri et al., 1975). A clear Plexi-
glas tube (diameter, 2 inches; length, 12 inches) was placed in an empty
standard cage. For 2 consecutive days, each mouse was trained four times
per day to move quickly and directly through the clear tube. A mouse was
placed at one end and guided into the tube. If the mouse stopped in the
tube and stayed in one position past 2 min, the mouse was pushed out of
the tube by a small probe. The cage and tube were cleaned after each trial.
After the 2 d training period, social dominance was evaluated over the
following 3 d. All mice within the same homecage were tested pairwise
using a round robin design. Two mice were guided into opposing ends of
the tube. The mouse that forced its opponent out backwards from the
tube was proclaimed the winner of that specific trial. If the two mice
remained in the tube past 2 min, the mice were removed from the tube
and the trial was conducted again. The cage and tube were cleaned after
each trial. The percentage trials won by each mouse was calculated as a
measure of social dominance.

Resident-intruder test. Naive male A/A and G/G mice were introduced
into the home cage of an unfamiliar resident aggressor for 4 min and were
physically defeated as described above. This session was videotaped and
the number of times the resident attacked the experimental mouse as well
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as the number of times the experimental
mouse approached the aggressor was tallied.

Tissue collection. Thirty minutes following
an acute SD experience, naive mice were deeply
anesthetized with sodium pentobarbital (10
mg/kg) and transcardially perfused with 30 ml
of PBS followed by 40 ml of 4% paraformalde-
hyde in PBS. The brains were removed and
placed in the same fixative overnight at 4°C.
The brains were then placed in a solution of
30% sucrose in PBS containing 0.1% sodium
azide at 4°C for �48 h. Forty micron sections
from regions of interest were placed in PBS
with 0.1% sodium azide and stored at 4°C until
further processing.

Immunohistochemistry. Before immunohis-
tochemical labeling, sections were incubated
for 20 min in 0.75% H2O2 in PBS followed by
several rinses in PBS. Sections were then rinsed
several times with PBS containing 0.3% Triton
X-100 (PBST), 0.04% bovine serum albumin
(BSA) before incubation in rabbit anti-Fos
(Abcam). Sections were incubated for 3 d at
4°C in Fos primary antisera (1:1000) diluted in
PBST plus BSA containing 0.1% sodium azide
(PBST�BSA). Sections were rinsed several
times in PBST�BSA before 90 min incubation in secondary antisera
(1:200, biotinylated donkey anti-rabbit; Jackson ImmunoResearch). Fol-
lowing additional rinses, sections were incubated in avidin-biotin com-
plex (ABC elite kit, Vector Laboratories) for 90 min. Following PBS
rinses, sections were incubated for 5 min in 0.04% 3,3�-
diaminobenzidine-4HCl (Sigma-Aldrich) containing 0.01% H2O2 and
0.06% nickel sulfate in Tris buffer for a black reaction product that was
terminated by rinses in PBS. Immunoreactivity was visualized using a
Nikon Eclipse E600 microscope and images were captured with a QIm-
aging Retiga 1300 using Image-Pro Plus software (MediaCybernetics).
Fos-immunolabeled cells from each brain region were quantified using
ImageJ software. Counts were taken bilaterally from two sections per
mouse and averaged (averaging a total of four counts). The person quan-
tifying was blind to group assignments. Anatomical regions were identi-
fied according to the stereotaxic atlas of Franklin and Paxinos (2007).

Data analysis. All analyses were performed using GraphPad Prism 5.0
software package (GraphPad Software). ICSS and behavioral data were
analyzed using one-way ANOVA with Newman–Keuls post hoc or two-
way ANOVA with Bonferroni’s post hoc as appropriate. For all ICSS data,
threshold and response latency was expressed as percentage of baseline
values obtained during the last four daily sessions before the first sensory
social exposure. The number of c-Fos-labeled cells in each brain region
was determined for each animal. Group differences in c-Fos immunore-
activity were assessed using two-way ANOVAs with condition (defeat
stress vs control) and genotype as the independent variables and number
of cells as the dependent variable. Bonferroni’s post hoc comparisons
were conducted when main effects or interactions were present. Statisti-
cal significance for all tests was set at � � 0.05.

Results
G/G mice exhibited increased social affiliation
To evaluate motivation for positive social interactions, the ten-
dency to seek social interaction with a nonaggressive juvenile
social target was measured using a three-chamber social-
approach test in naive mice. No differences were seen between the
social-affiliation behavior in males versus females, so the sexes
were combined for the analyses (N � 10 –12 per sex; total of
20 –22 per genotype). Both male and female G/G mice exhibited
an increase in social affiliation as evidenced by an increase in time
spent sniffing the social cylinder compared with the A/A mice
(Fig. 1a; effect of cylinder, F(1,38) � 74.00, p 	 0.0001; effect of
genotype, F(1,38) � 14.00, p � 0.0007; interaction, F(1,38) � 7.30,

p � 0.01; Bonferroni’s post hoc test, social cylinder A/A vs G/G,
p 	 0.0001). No differences were seen in the time spent sniffing
empty cylinders (Fig. 1b). Additionally, to confirm that these
differences in social affiliation are not due to differences in olfac-
tory acuity, we measured the amount of time it took mice to reach
an appetitive olfactory stimulus and found no differences be-
tween A/A and G/G mice (latency: A/A, 16.8 � 2.97, n � 8; G/G,
14.9 � 2.44, n � 9).

G/G mice exhibit blunted social avoidance following
SD stress
To evaluate the impact of a negative social experience, we exam-
ined social interactions in naive mice following a 4 d SD para-
digm. Pilot data revealed a sensitized response to defeat.
Therefore we used a shorter SD exposure (only 4 d) to avoid a
floor effect. SD induced a decrease in the time spent in the inter-
action zone regardless of genotype (main effect of stress, F(1,40) �
12.0, p � 0.001). This effect was driven primarily by the A/A mice,
as there was no difference seen in the time spent in the interaction
zone between control and defeated G/G mice (Fig. 2a; Bonferro-
ni’s post hoc, Control vs SD A/A: p � 0.001; G/G: p � 0.40).
Additionally, defeated A/A mice spent more time in the corners
during the interaction test, whereas defeated G/G mice did not
(Fig. 2b; effect of stress, F(1,40) � 7.0, p � 0.008; interaction, F(1,40) �
5.0, p � 0.03; Bonferroni’s post hoc, Control vs SD A/A: p � 0.002;
G/G: p 
 0.99). Genotype had no influence on behavior when no
target was present during the interaction test.

G/G mice exhibit blunted anhedonia following SD stress
Naive A/A and G/G male mice were implanted with electrodes
and trained to acquire an operant response to deliver stimulation
to the MFB. No differences were seen between genotypes during
the ICSS training phase. Upon stabilization ICSS current thresh-
olds were recorded in A/A (n � 9) and G/G (n � 8) mice during
baseline (4 d before any social or environmental changes), as well
as during sensory exposure to CD1 aggressor (8 d) and SD (4 d;
Fig. 3a). No differences were seen between A/A and G/G in base-
line ICSS thresholds (A/A � 120 � 12; G/G � 130 � 12). Analysis
of the thresholds during the sensory exposure and SD phase re-
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Figure 1. G/G mice exhibit increased social interaction compared with A/A mice. a, While both A/A and G/G mice spend more
time sniffing the social cylinder than the object cylinder, G/G mice exhibit higher level of sociability as evidenced by increased time
sniffing the social cylinder compared with the A/A mice. b, No differences were seen between the two cylinders when they were
empty. ***p 	 0.0001 pairwise comparison A/A versus G/G social cylinder sniff time.
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vealed that defeat led to an increase in reward thresholds in the
A/A mice. No change in reward threshold was evident in G/G
mice (Fig. 3b; effect of day, F(11,165) � 2.0, p � 0.036; interaction
between day and genotype, F(11,165) � 3.6, p � 0.0001; Bonferro-
ni’s post hoc test, A/A SD day 4 vs All sensory exposure days, A/A
vs G/G, SD day 2– 4, p 	 0.05). We ran a regression model with
ICSS threshold as the outcome variable and genotype, social
avoidance, and a genotype � social-avoidance interaction as pre-
dictors. The interaction was significant (b � �0.77, t � 2.94, p �
0.01), suggesting that genotype moderates the relationship be-
tween social avoidance and ICSS threshold. Specifically, the

correlation between social-avoidance be-
havior and ICSS threshold was found to
be significant for G/G mice (r 2 � 0.72,
p � 0.008), but not for A/A mice (r 2 �
0.075, p � 0.48).

Compared with A/A mice, G/G mice
exhibit increased social dominance and
decreased retreat when exposed to a
resident aggressor
Within their homecage group, G/G mice
exhibit greater social dominance as evi-
denced by an increase in the percentage of
tube-test trials won against cage mates
(Fig. 4a; t(13) � 3.1, p � 0.008). Addition-
ally, when naive G/G mice were exposed
to resident aggressors, they elicited more at-
tack behavior from resident aggressors and
exhibited higher levels of approach behavior
compared with A/A mice, indicating de-
creased submissive behavior (Fig. 4b,c; b,
t(18) � 2.1; p � 0.047; c, t(18) � 2.4; p �
0.029).

G/G mice exhibit decreased c-Fos
immunoreactivity following acute SD
While both G/G and A/A mice exhibit sig-
nificant increases in c-Fos protein follow-
ing SD stress, the G/G mice exhibit an
exaggerated response within the core of
the nucleus accumbens (NAc core; Fig. 5b;
effect of stress, F(1,18) � 120, p 	 0.0001;
interaction, F(1,18) � 17.69, p � 0.0005;
post hoc stress G/G vs A/A p 	 0.0001),
lateral septum (Fig. 5d; stress, F(1,18) �
210, p 	 0.0001; interaction, F(1,18) � 66,
p 	 0.0001; post hoc stress G/G vs A/A p 	
0.0001), basolateral amygdala (BLA; Fig.
5e; stress, F(1,18) � 57, p 	 0.0001; inter-
action, F(1,18) � 18, p � 0.0007; post hoc
stress G/G vs A/A p 	 0.0001), paraven-
tricular nucleus of hypothalamus [PVN,
Fig. 5f; stress, F(1,18) � 61, p 	 0.0001;
interaction, F(1,18) � 7.8, p � 0.013, post
hoc stress G/G vs A/A p � 0.002), and the
periaqueductal gray (PAG, Fig. 5g; stress,
F(1,18) � 67, p 	 0.0001; interaction,
F(1,18) � 5.5, p 	 0.03; post hoc stress G/G
vs A/A, p � 0.007). SD stress also led to an
increase in c-Fos response within the an-

terior cingulate and NAc shell, but no differences were seen be-
tween the genotypes (Fig. 5a,c).

Increased social affiliation in G/G mice is blocked by
naloxone treatment
We have shown that G/G mice exhibit conditioned aversion to
naloxone, in the absence of morphine treatment (Mague et al.,
2009), suggesting a greater level of endogenous opioids. As social
behaviors can be modulated by endogenous opioids (Chaijale et
al., 2013), we hypothesized that differences in social behavior in
G/G mice might be due to an increase in endogenous opioid
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Figure 2. G/G mice exhibit decreased SD behavior compared with A/A mice. a, While socially defeated A/A mice exhibit
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function. We tested this hypothesis in the social-affiliation para-
digm only as administration of an opioid antagonist would alter
the pain associated with the physical defeat portion of the SD
paradigm. In a new cohort of mice, we confirmed the increase in

social affiliation in G/G mice as evidenced by an increase in time
spent sniffing the social cylinder compared with the A/A mice
injected with saline (n � 9 –10 per group; Fig. 6; group, F(3,34) �
2.3, p � 0.10; cylinder, F(3,34) � 97, p 	 0.00001; interaction,
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Figure 5. G/G mice exhibit increased Fos protein expression in response to SD stress. a–g, Both A/A and G/G mice exhibit a significant increase in Fos protein following a single SD stress in within
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F(3,34) � 3.0, p � 0.044; post hoc G/G-saline vs A/A-saline, p �
0.002). However, this increase was blocked by administration of
the opioid antagonist naloxone (0.1 mg/kg, s.c.; Fig. 5; post hoc
G/G-saline vs G/G-naloxone, p � 0.017). Naloxone had no effect
in A/A mice in either time spent sniffing the object cylinder or
time spent sniffing empty cylinders (Fig. 5b).

Discussion
Here we present evidence that the Oprm1 A112G SNP is associ-
ated with increased social interaction and decreased sensitivity to
SD. The resilience to SD is accompanied by a lack of anhedonic
response following defeat experience as well as an increase in
neural activity in response to exposure to an aggressor. We sug-
gest that these phenotypes may be mediated by an increase in
endogenous opioid release in response to social interaction, as
evidenced by the ability of naloxone to block the increase in social
affiliation in G/G mice.

The Oprm1 G allele promotes increased sociability in
adult mice
Forming positive social attachments with others is a critical as-
pect of emotional well-being, and impairments in the formation
of these attachments may contribute to multiple psychiatric dis-
orders. In mice with the equivalent A118G SNP, the G allele is
associated with increased social interaction. This is consistent
with work examining this SNP in human and primate popula-
tions. Infant primate G-allele carriers exhibit higher levels of ma-
ternal attachment than their A-allele counterparts (Barr et al.,
2008). Furthermore, human G-allele carriers exhibit an increased
tendency to become engaged in affectionate relationships and
experience more pleasure in social situations (Troisi et al.,
2011). On a broader scale, communities with higher propor-
tions of G-allele carriers exhibit higher levels of “collectivism”
rather than “individualism,” suggesting that these communi-
ties may be drawn to close social attachment (Way and Lieber-
man, 2010).

Our data suggest that these behavioral differences between
genotypes are due to an increase in endogenous opioids. This is
supported by previous work demonstrating that G/G mice ex-
hibit conditioned place aversion when given naloxone in the ab-
sence of any opioid treatment (Mague et al., 2009). An increase in

endogenous opioids in G-allele carriers could be leading to a net
increase in receptor activation despite the decreased number of
available receptors in these mice (Mague et al., 2009; Wang et al.,
2012). This is consistent with recent work using a mouse with
humanized A118G SNP demonstrating that increased alcohol
reward in G/G mice is blocked by opioid antagonist administra-
tion (Bilbao et al., 2014). Activation of MOPRs in the NAc leads
to increased social play (Trezza et al., 2011). In MOPR knock-out
mice, a loss of receptor activation leads to decreased attachment
behavior (Moles et al., 2004). Thus our data support a role for
increased activation of the opioid system in social interaction.
The majority of work examining opioids and social behavior has
focused on their role in negative affective states or “social pain,”
but these data suggest that the �-opioid system can play a role in
positive social interactions as well.

The Oprm1 G allele promotes resilience to SD in adult
male mice
Individuals subjected to stress exhibit a wide range of responses
with some able to overcome trauma while others develop disorders,
such as depression or post-traumatic stress disorder (PTSD). The
ability to avoid these negative outcomes and express resilience in
the face of chronic stress depends on behavioral and molecular
adaptations in response to stress. The current study demonstrates
that the presence of the Oprm1 G allele is associated with de-
creased social avoidance following SD stress. In light of the nal-
oxone findings discussed above, it might be tempting to ascribe
these findings to an increase in baseline pain thresholds. How-
ever, previous work in these mice has determined that there is
no difference in hindpaw lick latency in a hot plate assay,
suggesting that there is not a baseline difference in pain
thresholds (Mague et al., 2009).

Therefore, to investigate whether this decreased social avoid-
ance might be related to altered sensitivity to reward, we used the
ICSS procedure and found that A/A and G/G mice do not differ in
their baseline reward thresholds. Recent work by Bilbao et al.
(2014) using a mouse with a humanized A118G SNP, also reports
differences in baseline reward thresholds. The current study
found that A/A mice exhibited significant anhedonia following
SD, which is consistent with a recent study showing that chronic
SD elevates ICSS thresholds, an effect characteristic of anhedonia
(Donahue et al., 2014). In contrast, G/G mice did not exhibit
anhedonia following SD, suggesting that their behavioral resil-
ience is related to adaptations in the reward system. Of interest, the
more social interaction the G/G mice sought out following SD, the
lower their ICSS reward threshold (Fig. 3c), suggesting that G/G
mice may have found the defeat experience less aversive. In fur-
ther support of this, we demonstrate that G/G mice exhibit more
approach behavior during CD1 aggressor exposure (Fig. 4a).
These findings are consistent with work in humans demonstrat-
ing that G-allele carriers exhibit a lower cortisol response to an
acute social stress (Chong et al., 2006). Additionally, G-allele car-
riers exhibit improved parent– child relations in the context of
parental dysfunction (Copeland et al., 2011). Consistent with
this, G-allele carriers exhibit lower levels of fearful attachment in
low maternal care environments (Troisi et al., 2012). Addition-
ally, among individuals with PTSD, G carriers exhibit lower
symptom severity (Nugent et al., 2012). Furthermore, work in
monkeys with the ortholog SNP C77G shows a correlation be-
tween higher levels of aggression and lower levels of cortisol in G
carriers (Miller et al., 2004). This supports the idea that increased
social dominance in G/G mice in the current study could underlie
their resilience to SD.
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Resilience in Oprm1 G/G mice is accompanied by increased
brain activation in stress and reward circuitry
We demonstrate that an SD experience increases c-Fos expres-
sion within known stress and reward circuitry regardless of geno-
type. However, G-allele carriers show significantly greater c-Fos
activation in some, but not all, regions within this circuitry. An
increase in neural activity is consistent with an increase in endog-
enous opioid expression, either at baseline or in response to spe-
cific stimuli in G/G mice.

Our findings are consistent with work demonstrating that an
increase in another Fos-family protein, �FosB, specifically within
the NAc core, is associated with resilience to SD stress (Vialou et
al., 2010). More recently, mice overexpressing �FosB were found
to be resilient to the anhedonia-inducing effects of SD using the
ICSS procedure (Donahue et al., 2014). Additionally, endoge-
nous opioid expression within the NAc is negatively correlated
with chronic stress-induced anhedonia (Poulin et al., 2014), sup-
porting the idea that increased activity within the accumbens
could underlie our behavioral phenotype. Although we did not
explicitly examine the dopamine receptor profiles of the Fos-
activated cells, previous work has demonstrated that activation of
D1 medium spiny neurons in the NAc promotes resilience to SD,
so it is possible that the increased activation we see in this region
is primarily mediated by D1 direct pathway neurons (Francis et
al., 2015).

SD stress is also known to engage the PAG (Kollack-Walker et
al., 1997; Kroes et al., 2007). Specifically, repeated defeat activates
and desensitizes a population of GABA neurons in the ventrolat-
eral PAG that mediate social avoidance (Berton et al., 2007; Chal-
lis et al., 2013). We observe increased c-Fos expression in resilient
G/G mice within this brain region. These results are similar to
work demonstrating that rats bred for low trait anxiety exhibit
higher inductions of c-Fos expression following a single SD com-
pared with their high trait anxiety counterparts (Frank et al.,
2006). As MOPR agonist administration into the PAG leads to an
increase in submissive responses to SD (Vivian and Miczek,
1998), it is unlikely that an increase in endogenous opioids in this
area would be causing the behavioral phenotypes seen in the
present study. It is more likely that the decreased MOPR activity,
resulting from decreased receptor expression in these mice
(Mague et al., 2009), is playing a role in the increased resilience
seen in the G/G mice. Although MOPRs are often localized on
GABAergic interneurons in the PAG, there is also evidence that
these receptors can directly inhibit PAG output neurons (Com-
mons et al., 2000). Therefore, it is also possible that the increased
activation of cFos seen in G/G mice in the PAG is a result of
decreased MOPR-mediated inhibition of output neurons follow-
ing SD stress.

Animals with low trait anxiety also exhibit higher levels of
defeat-induced c-Fos expression within the PVN (Frank et al.,
2006). This is consistent with our finding that resilient G/G mice
exhibit higher Fos expression within the PVN compared with
the vulnerable A/A mice. Furthermore, projections from the
PAG to the PVN are thought to mediate the behavioral re-
sponses to SD (Floyd et al., 1996), suggesting that alterations
in MOPR expression within the PAG could affect activation of
the PVN.

The increased activation in the lateral septum in G/G mice
following SD may also play a role in their resilient phenotype.
Activation of the lateral septum by SD leads to an increase in
oxytocin release, and this increase is higher in dominant com-
pared with submissive animals (Timmer et al., 2011). Consistent
with this, G/G mice exhibit greater social dominance compared

with A/A mice (Fig. 4), along with decreased submissive behavior
seen in response to the aggressor in the G/G mice (Fig. 5a). Dom-
inant rodents within a hierarchy do not express SD behavior and
exhibit increased social interaction (Morrison et al., 2011, 2012).
G/G mice show social dominance, resilience to SD, and increased
social interaction. The largest differential activation of c-Fos be-
tween A/A and G/G mice is seen in the lateral septum. Thus, this
regions may be an important neural substrate to investigate for
additional molecular mechanisms that mediate the behavioral
consequences of the Oprm1 A118G SNP.

Social rejection is a form of social stress. Human studies show
that social rejection significantly activates the MOPR system in a
number of important brain regions associated with reward (ven-
tral striatum), fear (amygdala), and pain (PAG; Hsu et al., 2013).
Additional work in animals also supports the idea that social
conflict activates the opioid system (Teskey et al., 1984). In the
current study, we demonstrate that G/G mice exhibit increased
c-Fos expression in response to aggressor exposure within the
ventral striatum (NAc core), amygadala (BLA), and the PAG. As
opioid receptors are typically located on GABA terminals, greater
inhibition of GABA neurons by MOPRs coupled to Gi signaling
cascades would effectively activate any postsynaptic neurons.

It should be noted that some work in human populations
has shown that G carriers exhibit an increased sensitivity to
social rejection (Way et al., 2009; Slavich et al., 2010). How-
ever, in humans, this response to social rejection is associated
with increases in activity within the anterior cingulate (Hsu et
al., 2013) and we did not find differences in defeat-induced
c-Fos expression within this region, suggesting that social re-
jection stress may engage different brain circuits compared
with SD stress.

Conclusion
A critical mass of studies links the OPRM1 A118G SNP with
alterations in social behavior. However, these data are somewhat
contradictory. Thus, modeling this SNP in mice is important to
help clarify inconsistencies associated with human data, and to pro-
vide information on the specificity of the SNP in well controlled
behavioral phenotypes. The results from A112G mice suggest that
G-allele carriers exhibit increased sociability, dominance, and de-
creased vulnerability to social stress, and this may be mediated by
an increase in endogenous opioid tone. Future studies using this
mouse model could serve as a valuable tool in determining more
precise molecular mechanisms of social affiliation and social
stress resilience and potentially provide novel avenues of explo-
ration for therapeutic targets.
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