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Moderate Stress-Induced Social Bonding and Oxytocin
Signaling are Disrupted by Predator Odor in Male Rats
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In times of stress, social support can serve as a potent buffering mechanism that enhances resilience. In humans, stress can promote
protective affiliative interactions and prosocial behavior. Yet, stress also precipitates psychopathologies characterized by social withdrawal
such as post-traumatic stress disorder (PTSD) and depression. The factors that drive adaptive vs maladaptive social responses to stress are
not yet clear. Rodent studies have focused on pair-bonded, opposite-sex mates and suggest that a variety of stressors can induce social
support-like behaviors. However, between same-sex conspecifics—particularly males—stress effects on social bonding are less understood
and often associated with aggression and social unrest. We thus sought to investigate if a moderate stressor—3 h of acute immobilization—
impacts social-support behaviors differently when experienced in a neutral vs more innately threatening context (ie, paired with predator
odor). We found that moderate stress increased social support-seeking behavior in rat cagemates and facilitated long-term sharing of a
limited water resource, decreased aggression, and strongly defined dominance ranks (an indicator of home cage stability). In contrast,
experiencing the same stressor in the presence of predator odor eliminated the positive behavioral effects of moderate stress. Importantly,
hypothalamic oxytocin (OT) signaling increased coincident with stress in a neutral—but not a predator odor—context. Our results define a
novel rodent model of divergent stress effects on social affiliation and OT signaling dependent on odor context with particularly strong
relevance to stress-related disorders such as PTSD, which are characterized by a disrupted ability to seek and maintain social bonds.

INTRODUCTION

Social support can serve as a powerful protective mechanism
that promotes stress resilience and positively influences
health and life expectancy (House et al, 1988; Taylor, 2011).
In humans and other highly social species, the presence of a
conspecific can dampen the stress response, a phenomenon
termed social buffering (Kikusui et al, 2006). However, stress
is also often associated with asocial patterns of behavior
(Sandi and Haller, 2015) and increasing vulnerability to
psychopathologies such as post-traumatic stress disorder
(PTSD) (American Psychiatric Association, 2013a) and
depression (American Psychiatric Association, 2013b) which
are characterized by refusal of social support and social
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withdrawal. Thus, whether a stressor will promote adaptive
affiliative behaviors or increased anti-social tendencies
remains difficult to predict.

Rodent models have provided often-conflicting views on how
stress affects social behavior. In monogamous rodents such as
prairie voles (Microtus ochrogaster), a variety of stressors drive
increased affiliative behaviors with a pair-bonded opposite-sex
mate, resulting in dampened stress responses (reviewed in
Beery and Kaufer, 2015). Yet in non-pair-bonded or non-
monogamous social relationships, stress is often construed as
an initiator of social unrest or aggression, such as in resident-
intruder (Koolhaas et al, 2013) or social defeat paradigms
(Blanchard et al, 2001). The link between stress and aggression
is particularly prominent among male rodents.

Among humans, while men have been shown to exhibit
a tend-and-befriend (Taylor et al, 2000) response to stress
with opposite-sex romantic partners (Ditzen et al, 2008;
Kirschbaum et al, 1995), their stress response among other
(non-romantic partner) males has historically been charac-
terized as more aggressive or flight-or-flight. However,
recent studies in humans suggest that stress can increase
beneficial affiliative interactions between men outside of
monogamous relationship pairs (Dawans et al, 2012;
Takahashi et al, 2007; Zucker et al, 1968). Understanding
how stress affects the seeking and use of social support
outside of the narrow scope of monogamous, opposite-sex
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pairs has great importance to treating stress-associated
diseases, which typically occur in much more varied and
heterogeneous social contexts.

Rodent models have been used extensively to study stress
and its neurobiological underpinnings, often with great
relevance to human psychopathology. However, to our
knowledge, no rodent model examining how stressor context
(a moderate vs a more innately threatening stressor)
differentially impacts social support behaviors or social
dynamics among males exists. We therefore sought to
determine whether male rodents of a non-monogamous
but social species, rats, show a divergent response in their
social affiliative behavior and long-term social bonds after
exposure to moderate stress in a neutral odor vs predator
odor context. Our results define a novel rodent model of
divergent stress effects on social function and oxytocin (OT)
signaling with strong relevance to stress-related psychiatric
disorders like PTSD, which is characterized by a disrupted
ability to seek and maintain social bonds.

MATERIALS AND METHODS

For additional details, please see Supplementary Materials
and Methods.

Experimental Subjects

Adult 3-month-old male Sprague Dawley rats were pair-
housed upon arrival at our facility and maintained on a
12:12-h light-dark cycle (lights on at 0700 hours) with ad
libitum access to food and water unless otherwise noted. All
animal care and procedures were approved by the University
of California-Berkeley Animal Care and Use Committee.

Acute Immobilization Stress

Rats were restrained in Decapicone bags (Braintree Scien-
tific, Braintree, MA) and cagemates were placed together
in a cage inside a fume hood (0900-1200 hours). For the
immobilization+fox urine and immobilization+peppermint
groups, a cotton ball infused with 1 ml of fox urine or
peppermint extract was placed in the cage. Fox urine was
used in a separate hood in a separate room from peppermint.
After immobilization, cagemates were both returned to their
home cage at the same time.

Dark Cycle Home Cage Observations

Huddling, fighting/allogrooming, solitary resting/self-
grooming, home cage exploration, and eating/drinking were
recorded with a video camera under red light at 1930, 2300
and 0600 hours. Behavior was quantified with a frequency
approach similar to that used for maternal care observations
of post-parturitent dams (Champagne et al, 2003). Examples
of some of these behaviors are in Supplementary Movie S1.

Water Access Task

Water bottles were removed at the start of the dark cycle
(1900 hours). At the onset of the light cycle rats were marked
with washable, nontoxic marker and water was returned. Up
to 2min of water access behavior was recorded by video
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camera and scored by a blind observer. Examples of water
access behavior are in Supplementary Movies S2 and S3.

Tube Dominance Test

The tube test consists of placing two animals at opposite ends
of a narrow, plexiglass tube, and allowing the dominant
animal to drive its opponent backwards and out of the tube
(Supplementary Movie S4). Tube dominance testing was
adapted for rats from the original mouse protocol (Lindzey
et al, 1961).

Elevated Plus Maze

Rats were allowed to explore an elevated plus maze (EPM)
for 5 min. Videos were scored by a blind observer for entries
into closed and open arms and time in open and closed arms.

Serum Corticosterone Sampling

Rats were lightly anesthetized with isoflurane and rapidly
decapitated immediately after the end of immobilization.
Trunk blood was collected and centrifuged at 2000 g for
15min. Serum was extracted and stored at —80°C until
assayed using a Corticosterone EIA kit (Enzo Life Sciences,
Farmingdale, NY).

Real-Time Quantitative PCR (qPCR)

After rapid decapitation (immediately following immobiliza-
tion) brains were collected and frozen at — 80 °C. Hypotha-
lami were dissected from fresh frozen tissue and quantitative
PCR (qPCR) was run on Trizol-extracted, DNase-treated
(DNA-free, Ambion, Carlsbad, CA) RNA. Primers were
designed using NCBI Primer BLAST software. Two-step
qPCR was run following the manufacturer’s instructions for
iScript Reverse Transcription Supermix and Sso Advanced
Universal SYBR Green Supermix (BioRad, Hercules, CA) on
a BioRad CFX96 real-time PCR machine. Specificity
of primer pairs was confirmed using melt curve analysis.
Ct values were determined using PCR Miner (Zhao and
Fernald, 2005) and normalized to the ribosomal protein L16P
(RPLP) reference gene. Fold change in mRNA expression is
relative to control (non-stressed) rats. Primer sequences are
listed in Supplementary Table S1.

Oxytocin (OT) Protein Quantification

Protein was extracted from fresh frozen hypothalami
(collected immediately or 19h after immobilization) by
homogenizing in RIPA buffer plus protease (1:100;
Calbiochem, Billerica, MA) and phosphatase inhibitors
(1:10; Roche, Basel, Switzerland). Total protein concentrations
were determined using a BCA Kit (Pierce, Waltham, MA). OT
protein concentrations were quantified (in duplicate) using an
OT ELISA Kit (Enzo Life Sciences).

Statistical Analysis

Home cage behaviors and water access variables during
repeated deprivation were analyzed using repeated mea-
sures ANOVA with post hoc Sidak’s or Tukey’s multiple
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comparisons to compare treatment groups within behavior
or timepoint, as appropriate/noted. Two-way ANOVA was
used to analyze timed water access behaviors, EPM
behaviors, body weight, and cagemate difference in body
weight in single-tested rats. The fraction of pairs showing
water monopoly vs distribution was compared using a
x°-test. Tube dominance data was analyzed using survival
curve analysis (log-rank (Mantel-Cox) test) or by x> testing
of resolved vs unresolved pairs at the control median cutoff.
In both tube and water tests, when three groups were used,
an overall y*-test was followed by planned pairwise y’-tests.
Correlation was performed using Pearson correlation
coefficient. P<0.05 was considered significant in all
experiments.

RESULTS

Acute Moderate Stress Increased Huddling in the Home
Cage

To investigate affiliative social behavior after stress, we
assessed home cage social interactions between adult male
rat cagemates after they were both exposed to an acute,
moderate stressor—3h of immobilization. This model was
chosen as a moderate stressor because we previously showed
that this stressor stimulates hippocampal growth factor
expression, adult neural stem cell proliferation and enhanced
memory function (Kirby et al, 2013), all of which are
impaired by more prolonged stressors (Conrad et al, 1999;
McEwen, 2001; Smith et al, 1995). During the dark cycle after
stress (~6 h later; Figure 1a), acute immobilization increased
cagemate social behaviors, an effect primarily driven by
greater huddling (eg, resting or self-grooming while in
physical contact with cagemate) with no difference in active
social behavior (eg, fighting or allogrooming) (Figure 1b-d
and Supplementary Movie S1). Control pairs, in contrast,
displayed more resting or grooming alone early in the dark
cycle (Figure le and f) and more non-social exploration later
in the dark cycle (Figure 1g). The frequency of eating and
drinking did not differ between groups (Supplementary
Figure 1).

Acute Moderate Stress Increased Long-Term Resource
Sharing

In primates, enhanced social affiliation is often associated
with greater cooperation and resource sharing (De Waal,
1986), behaviors that can significantly impact individual
and group fitness (West et al, 2007). We therefore adapted a
resource competition task—the water access task—to assess
resource sharing between cagemates 2, 7 or 14 days after
immobilization (Figure 2a and Supplementary Movie S2).
Following a 12 h water deprivation, immobilized cagemates
spent more time sharing (simultaneously drinking from) a
waterspout (Figure 2b), had a decreased latency to the second
rat’s initial access to the waterspout (Figure 2¢), and showed
less time with no rat accessing the spout compared with
controls (Figure 2d and Supplementary Figure 2a). The
difference in water distribution between cagemates was
particularly marked when the number of pairs with one rat
monopolizing water access was quantified: a monopoly of
water access (defined as only one rat of the pair having sole
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access to the spout) was not observed in any of the
immobilized pairs (0/24, 0%), while 6/16 (38%) of control
pairs had a monopolizing rat (Figure 2e). No effect of
immobilization on body weight (Supplementary Figure 2b)
nor pair difference in body weight was found (Supplemen-
tary Figure 2c). Immobilization also did not significantly
alter anxiety-like behavior or activity in an EPM either 1
or 13 days after stress (Supplementary Figure 3a-c). These
findings highlight an overall more efficient strategy for
obtaining and sharing water in immobilized pairs of rats
compared with control pairs that arose within 2 days of acute
stress and lasted up to 2 weeks.

Acute Moderate Stress Reduced Aggression Between
Cagemates

We next sought to track dynamic changes in resource
sharing strategies within the same cage over time. One week
after pair housing, baseline resource sharing behavior was
determined using the water access task. The task was then
repeated in the same pairs of rats 2, 7 and 14 days after
immobilization (Figure 3a). Repeated water deprivation led
to increased equality and efficiency in gaining access to water
in both groups (Supplementary Figure 4a—e). Consistent with
the relatively docile nature of Sprague Dawley rats (Ulrich
and Azrin, 1962), aggressive/agonistic behaviors (ie, pushing
or shoving cagemate away from the waterspout) were rare
in the first water test. With repeated resource deprivation,
however, agonistic behaviors nearly tripled in control pairs
while remaining low in immobilized pairs (Figure 3b and
Supplementary Movie S3). Therefore, while the efficiency
in acquiring a limited resource increased regardless of
stress exposure, the manner in which cagemates negotiated
water access was qualitatively different in control vs
immobilized pairs.

Acute Moderate Stress Improved the Resolution of the
Home Cage Dominance Hierarchy

Aggression and agonistic behavior are common in social
species when dominance hierarchies are unsettled (van
Kreveld, 1970) and can lead to social disruption and
instability which are associated with chronic stress and
increased incidence of mental illness in humans (Taylor et al,
1997). To assess the saliency of the dominance hierarchy
within a cage (ie, sharp distinction in social rank positions
between cagemates), we determined the time to dominance
resolution over four trials in the tube dominance test 2 weeks
after immobilization (Supplementary Movie S4). We found
that across all four trials in the tube test, immobilized pairs
resolved the task faster than control pairs (Figure 3c and
Supplementary Movie S5), and within the first trial alone, all
immobilized pairs (6/6) had resolved dominance when only
half of the control pairs had (3/6) (Figure 3d). Body weight
and cagemate body weight difference did not differ between
groups (Supplementary Figure 4f and g). The shorter latency
to resolution is not likely due to general changes in activity
patterns or anxiety caused by immobilization, as EPM testing
revealed no significant difference in anxiety-like behavior
(Figure 3e and f) or in general activity levels (Figure 3g)
between groups. These findings imply strong and well-
defined social rank positions in rats exposed to an acute
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Figure | Acute moderate stress increased cagemate social interaction. (a) Timeline. (b) Acute immobilization (black bars) led to an increase in dark cycle
cagemate social behaviors (stress effect: F| 33=12.70, p=0.001 1), driven primarily by increased huddling (interaction stress x group: Fy33=7.219, p=0.0112)
compared with control (open bars). (c) Huddling decreased over time but was consistently more prevalent in immob cagemates (black circles) vs controls
(open circles) (time effect: F, 66 =13.30, p<0.0001; stress effect: F| 33=13.66, p=0.0008). (d) Fighting/allogrooming increased over time in both groups
similarly (time effect: F, 66 = 14.88, p <0.0001; stress effect: not significant, ns). (e) Non-social behaviors were significantly lower in immob pairs (stress effect:
Fi33=14.61, p=0.0006). (f) Early in the dark cycle, immob pairs showed significantly less solitary resting/grooming than controls (interaction stress x time:
Fre6=3.625 p=00321). (g) Immob pairs showed less non-social home cage exploration than controls, particularly later in the dark cycle (time effect:
Free=1526, p<0.0001; stress effect: F|33=13.38, p=0.0009; interaction: F¢,=3.115 p=0.0510). All data are mean+SEM relative to control
or 0.5 h control, as appropriate (n= 14 pairs control, n=21 pairs immob). Two-way RM ANOVA with post hoc Sidak's comparisons con v. immob:
*#p<0.05, **p <001, ***p<0.0001. ANOVA, analysis of variance; RM, repeated measures. A full color version of this figure is available at the
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moderate stressor 2 weeks earlier and are consistent with the
beneficial nature of dominance hierarchies for reducing
aggression (Berdoy et al, 1995) and increasing socio-
environmental stability (van Kreveld, 1970).

Predator Odor Stress Eliminates the Prosocial Effects of
Acute Moderate Stress

To determine whether experiencing the same physical
stressor but in a more threatening context would differen-
tially impact cagemate social behavior, we added a predator’s
odor (fox urine) to acute immobilization (Figure 4a). Expo-
sure to fox urine increases anxiety (Hebb et al, 2004)
and disrupts memory function (Morrow et al, 2000) in
rodents and therefore represents a likely model for a more

threatening stressor than acute immobilization alone. It is
also commonly used to model PTSD-like symptoms in
rodents (Janitzky et al, 2015) and may therefore represent a
good stimulus for rejection of social support.

Similar to immobilization-alone, acute immobilization
with a neutral odor (peppermint) increased affiliative social
huddling behaviors. Immobilization with fox odor, however,
partially negated the beneficial effects of acute moderate
stress, dampening huddling compared with rats exposed to
immobilization+peppermint (Figure 4b and ¢ and Supple-
mentary Figure 5a-d). The frequency of eating and drinking
did not differ between groups (Supplementary Figure 5e).

We next investigated the long-term consequences of
experiencing immobilization stress when combined with
fox odor exposure. Two weeks after stress, rats were tested in
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for all reported measures. ANOVA, analysis of variance. A full color version of this figure is available at the Neuropsychopharmacology journal online.

the water access task to assess resource sharing. Similar to
our previous results, immobilized pairs exposed to pepper-
mint odor had no rats (0/6, 0%) monopolizing the water-
spout. In contrast, 3/6 pairs (50%) previously exposed to
immobilization plus fox odor had a monopolizing rat,
similar to controls (4/6 pairs, 67%) (Figure 4d and
Supplementary Figure 6a-d). Importantly, waterspout shar-
ing was positively correlated with the amount of huddling
exhibited 2 weeks earlier (Figure 4e), suggesting a potentially
strong relationship between this affiliative behavior and
long-term sharing of resources.

In the tube test, peppermint-immobilized cagemates
readily resolved dominance (6/6 pairs resolved, 100%), while
pairs exposed to fox urine during immobilization showed
resolution dynamics similar to controls (3/6 pairs resolved,
50% for both groups) (Figure 4f and Supplementary
Figure 6e). Overall, these findings imply that the addition
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of fox urine to the stressor prevents the development of
affiliative social behavior between cagemates after stress and
negates the enhanced sharing of a limited resource and
resolution of the dominance hierarchy driven by moderate
acute immobilization.

Immobilization-Induced Increase in Hypothalamic
Oxytocin Signaling is Prevented by Predator Odor

We next asked what the neurobiological correlates of social
affiliation after stress might be. We found similar elevations
in serum corticosterone (CORT), the primary rat stress
hormone, after immobilization in both the neutral and
predator odor exposure conditions (326.0 and 383.0 ng/ml,
p=0.3614; Figure 5a and b) suggesting that CORT levels may
not drive the differential social responses to these two
stressors.
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Figure 3 Acute moderate stress reduced aggression and increased cagemate differences in social rank. (a) Timeline. (b) Acute immobilization (black circles)
reduced aggression/agonistic behaviors compared with controls (open circles) over repeated water deprivation (stress effect: | 5, =5.083, p =0.0344; time
effect: F346=3.996, p=0.0112). Data are mean &+ SEM Two-way RM ANOVA with post hoc Sidak's comparisons within day: #*#5<0.01). (c) The latency to
resolve each trial of the tube test was significantly reduced in immob vs con pairs (p =0.0021). Dashed line represents median time to task resolution in
control pairs. Log-rank (Mantel-Cox) test. (d) Pairs were categorized as having a median time to resolution (over the four trials) either above or below the
control median. All immobilized pairs had resolved dominance at cutoff (3> =4.000, df. = I, *p = 0.0455). Rats were tested on an EPM several hours after the
last (d 14) water access test. There was no significant effect of immobilization stress on time in open arms (e) and open arm entries (f). (g) Movement between
closed arms (entries) was also not significantly changed by immobilization stress. Data are mean +SEM Student's t-test. n=6 pairs or |2 rats/group, as
appropriate. EPM, elevated pulse maze. A full color version of this figure is available at the Neuropsychopharmacology journal online.

The neuropeptides OT and arginine vasopressin (AVP)
are both important mediators of social behaviors in rodents
and primates, including humans (Choleris et al, 2013). We
therefore measured expression of OT and AVP in the
hypothalamus, their primary area of expression in the brain.
Hypothalamic OT protein levels significantly increased in
peppermint-immobilized but not fox urine-immobilized rats
immediately after stress (1.875ng/mg immob+pepp rats
compared with 0.6538 ng/mg immob-+fox and 0.3905 ng/mg
control animals; stress effect: F,,3=3.892, p=0.0323),
interaction stress x group: F,,s=10.24, p=0.0005). By 19h
after the end of immobilization, OT levels had returned
to baseline (Figure 5c¢). In addition, OT receptor (OTR)
mRNA expression in hypothalamus significantly increased
in peppermint-immobilized animals compared with controls
(Figure 5d), while OT mRNA expression significantly
decreased in fox urine-immobilized rats (Figure 5e). There
was no change in AVP or vasopressin la receptor (V1aR)

expression across any of the groups (Figure 5f and g). All
together, these findings imply heightened OT signaling in
response to moderate stressor exposure which is diminished
by adding a threatening predator odor stimulus. These
opposing OT responses in the two different stressor
conditions therefore provide an interesting neurobiological
correlate of the social consequences of stress and further
emphasize the potentially divergent consequences of stress
for prosocial behavior and its neural mechanisms.

DISCUSSION

Our results define a novel rodent model of increased social
affiliation and OT signaling coupled with long-term
enhancement of putative prosocial behavior that can be
altered by the context in which the stressor is experienced.
We found that moderate acute immobilization increased
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shaded =monopoly. (e) Time spent sharing the waterspout (both rats drinking simultaneously) during the first 2 min of water access correlated signifcantly
with huddling frequency in the first half hour of the dark cycle after stress (r=0.53, *p =0.0226). Pearson correlation. (f) Significantly more immob+pepp palrs
had resolved dominance at the median control cutoff time than control or immob+fox pairs (x>=4.500, df.=2, p=0.1054, ns; post hoc planned X

comparisons: immob+pepp v. con/immob+fox: x> =4.500, df.= |, p=0.0339, *p<0.05). n=6 pairs/group for all reported measures. A full color version of
this figure is available at the Neuropsychopharmacology journal online.

social support-seeking behaviors, specifically huddling,  affiliative social contact in rats has been linked to several
between rat cagemates the night after stress. Huddling—also ~ health benefits, such as increased cancer resistance and
termed adjacent lying or passive social contact—is remark-  reduced early all-cause mortality (Yee et al, 2008). Similarly

ably similar to contact behavior shown by monogamous  in humans, affiliative physical contact and social support
voles with their pair-bonded mate and is a well-established =~ powerfully influence health and life expectancy (House
social bonding behavior (Carter et al, 1986). Rats also et al, 1988; Taylor, 2011). However, there are other potential
increase huddling behaviors after administration of the  explanations for huddling behavior aside from social
oxytocinergic stimulant (+)-3,4-methylenedioxymetham-  bonding. Notably, a few previous studies have shown a
phetamine (MDMA, ‘Ecstasy’)—which in humans increases connection between stress and increased fear-stimulated
feelings of closeness to others and a desire to interact socially ~ physical contact in rats (Bowen et al, 2013; Latané, 1969).
(Dumont and Verkes, 2006; Ramos et al, 2013). Such  However, these studies largely describe defensive aggregation
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Figure 5 Hypothalamic OT signaling is increased after moderate—but not predator odor—stress. (a) Timeline. (b) Serum CORT increased significantly in
both immob groups compared with controls (open bars F, 3=54.27, p<0.0001). Data are mean+SEM (n=4 immob+pepp, n=6 immob+fox, n=6
control). One-way ANOVA with post hoc Tukey's comparisons between groups: ****p <0.0001. (c) OT protein levels in the hypothalamus were significantly
greater in immob+pepp rats (black bars) compared with immob+fox (shaded bars) and control animals immediately after the end of stress (stress effect:
Fr28=13.892, p=0.0323, interaction stress x group: F,,5=10.24, p =0.0005). OT levels had retumed to baseline 19 h after the end of immobilization. Data
are mean + SEM (n=4 immob+pepp, n=6 immob-+fox, n=6 control). Two-way ANOVA with post hoc Tukey's comparisons within timepoint between
groups: **¥p <0.01, ***p<0.001. (d) OTR mRNA levels increased significantly in immob+pepp animals compared with controls after the end of stress
(F2.15=3.999, p=0.0406). () OT mRNA levels were significantly decreased in immob+fox animals compared with both immob+pepp and controls
(F2,15=16.853, p=0.0077). (f, g) There was no change in vasopressin (AVP) or vasopressin receptor la (V1aR) mRNA levels in any of the groups. Data are
mean + SEM relative to control (n =6 for all groups). ANOVA, analysis of variance; AVP, arginine vasopressin; CORT, corticosterone; OT, oxytocin; OTR, OT
receptor. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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to a present threat, a behavior that is qualitatively different
from the more passive huddling behavior we observed hours
after the end of stress. It is also possible that huddling
behavior reflects an attempt at thermoregulation or some
lingering defensive instincts after stress. Huddling engaged in
for seemingly non-social reasons could still stimulate social
bonding, however, and to better clarify the nature of cause
and effect between social bonding and huddling will require
further research.

We found that stressed cagemates exhibited greater long-
term cooperative behavior and reduced aggression, as well as
increased salience of the home cage dominance hierarchy.
Although the findings of increased putatively prosocial
behavior coupled with increased dominance salience
might seem counterintuitive, they are consistent with the
beneficial nature of settled dominance hierarchies in multiple
species. Well-defined dominance hierarchies are a sign
of social stability which reduces aggression and improves
social integration (van Kreveld, 1970). In primates, well-
settled dominance hierarchies are characterized by low
overt aggression, greater resource sharing and more contact
behavior (De Waal, 1986). Stress—resulting from inter-
group conflict, for example—has even been reported to serve
as an antecedent to greater resource sharing in primates
(Carpenter, 1942), including humans (Gavrilets and
Fortunato, 2014). In the present studies, we found early
benefits in prosocial behavior after stress (huddling the night
after stress) on a background of very low levels of aggressive
behavior in all groups, suggesting that enhanced prosocial
behavior may drive social behavior changes after stress.
However, we cannot infer whether an undetected stress-
induced decrease in aggression led to increased social
behavior and the cause and effect between aggression and
prosocial behavior remains an avenue for further investiga-
tion. In addition, use of a more aggressive species than the
docile Sprague Dawley used in the present studies might
reveal different behavioral consequences of stress.

Most previous rodent studies of stress effects on social
behavior have used pair-bonded, monogamous rodents to
demonstrate a phenomenon called stress buffering, where
pair-bonded opposite-sex mates reduce their response to
stress via prosocial, affiliative behaviors such as huddling
(Smith and Wang, 2014) (reviewed in (Beery and Kaufer,
2015)). Outside of monogamously bonded adult rodents,
developmental studies of human and nonhuman primates
have provided evidence for both impaired social functioning
and enhanced resilience after exposure to early life stress
(Dettmer and Suomi, 2014; Gunnar, 2000; Parker et al, 2006).
How the social behaviors of same-sex adults change after
stress is less well understood.

One prominent model of non-monogamous adult social
stress response, known as tend-and-befriend (Taylor et al,
2000), proposes that females seek social support and
strengthen social ties to recover from a stressor. This model
is intended to contrast with the inherently more aggressive
and anti-social (ie, fight-or-flight) response of males.
However, relatively few studies of the effects of different
stressors on social dynamics among adult male rodents exist
and of those that do, most center on short-term effects
following prolonged isolation and interactions with unfami-
liar conspecifics (Nosjean et al, 2014). Our results indicate
that familiar males can show increased huddling behavior
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with each other after stress, a potential sign of greater
affiliation and social bonding, accompanied by a long-term
reduction in aggression when competing for limited
resources. How the social strategy after stress might differ
if rats were unfamiliar with each other before stress or if only
one rat in a dyad were stressed remain questions for
future study.

Our findings suggest a different view of stress compared
with stress buffering models. Buffering models construe
stress as a negative experience to be ‘forgotten’ via use of
social support, a kind of sink for negative experiences or
emotions. Our data, in contrast, suggest that changes in
social behavior after a stressor could result in long-term
changes in the social environment. We propose that in the
case of a moderate stressor, stress may lead to behaviors
suggestive of stress bonding. Within the frame of this ‘stress
bonding’ model, our findings provide a possible explanation
for how a brief stressor might induce a long-term benefit to
cognitive health and increase stress resilience, ie, by changing
the day-to-day life of conspecifics.

We found that the social effects of moderate stress were
eliminated when the stressor was experienced in a more
innately threatening context (ie, in the presence of fox odor).
Fox odor is a natural predator odor that induces a strong
stress response in rodents and is frequently used as a model
of PTSD (Janitzky et al, 2015). Most notably, fox odor
exposure induces memory impairments weeks after the stress
(Morrow et al, 2000), in contrast to our moderate stressor,
which we have shown to enhance contextual memory in a
similar timescale (Kirby et al, 2013). It has been recently
hypothesized that disruption of contextual memory is the
key feature of PTSD pathology (Desmedt et al, 2015) and
that an urgent need exists for distinguishing between
adaptive and maladaptive stress responses. Although
reduced social behavior in the context of an animal being
preyed upon in the wild may be an adaptive response, in
domesticated species like humans, an anti-social response
after trauma is likely maladaptive because the individual
would not benefit from social support. A breakdown of
stress-induced enhancement of social support could be
strongly relevant to the maladaptive stress response in
neuropsychiatric disorders like PTSD, where social with-
drawal and a lack of social support are defining risk factors
(Brewin et al, 2000).

Despite divergent social responses to stress in the
moderate and more threatening stressor contexts, we found
no difference in stress hormone (CORT) responses to
the two stressors. Our results are in agreement with studies
showing that similar CORT elevations can drive either
positive and negative outcomes (eg, in cognitive function and
performance) based on the psychological context in which
the stress is experienced (reviewed in (Kim et al, 2015)).

As a potential neurobiological correlate of stress-context
driven behavioral differences, we found strong parallels
between the social and oxytocinergic system response to the
different stressors. Overall, OT and OTR levels reflected
enhanced oxytocingeric tone after moderate immobilization
stress and this effect was negated by adding predator odor to
the context. Oxytocinergic signaling strongly drives social
affiliation and attachment/pair bonding in rodents (prairie
voles) (Aragona and Wang, 2004), and interpersonal trust,
empathy, and prosocial behavior in humans (Choleris et al,



2013). It therefore seems likely that the observed increase in
OT may modulate the moderate stress-induced increase in
affiliation between cagemates, lending support to our ‘stress
bonding’ model. The location and causative nature of
hypothalamic OT action in this model remains undeter-
mined, however. Hypothalamic OTergic fibers project to
many distinct brain regions (medial prefrontal cortex,
piriform cortex, basolateral and basomedial amygdala, and
hippocampus (Choleris et al, 2013; Stefinik et al, 2015))
involved in the regulation of social behavior. Given the low
central availability of peripherally administered OTR
antagonists (Viero et al, 2010), future experiments requiring
local OT infusion into these diverse brain regions will
address this question.

Accounts of bonding and increased displays of prosocial
behavior following stressful experiences such as combat or
natural disasters abound in human societies. It is tempting to
consider that built into the stress response is a concomitant
activation of a mechanism to seek out and give social support
and increase stress resilience. We show here a potent
modulation of social dynamics after acute moderate stress
in male rat pairs that implies such a reciprocal social support
arrangement. Our results further define a novel rodent
model of how a moderate, cognition-enhancing stressor
contrasts with a PTSD-relevant stressor to drive differential
social behavior responses and neurohormonal mediators of
social bonding. Future work will address whether the rise in
OT drives the behavioral changes, as well as, investigate
mechanisms underpinning the differential OT response and
its modulation of the observed divergent social responses to
stress.
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