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a b s t r a c t
Conﬂict among individuals is one of the most common forms of stressors experienced across a variety of
species, including humans. Social defeat models in mice produce two phenotypic behavioral responses
characterized by prolonged social avoidance (susceptibility) or continued social interaction (resistance).
The resistant phenotype has been proposed as a model of resilience to chronic stress-induced depression
in humans. Previously, we have found that mice that are resistant to social defeat stress display signiﬁcant
impairments in extinction learning and retention, suggesting that continued social interaction following
the experience of social defeat may be associated with maladaptive fear responses. Here, we examined
how individual differences in response to social defeat may be related to differences in cued and context
fear discrimination. Following defeat, resistant mice showed increased fear to a neutral cued stimulus
(CS−) compared to control and susceptible mice, but were still able to signiﬁcantly discriminate between
the CS+ and CS−. Likewise, both phenotypes were generally able to discriminate between the training
context and neutral context at all retention intervals tested (1, 5, 14 days). However, susceptible mice
displayed signiﬁcantly better discrimination compared to resistant and non-defeated control mice when
assessing the discrimination ratio. Thus, at a time when most animals begin exhibiting generalization to
contextual cues, susceptible mice retain the ability to discriminate between fearful and neutral contexts.
These data suggest that the differences observed in context and cued discrimination between susceptible
and resistant mice may be related to differences in their coping strategies in response to social defeat.
In particular, resistance or resilience to social defeat as traditionally characterized may be associated
with altered inhibitory learning. Understanding why individual differences arise in response to stress,
including social confrontation is important in understanding the development and treatment of stress
related pathologies such as PTSD.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Social defeat is now widely used to model the effects of social
stress in humans (Brown and Harris, 1989; Brown and Prudo, 1981;
Björkqvist, 2001). Several variations of this paradigm exist, but
most involve rodents placed into a dominant territorial aggressor cage and experiencing repeated attacks from the home-cage
animal. Defeated animals are then tested to observe effects of
defeat on social behavior. One example of the striking behavioral
changes that result from social defeat is seen in conditioned defeat
models with Syrian hamsters. Male Syrian hamsters are normally
highly aggressive and territorial, but after experiencing defeat they
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become submissive and no longer defend their home territory,
even from a smaller non-aggressive intruder (Huhman et al., 2003).
These behavioral changes following defeat are robust; even a single defeat can produce lasting behavioral changes. In our lab, we
observe continued social avoidance 30 days after defeat in mice
(Meduri et al., 2013) consistent with other reports in mice (Von
Frijtag et al., 2000; Haller and Bakos, 2002) and Syrian hamsters
(Huhman et al., 2003).
Individual differences in vulnerability to social stress have been
reported in recent chronic stress models (Wood et al., 2010; Couch
et al., 2013; Farley et al., 2012; Kanarik et al., 2011; Krishnan et al.,
2007; Espallergues et al., 2012; Elliott et al., 2010; Meduri et al.,
2013). This is also evident in the human literature; not all individuals who experience a traumatic event exhibit stress-related
psychopathology, emphasizing the signiﬁcance of individual differences in stress responses (Yehuda et al., 2006). Following chronic
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social defeat stress, mice exhibit two distinct phenotypes that have
been characterized as being either susceptible or unsusceptible to
the defeat-induced avoidance observed in social interaction with a
conspeciﬁc (Krishnan et al., 2007). Susceptible mice exhibit a variety of deleterious symptoms following chronic social defeat that
include anhedonia-like symptoms, increased anxiety-like behavior,
elevated reactivity of the hypothalamic-pituitary-adrenal (HPA)
axis, and stress-induced polydipsia (Krishnan et al., 2007; Berton
et al., 2006; Lutter et al., 2008). In contrast, unsusceptible or
resistant mice seldom exhibit the depressive-like behaviors of susceptible mice. Thus, this characterization of resistance appears to
be well suited to model resistance to depressive symptoms (Berton
et al., 2006; Krishnan et al., 2007; Krishnan and Nestler, 2008;
Russo et al., 2012). Yet, resistant mice also show increased anxietylike behavior and elevated HPA axis reactivity (Krishnan et al.,
2007). Moreover, we recently demonstrated that mice characterized as resistant to the effects of social defeat displayed enhanced
fear expression and severe deﬁcits in fear extinction beyond that
observed in susceptible mice. These effects in resistant mice were
only apparent after the experience of social stress and were not due
to impaired behavioral ﬂexibility (Meduri et al., 2013). These data
suggested that mechanisms controlling resistance to mild repeated
defeat, as characterized by social interaction, leave animals vulnerable to maladaptive fear behavior.
In addition to other symptoms, people diagnosed with an anxiety disorder, including PTSD, often display a heightened tendency
to generalize fear to neutral cues and contexts (Grillon and Morgan,
1999; Brewin, 2001). One way to measure inhibitory responding
is through observation of fear generalization. Several decades of
research has revealed that fear generalization—the inability to discriminate between contextual cues and thus, recall a fear memory
in neutral contexts—increases over time (For review, see Jasnow
et al., 2012). When rodents are fear conditioned in a speciﬁc context
and tested in a different (neutral) context shortly after conditioning, animals discriminate between the contexts and do not display
fear behavior in the neutral context. However, when rodents are
tested at long delays after conditioning, animals cannot discriminate between the contexts and display heightened fear in the
neutral context (Jasnow et al., 2012; Lynch et al., 2013; Wiltgen and
Silva, 2007; Winocur et al., 2007; Matynia et al., 2008). Thus, over
time, rodents generalize fear responses to neutral contexts; they no
longer inhibit fear under safe conditions. A similar, but distinct process is the inability to inhibit responding to neutral discrete cues.
During discrimination learning, two tones of different frequencies
are presented in which one tone is paired with a shock (CS+) and
the other tone is never paired with a shock (CS−). The CS− therefore
never gains excitatory properties. As a result, a learned association
is made where the CS+ elicits a fearful response and little fear is
elicited by presentations of the CS−. With these two learning tasks,
we can measure the effects social defeat stress has on the ability to
inhibit fear responding.
In the current study, we examined the ability of mice to discriminate between different contexts or tones after undergoing social
defeat in order to determine how individual responses to social
stress impact the ability to inhibit fear which may translate to an
understanding of the activity of inhibitory neural circuits in PTSD
patients (Jovanovic et al., 2010). To test this, animals underwent
mild repeated defeat followed by a social interaction test to determine phenotypic responses to the defeat stress. Animals were then
trained in context fear conditioning or cued fear discrimination. We
hypothesized that resistant mice would show deﬁcits in discrimination ability parallel to the extinction deﬁcits previously observed
in these mice (Meduri et al., 2013). Although context discrimination
and cued discrimination are mediated by distinct circuits within
the brain (Gabriel, 1993; Gabriel, 1993), we also hypothesized that
resistant mice would generalize fear responses to a neutral con-

text at a shorter retention interval than non-defeat controls and
susceptible mice.
2. Methods
2.1. Animals and housing conditions
Six- to eight-week-old male C57BL/6J mice bred in our animal facility were used for all experimental procedures. All subjects
remained group housed (2–5 animals per cage) until the beginning
of each experiment, after which they were singly housed.
Four-to-ten-month old male CD1 mice bred in our animal facility were used as resident aggressors for defeat procedures and
stimulus animals during social avoidance testing. Resident aggressors were pre-screened for levels of aggression and latency to attack
prior to experimental procedures.
Mice were maintained on a 12:12 light/dark cycle from 7 am to
7 pm with ad libitum access to food and water. All animal procedures were carried out in accordance with the National Institutes
of Health guidelines and were approved by Kent State University
Institutional Animal Care and Use Committee (IACUC).
2.2. Social defeat procedure
Adult male C57BL/6J mice were matched by weight and
randomly assigned to treatment groups: defeat or control. In accordance with the procedure described previously (Meduri et al.,
2013), mice in the defeat group received two days of acute defeat
stress in a resident-intruder model of social defeat and mice in the
control group received sensory contact but no physical contact with
a resident aggressor (Fig. 1; top).
On day 1, mice designated for defeat were placed into the home
cage of a resident CD1 aggressor and received 5 min of defeat
followed by 55 min of physical separation across a perforated Plexiglas barrier. This procedure was repeated 4 times, and each defeat
occurred with a novel CD1 aggressor. Control mice were exposed
across a Plexiglas barrier for 60 min of sensory contact with four
novel CD1 aggressors. The procedures on day 2 occurred exactly as
described on day 1 for both defeat and control mice. No animals
were wounded during the defeat sessions.
2.3. Social interaction procedure
Social interaction testing occurred 24 h after defeat to measure
approach and avoidance behavior toward a novel social target.
Social targets were age-matched, non-aggressive CD1 mice, as
determined by pre-screening procedures. Social avoidance testing took place in a dimly lit room with four identical open ﬁeld
arenas (46 cm × 46 cm × 39 cm), in which four animals were tested
simultaneously. A metal galaxy cup was placed against one of the
four corners. Testing consisted of two trials: Trial 1 (target absent)
and Trial 2 (target present). In Trial 1, an experimental mouse was
placed into the center of the open ﬁeld arena and allowed 150 s to
explore the arena in the absence of a social target. After 150 s, the
mouse was brieﬂy removed from the arena and a social target was
placed in the metal galaxy cup. In Trial 2, the mouse was placed
back into the arena and allowed another 150 s to explore with the
social target now present. Social avoidance and investigation was
measured through AnyMaze software (Stoelting, Wood Dale, IL). In
order to determine individual responses to stress, we used an established interaction ratio calculation (Golden et al., 2011; Krishnan
et al., 2007; Meduri et al., 2013). The interaction ratio was calculated
as (Time investigating social target)/(Time investigating without
social target) × 100. Defeated mice with interaction ratios of less
than 100 were deﬁned as susceptible and defeated mice with inter-
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Fig. 1. (A) Schematic representation of social defeat procedure. (B) Schematic representation of context fear conditioning procedure. (C) Schematic representation of cued
discrimination procedure.

action ratios equal to or greater than 100 were deﬁned as resistant
to social defeat (Krishnan et al., 2007).
2.4. Experiment 1—context fear generalization
Fear conditioning procedures were performed in 4 identical
chambers (30.5 cm × 8 cm × 8 cm) consisting of 2 Plexiglas walls
(front and back) and 2 aluminum sidewalls and a stainless steel
shock-grid ﬂoor contained within Isolation Cubicles (Coulbourn
Instruments, New Jersey). For the purposes of this experiment, two
distinct contexts with salient sensory cues were utilized. Context A
consisted of the context chamber with a polka-dot insert attached
to the rear Plexiglas wall, white noise (75 dB), dim house light illumination, and stainless steel grid ﬂoors cleaned with 70% ethanol.
Context B consisted of the context chambers with no polka-dot
insert, infrared light illumination, contained no white noise, and
was cleaned with 60% quatricide.
The procedure occurred in three phases: pre-exposure, fear
conditioning, and testing. Pre-exposure to the fear conditioning
chambers in Context A began seven days after the completion
of social interaction. All experimental mice were pre-exposed to
Context A for 5 min each day for 2 consecutive days. Fear conditioning began 24 h later in Context A. Mice were placed in the
context chamber and received 5 footshocks (1 s, 0.8 mA, 90 s ITI,
120 s baseline). Testing occurred at 1, 5, or 14 days post-training in
either Context A (Training) or Context B (Neutral) (Fig. 1; middle).
The percent of time spent freezing during testing for 4 min after a
30 s baseline (270 s total) was recorded and quantiﬁed using video
tracking software (FreezeFrame; Coulbourn Instruments).
2.5. Experiment 2—discrimination learning
For Experiment 2, the same fear conditioning chambers were
used as in Experiment 1. On day 1, mice were pre-exposed to fear
conditioning chambers for ﬁve minutes one day preceding train-

ing. During training in Context A, each animal was exposed to ﬁve
30 s CS+ tones (2 kHz) and ﬁve 30 s CS− tones (8 kHz) with pseudorandom inter trial intervals (ITIs) between 30 s and 90 s with the
ﬁrst tone presented 120 s after entry into the chamber. CS+ tones
co-terminated with a 1 s, 0.8 mA scrambled footshock (Bang et al.,
2008). Following training, animals were removed from the conditioning chambers and returned to the colony. Twenty-four hours
following training, mice were placed back into the conditioning
chambers in Context B. Five CS+ and ﬁve CS− tones were presented
in a random order with an ITI of 60 s (Fig. 1; bottom).
In Experiment 2A, animals were trained in cued fear discrimination learning seven days following social defeat. In Experiment 2B,
animals were trained in discrimination learning and then defeated
7 days after a fear retention test and divided into social defeat
phenotypes to assess discrimination performance based on social
interaction phenotypes.

2.6. Statistical analyses
Results are expressed as mean ± standard error of the mean
(SEM). Behavioral measures for social avoidance testing were analyzed using a one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc comparisons, where appropriate. Behavioral measures for fear were analyzed with independent t-tests of speciﬁc
groups. Context discrimination was calculated as described previously (Wiltgen and Silva, 2007). Brieﬂy, the ratio was calculated by
taking the [(Average Freezing in Training Context)/(Average Freezing in Neutral Context + Average Freezing in Training Context]. A
ratio of 1 indicates perfect discrimination between contexts, and
a ratio of 0.5 indicates complete generalization between contexts.
Signiﬁcance level was set at p < 0.05. and Cohen’s d effect size estimates were assessed by G*Power 3 (Faul et al., 2007) and effect sizes
were determined according to Cohen (1988). Statistical analyses
were conducted with GraphPad Prism 6.
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3. Results
3.1. Experiment 1
In Experiment 1, control (n = 49), susceptible (n = 28) and
resistant (n = 23) animals underwent mild repeated defeat for 2
consecutive days and were tested in social interaction one day after
defeats (Fig. 2A). After the social interaction test, defeated mice
were divided into susceptible and resistant phenotypes based on
social interaction scores (see Section 2). One-way ANOVA analyses
revealed signiﬁcant differences in interaction ratios between nondefeated controls, susceptible, and resistant mice, (F(2,97) = 31.53,
p < 0.001). Post-hoc comparisons revealed that susceptible mice
spent signiﬁcantly less time interacting than non-defeated controls and resistant mice (p < 0.001; d = 1.8) and that the interaction
time of resistant mice did not differ from non-defeated controls
(ns; d = 0.3) (Fig. 2B).
Seven days after social defeat, animals were trained in context
fear conditioning and tested in the training context (Context A)
or a neutral context (Context B) at different retention intervals
(Fig. 2A and B). When tested 1 day after training (Fig. 2D, left),
independent t-tests revealed signiﬁcant discrimination among all
groups (control: t(16) = 3.70, p < 0.01, d = 2.3; susceptible: t(6) = 5.71,
p < 0.001, d = 3.4; resistant: t(4) = 10.4, p < 0.001, d = 2.1). Thus, all
animals, regardless of behavioral phenotype, were able to distinguish between contexts and demonstrated signiﬁcantly higher
levels of fear in the training context compared to the neutral context
1 day following training.
When animals were tested 5 days after training (Fig. 2D, middle), animals again display signiﬁcant discrimination among all
groups (control: t(10) = 3.35, p < 0.01, d = 1.9; susceptible: t(6) = 8.08,
p < 0.001, d = 5.1; resistant: t(6) = 6.29, p < 0.001, d = 4.4), demonstrating signiﬁcantly higher levels of fear in the training context
for all groups.
When animals were tested 14 days after training (Fig. 2D,
right), non-defeated control and susceptible mice displayed signiﬁcant discrimination between contexts (control: t(25) = 3.27, p < 0.01,
d = 0.99; susceptible: t(11) = 6.36, p < 0.001, d = 1.5). Resistant mice
showed only marginally impaired contextual fear discrimination
(t(7) = 2.23, p = 0.06, d = 1.5), but were no different than nondefeated control mice (t(12) = 0.49, ns, d = 0.3). Susceptible mice
also trended toward more discrimination in the neutral context
than non-defeat controls (t(23) = 1.87, p = 0.07, d = 0.8). Analysis of
the context discrimination ratio (Fig 2C; ability of animals to
discriminate between the training and neutral context) revealed
no signiﬁcant differences among the phenotypes when testing
occurred 1 or 5 days after training (p > 0.05). However, when
assessing the discrimination ratio for animals tested 14 days after
training, susceptible animals show signiﬁcantly better discrimination than non-defeated controls (t(23) = 2.29, p < 0.05), and resistant
animals (t(12) = 2.49, p < 0.05). These data suggest that both phenotypes were generally able to discriminate between the training
context and neutral context at the 14 day retention interval. However, when assessing the discrimination ratio, susceptible mice
show a signiﬁcant increase in discrimination compared to resistant and non-defeated control mice. Thus, at a time when most
animals begin exhibiting generalization to contextual cues, susceptible mice retain the ability to discriminate between fearful and
neutral contexts.

tone that was paired with shock and a CS− tone that was never
paired with shock. When animals (n = 12) were tested 24 h after
conditioning, they exhibited signiﬁcantly less freezing to the CS−
compared to the CS+ (t(22) = 5.478, p < 0.001) (Fig. 3B). In Experiment
2A, animals control (n = 9), susceptible (n = 30) and resistant (n = 9)
underwent mild repeated defeat in the same procedure as Experiment 1(Fig. 1; top) and were tested for social interaction 24 h after
the last day of defeats (Fig. 3A). One-way ANOVA analyses revealed
signiﬁcant differences in interaction time for non-defeated controls
and defeated animals, (F(2,45) = 66.72, p < 0.001) (Fig. 3C). Post-hoc
comparisons revealed that susceptible mice spent signiﬁcantly less
time interacting than non-defeated controls and resistant mice
(p < 0.001, d = 2.95) and that resistant mice and controls did not have
signiﬁcantly different interaction scores (ns, d = 0.56).
Seven days following defeat, animals were trained in cued fear
discrimination learning and tested 24 h later (Fig. 3D). Independent t-tests revealed signiﬁcantly higher average freezing across 5
tones of the CS+ compared to the CS− between all groups (control:
t(16) = 7.99, p < 0.001, d = 3.8; susceptible: t(58) = 11.35, p < 0.001,
d = 2.9; resistant = t(16) = 5.58, p < 0.001, d = 1.9). However, resistant
animals had signiﬁcantly higher freezing to the CS− compared to
controls and susceptible mice (control: t(16) = 2.84, p < 0.01, d = 1.3;
susceptible: t(37) = 2.14, p < 0.05, d = 0.7). These ﬁndings suggest that
resistant mice have impaired response inhibition to a neutral CS
(CS−) compared to susceptible or non-defeated controls, although
the resistant mice were still able to discriminate between the CS+
and CS−.
To determine if the lack of inhibition seen in resistant animals was an inherent individual trait among mice or if such
impaired inhibition was inﬂuenced by the experience of social
defeat, animals in Experiment 2B ﬁrst received cued fear discrimination learning followed by social defeat (Fig. 4A). Upon
determining social interaction data, animals were analyzed for
freezing responses to the CS+ and CS− based on social interaction phenotypes; control (n = 10), susceptible (n = 28) and resistant
(n = 17). One-way ANOVA analyses revealed signiﬁcant differences
in interaction time for non-defeated controls and defeated animals,
(F(2,52) = 23.59, p < 0.001) (Fig. 4B). Post-hoc comparisons revealed
that susceptible mice spent signiﬁcantly less time interacting than
non-defeated controls and resistant mice (p < 0.001, d = 1.3) and
that resistant mice and controls did not have signiﬁcantly different
interaction times (ns, d = 0.5).
When analyzing freezing levels to the CS+ and CS− during the
discrimination test, independent t-test analyses revealed signiﬁcantly higher average freezing across 5 tones of the CS+ compared
to the CS− among all groups (control: t(18) = 8.53, p < 0.001, d = 3.8;
susceptible: t(54) = 10.67, p < 0.001, d = 2.9; resistant: t(32) = 4.30,
p < 0.001, d = 1.5) (Fig. 4C). Unlike Experiment 2A, where resistant
animals had signiﬁcantly higher freezing to the CS− compared to
non-defeated control and susceptible mice, resistant mice did not
differ from the other groups in the percent freezing to the CS− (control: t(29) = 0.55, ns, d = 0.2; susceptible: t(43) = 0.78, ns, d = 0.2. Taken
together, results from Experiment 2 suggest that mice resistant to
social defeat stress, as measured by time spent interacting with a
social target mouse, freeze more to a neutral discrete stimulus than
control or susceptible mice, but only if the social defeat stress precedes cued fear discrimination training. However, resistant mice
still successfully discriminate between the CS+ and CS−, suggesting
that discriminatory ability is not disrupted in resistant mice.

3.2. Experiment 2
4. Discussion
Experiment 2 was designed to determine if resistant and susceptible mice differed in inhibitory responding to a neutral discrete
conditioned stimulus. First, we determined baseline discrimination
in C57BL/6J mice bred in our facility by training animals to a CS+

In the present study, we demonstrated that mild repeated defeat
stress induces two phenotypic responses during a later social interaction test. Susceptible mice are characterized by prolonged social
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Fig. 2. Susceptible mice display enhanced contextual discrimination at long delays. (A) Timeline of experiment. (B) Social defeat produces distinct behavioral phenotypes in
social interaction. Individual values are plotted and represent percent change from target absent trial. Mean (±SEM) for each group are also indicated. Non-defeated control
and resistant animals interacted signiﬁcantly more with a social target compared to susceptible animals. (C) Discrimination ratio between training context and neutral
context freezing. At 14 days, susceptible mice display signiﬁcantly better discrimination compared to non-defeated controls and resistant mice. Values are displayed as mean
(±SEM) percent freezing. (D) Mean percent freezing responses during a 4-minute context fear retention test. Animals were trained in context fear conditioning and tested
1, 5, and 14 days after conditioning in the training context or a neutral context. Signiﬁcance values: (* = p<0.05, ** = p < 0.01, *** = p < 0.001.)

avoidance, whereas resistant mice display no decreases in social
interaction after social defeat. These data are consistent with previous data examining the effects of social defeat in mice (Meduri
et al., 2013; Krishnan et al., 2007; Berton et al., 2006; Von Frijtag
et al., 2000; Haller and Bakos, 2002; Malatynska and Knapp, 2005).
In addition, we demonstrated that resistance to social stress results
in increased freezing to a neutral discrete stimulus (CS−), but does
not alter the process of cued fear discrimination, or generalization
to a neutral context over time. Susceptible mice were better able to
discriminate between training and neutral contexts over time compared to resistant and non-defeated control mice; susceptible mice
had signiﬁcantly better discrimination at the longest delay compared to non-defeated control and resistant mice. When combined
with our previous ﬁndings demonstrating that resistant mice display signiﬁcant impairments in extinction learning and retention,
these results suggests that differences in cued and context discrimination between susceptible and resistant mice may be related to
their phenotypic response to social defeat.
The ﬁnding that resistant mice display increased fear to a neutral cue (CS−), adds to the previous ﬁnding of impaired extinction
learning in resistant animals (Meduri et al., 2013). Although extinction is a form of inhibitory learning where animals learn to inhibit
responding to a previously excitatory stimulus, that stimulus is not
exclusively inhibitory by the end of extinction training. In comparison, during cued discrimination learning the CS− is an inhibitory
cue that never forms excitatory associations with the US. Therefore, the ﬁnding that resistant mice similarly display increased
freezing to a neutral stimulus adds to our previous ﬁndings on

extinction learning. Taken together, these data suggest that resistance as characterized by continued social interaction following
defeat is associated with some deﬁcits in inhibitory fear learning.
Although not explicitly tested here, this may indicate that resistant
mice have poor response inhibition.
To the best of our knowledge, only one other study in addition
to our previous ﬁndings has assessed the effects of social defeat on
subsequent emotional learning and memory. Unlike our studies,
they found that C57BL/6J mice that were susceptible to social defeat
displayed heightened fear responses following cued fear conditioning (Chou et al., 2014). The differences between these two studies
may be directly related to the differences in the defeat procedure.
The other study used a chronic defeat model with 2 defeats a day
for 10 consecutive days whereas our experiments utilize an acute
defeat model with 8 defeats across two days (Meduri et al., 2013).
Thus, the behavioral phenotypes displayed after social defeat may
alter the subsequent effects on emotional learning in opposite ways
depending on the extent and severity of the defeats that occur prior
to fear conditioning.
An interesting ﬁnding in the current study was that susceptible mice were better able to discriminate between the training and
neutral contexts at long delays when assessing the discrimination
ratio compared to non-defeated controls and resistant mice (Fig. 2).
When interpreted in terms of response inhibition, these data may
be related to the avoidance of social interaction after social defeat
by susceptible animals. In contrast, the continued social interaction
displayed by resistant animals can be thought of as impaired inhibition of normal social interaction following social defeat, as mice
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Fig. 3. Resistant mice display increased freezing to CS- cues. (A) Timeline of experiment. (B) Discrimination Learning in non-defeated C57 s. Values represent mean (±SEM)
percent time freezing during ﬁve CS+ (black bars) and ﬁve CS− (white bars) presentations. Animals display signiﬁcantly less freezing to the CS− compared to the CS+ following
cued discrimination training. (C) Social interaction scores following social defeat. Individual values are plotted and represent percent change from target absent trial. Mean
(±SEM) for each group are also indicated. Non-defeated control and resistant animals interacted signiﬁcantly more with a social target compared to susceptible animals. (D)
Defeated resistant animals had signiﬁcantly higher freezing to the CS− compared to non-defeated controls and defeated susceptible mice. Values represent mean (±SEM)
percent time freezing during ﬁve CS+ (black bars) and ﬁve CS− (white bars) presentations. Signiﬁcance values: p < 0.05. (* = p < 0.05, ** = p < 0.01, ## = p < 0.01, *** = p < 0.001).

Fig. 4. Increased CS− freezing in resistant mice requires previous social defeat. (A) Timeline of experiment. (B) Social interaction scores following social defeat. Individual
values are plotted and represent percent change from target absent trial. Mean (±SEM) for each group are also indicated. Non-defeated control and resistant animals
interacted signiﬁcantly more with a social target compared to susceptible animals. (C) All animals displayed similar freezing responses to the CS− when defeats occurred
after discrimination learning. Values represent mean (±SEM) percent time freezing during ﬁve CS+ (black bars) and ﬁve CS− (white bars) presentations. Signiﬁcance values
were set at p < 0.05. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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are inherently a social species (Latham and Mason, 2004). Susceptible mice display normal cued fear expression, extinction (Meduri
et al., 2013), and discrimination, as well as slightly enhanced context fear discrimination at long delays, suggesting that their ability
to inhibit inappropriate responding remains fully intact. In comparison, resistant mice display enhanced fear expression, impaired fear
extinction (Meduri et al., 2013) and increased freezing to CS−cues
compared to susceptible animals, suggesting altered inhibitory
responding. Overall, the inhibitory responding seen by susceptible
animals in fear behaviors is also seen in social interaction following
defeat and this persistent reduction in social interaction following
defeat has been considered maladaptive.
In the present study we saw a discrepancy in the effects of social
defeat on resistant mice between cued and context discrimination.
Resistant mice displayed increased CS− responding but did not generalize contextual fear any faster than non-defeated controls. These
ﬁndings may be a result of social stress having differential effects
on brain regions associated with each behavior. Speciﬁcally, neurons in the cingulate cortex, thalamic nuclei, the medial geniculate
nucleus, and the amygdala ﬁre more in response to presentations
of a CS+ than a CS− (Gabriel, 1993) whereas context discrimination
involves areas such as the entorhinal cortex, the fornix, and the
hippocampus (Freeman Jr et al., 1997). The current ﬁndings suggest that phenotypic differences in response to social defeat stress
may be associated with different effects on structures found in the
cued fear circuit as opposed to structures involved in processing
contextual information. For example, lesions to the amygdala disrupt the acquisition of conditioned freezing to context and cue, but
lesions to the hippocampus only disrupt context-fear conditioning (Phillips and LeDoux, 1992). In fact, others have reported an
involvement of the ventral hippocampus in the acquisition, but
not expression of conditioned defeat—a BLA-dependent process
(Markham et al., 2010). These ﬁndings may explain why resistant
mice did not display enhance context generalization compared to
non-defeated controls, as the hippocampus may not be involved in
the expression of resistance to social defeat.
Overall, the current experiments reveal a distinct difference in
memory processing in animals that have undergone social stress.
Speciﬁcally, mice that are resistant to social defeat stress as indicated by continued interaction with a social target after defeat,
display increased fear to a neutral discrete stimulus (CS−) compared to controls and susceptible mice. These ﬁndings compliment
the deﬁcits seen in extinction learning—another form of inhibitory
learning—in resistant mice (Meduri et al., 2013). However, resistant mice were not generally impaired in distinguishing between
an aversive context and a neutral context, whereas susceptible mice
had a greater ability to discriminate contexts over a longer time.
These data suggest that the differences observed in context and
cued discrimination between susceptible and resistant mice may
be related to the differences in their coping strategies in response
to social defeat. In addition, increased freezing to CS- cues in resistant animals may not be the result of inherent individual differences
in inhibitory responding as experiencing social stress is a prerequisite for deﬁcits in inhibitory responding in resistant mice. Taken
together, these and our previous data (Meduri et al., 2013) suggest
that mechanisms controlling resistance to social defeat as characterized by social interaction, may leave animals vulnerable to
maladaptive fear behavior. Alternatively, resistance and susceptibility to social defeat, as they are currently described here, and
in the literature, may instead represent two phenotypes of “susceptible” mice. Altered inhibitory responding and social-approach
behavior in the resistant population and intact inhibitory responding and social-avoidance in the susceptible population may be
features of these two phenotypes. This might explain why resistant
mice continue to interact with conspeciﬁcs after being defeated,
yet also display poor fear inhibition (Meduri et al., 2013). Further
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characterization of impulsivity, inhibitory control, and the contributing brain mechanisms in these phenotypes may provide a
greater understanding of their opposing behavioral responses to
social defeat.
A growing literature has identiﬁed important molecular mechanisms contributing to susceptible and resistant/resilient responses
to social defeat (Berton et al., 2006; Krishnan et al., 2007; Russo
et al., 2012; Shin et al., 2015; Bagot et al., 2015), yet very little data
exist on the ontogeny of these behavioral phenotypes. Although
we do not currently have data to support such a hypothesis, differences in early life social or parental experience likely contribute
to the development of adult phenotypic responses to social defeat.
A wealth of data exists demonstrating such effects on adult neuroendocrine stress responses, gene methylation and anxiety-like
behavior (e.g., Turecki and Meaney, 2014; Hackman et al., 2010),
but few have examined this in the context of social behavior phenotypes in response to social stress. The question of why some
people are susceptible to stress, whereas others are resistant or
resilient, is fundamental to the understanding and treatment of
many stress-related disorders.
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