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Abstract
Most of the neuropsychiatric disorders, including stress-related mood disorders, are complex
multi-parametric syndromes. Diagnoses are therefore hard to establish and current therapeutic
strategies suffer from important variability in effectiveness, making the understanding of inter-
individual variations crucial to unveiling effective new treatments. In rats, such individual
differences are observed during exposure to a novel environment, where individuals will present
with either high or low locomotor activity and can thus be separated into high (HR) and low (LR)
responders, respectively. In rodents, a long-lasting psychosocial stress-induced depressive state
can be triggered by exposure to a social defeat procedure. We therefore analyzed the respective
vulnerabilities of HR and LR animals to long-lasting, social defeat-induced behavioral alterations
relevant to mood disorders. Two weeks after four daily consecutive social defeat exposures, HR
animals exhibit higher anxiety levels, reduced body weight gain and sucrose preference, as well as
a marked social avoidance. LR animals, however, remain unaffected. Moreover, while repeated
social defeat exposure induces long-lasting contextual fear memory in both HR and LR animals,
only HR individuals exhibit marked freezing behavior four weeks after a single social defeat.
Combined, these findings highlight the critical involvement of inter-individual variations in
novelty-seeking behavior in the vulnerability to stress-related mood disorders, and uncover a
promising model for posttraumatic stress disorder.
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1. Introduction
Depression is a neuropsychiatric disorder that alters many aspects of the human condition.
Therefore, individual vulnerability to a depressive syndrome results from complex
interactions between a wide range of personality traits. In support of this critical
involvement of individual traits, an significant population of depressive patients exhibits
resistance to current antidepressant treatments [1]. However, the molecular basis of this
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resistance to treatment have yet to be elucidated. Moreover, clinical evidence suggests that
personality assessment can, in fact, be used to predict further vulnerability to mood disorders
[2,3]. It is therefore crucial to obtain animals models mimicking these intra-species
resistances in order to better understand the precise role of individual differences in the
neurobiology of stress-related mood disorders such as depression and anxiety.

In humans, depression is mainly triggered by prolonged or repeated exposure to a stressor of
a psychological nature [4], in combination with genetic and other environmental factors [5].
This repeated exposure to a social stressor can be mimicked in rodents, by using a modified
version of the resident-intruder procedure called social defeat, in which a subordinate male
rat replaces the female rat in the home cage of an aggressive dominant male. This stressor,
unlike many environmental stressors, does not result in habituation upon repeated
presentation, and thus generates persistent emotional stress [6]. When flight is barred, the
intruder will assume a submissive supine posture and emit loud and frequent ultrasonic
distress calls [7]. The intruder will therefore be repeatedly attacked and defeated, resulting in
long-term and persistent behavioral and biological changes. In mice, prolonged exposure to
social defeat for ten days induces severe deficits in social interactions, measured by an
increase in social avoidance behavior, which can be detected even four weeks after the
defeat procedure [8]. Interestingly, this social avoidance is not limited to a former aggressor
but extended to an unfamiliar social target, suggesting a general social withdrawal [8]. In
rats, chronic social defeat has been shown to induce long-lasting changes in circadian
rhythms, body weight and decreased locomotor and exploratory activity [9-11]. These
alterations are also accompanied by a well-described decrease in the ability to experience
pleasure (anhedonia), measured by a reduced preference for a sucrose solution, as well as an
increased behavioral despair in the forced-swim test [11-14]. Of note, social defeat-induced
behavioral alterations can be reversed by chronic antidepressant treatments [8,12-14]. Taken
together, these observations mirror several aspects of the human depressive syndrome and
therefore validate social defeat as an acceptable animal model of depression.

In addition, social defeat also provides a powerful tool for discriminating individual
differences in response to stress and stress-related depressive behaviors. In subpopulations
of rats based on their basal sucrose intake, a daily one hour social defeat exposure for 21
days induces a marked despair behavior in the forced swim test (FST) in animals exhibiting
a high sucrose intake, while individuals with a low sucrose preference remain unaffected
[15]. Moreover, inherent differences in social defeat reactivity are associated with distinct a
corticotrophin-releasing hormone (CRH)-system response and behavioral despair.
Individuals with a high reactivity to defeat (short latency to submissive posture) exhibit
decreased CRH mRNA levels associated with increased neuronal activation in the
paraventricular nucleus (PVN) of the hypothalamus underlying increased immobility time in
FST. However, rats with a lower reactivity to social defeat (higher latency to submissive
posture) do not exhibit these alterations in the CRH-system or immobility duration in the
FST [16]. Several other investigations of individual differences in the behavior displayed
before, during and after the social defeat procedure, also reveal significant interactions
between coping strategy and long-term effects of social defeat, therefore linking individual
differences in response to stress and vulnerability to social defeat exposure [17-19].

A multitude of animal paradigms that model human mood disorders have been developed,
based on persistent inter-individual differences in response to stress, in order to study the
neurobiology of human affect disorders (for review, see [20]). One of these models relies on
the response to the mild stress of a novel environment, where some rats, known as high
responders (HR), exhibit high rates of exploratory locomotion while others, known as low
responders (LR), exhibit low rates of locomotor activity [21-24].
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The locomotor response to a novel environment not only predicts subsequent behavioral
responses to drugs such as amphetamine and cocaine [22-27], but also predicts anxiety-
related behavior in these animals [28,29]. Indeed, LR rats display higher levels of anxiety in
an elevated T-maze, a response that is more strongly enhanced in LR than HR animals
following repeated exposure to the test [30]. HR and LR rats also appear to exhibit different
behaviors in the forced swim test at basal conditions and following antidepressant treatment,
although these points are still unclear. Indeed, Taghzouti and colleagues reported individual
differences in the test phase of the FST together with differential effects of subchronic
fluoxetine injections [31], whereas a recent study using the same injection protocol revealed
no individual differences in the test phase of the FST procedure, an equal effectiveness of
fluoxetine in reducing behavioral despair, but an antidepressant effect of desipramine in LR
only [32]. Moreover, we recently showed that four exposures to social defeat produce a
strong emotional and contextual fear memory that persist over six weeks after the last defeat
exposure [33]. Taken together, this evidence strongly suggests that HR and LR animals
possess differential vulnerabilities to social defeat that could model the individual
differences in vulnerabilities to stress-related mood disorders.

Therefore in this work, we assessed whether HR and LR animals demonstrated differential
vulnerabilities to social defeat exposure by measuring several affect parameters related to
depression, including the ability to experience pleasure and social avoidance. We also
investigated whether these putative individual differences in depression-related behavior
could be extended to the emotional and contextual fear memory triggered by social defeat
[33] by measuring the persistence of the fear memory up to 4 weeks after the last defeat
exposure.

2. Material and methods
2.1. Animals

Eight weeks-old male Sprague–Dawley rats weighing 250–275 g, randomly pair-housed in
Plexiglas cages (48.2 × 26.5 × 20.3 cm), were used in this study. As measurement of
locomotor activity in response to novelty was carried out five days after reception at the
vivarium (see section 2.3.1), and in order to avoid any additional social stress due to further
modification of cagemates, the distribution of HR/LR phenotype among cages was random,
and both animals of one pair received the same treatment, i.e. defeated or not. Additionally,
vasectomized male Long–Evans rats weighing 325–350 g were pair-housed with female
Long–Evans rats weighing 200–225 g. These Long–Evans males served as the resident
attackers during the social defeat procedure and were chosen for consistent aggressive
behavior. All animals were ordered from Charles River Laboratories (Wilmington, MA,
USA). Rats were maintained on a 12-h light/dark cycle (lights off at 7:00 p.m.) with food
and water available ad libitum except during testing. All experiments except the sucrose
preference study were performed during the light phase of the light/dark cycle and were all
conducted in accordance with the guidelines of the Animal Care and Use Committee of
Florida State University and National Institutes of Health guidelines.

2.2. Experimental design
After five days of habituation to the animal facility, all animals were first screened for their
locomotor activity in order to be assigned to an HR or LR group (see section 2.3.1.), and
then either defeated or left undisturbed in their home cage. Four different groups of rats
were used for behavioral analyses, in an effort to minimize interferences between the
different experimental procedures. The first group of animals thus underwent the open-field
procedure only, while a second set was monitored for sucrose preference and body weight
gain. The third group was tested for the social approach and avoidance behavior followed by
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two contextual fear memory assessments, a first time two days after the social approach and
avoidance test, and a second time two weeks later (see section 2.3.6.). The fourth and last
group of animals was used for the analysis of short- and long-term contextual fear memory
following exposure to acute social defeat.

2.3. Behavioral procedures
2.3.1. Locomotor activity—After five days of habituation to the vivarium and handling
on two occasions, locomotor response to novelty was tested in circular activity chambers
(Med Associates Inc., St. Albans, Vermont) for one hour to determine HR/LR phenotypes.
Four equidistant photo-beam sensors recorded each rat's crossings between adjacent
quadrants, allowing an individual locomotor score for later classification into HR and LR
groups as previously described [34,35].

2.3.2. Social defeat procedure—The social defeat protocol used in this study was the
same as previously described by our group [24,33,36]. Briefly, Sprague-Dawley rats were
exposed to one (acute defeat) or four (repeated defeat) consecutive encounters (for 15
minutes each) in the home cage of an aggressive Long-Evans male rat, while non-defeated
animals remained undisturbed in their home cage. Rats were first allowed to physically
interact for 5 minutes and then, the intruders were transferred to a wire mesh cage placed
inside the resident's cage for the remaining ten minutes of the session. This protective cage
allowed for full visual, olfactory, and auditory exposure to the resident without unnecessary
harm to the intruder. The cage was large enough for the intruders to move freely (10 × 10 ×
15 cm). In order to avoid any potential effects between defeated animals and non-defeated
cagemates, individuals in the same cage received the same treatments.

2.3.3. Open-field behavior—Two weeks after the last encounter of the repeated defeat
procedure, general mobility was examined using a squared arena (90 × 90 cm). The open-
field session consisted of placing the rat in the arena and monitoring its movements for 10
minutes using a videocamera. The following parameters were assessed: locomotor activity,
time spent in center, immobility duration, speed, as well as rearing and grooming
frequencies. Locomotor activity was obtained by virtually dividing the arena into 16
identical squares and counting the number of squares crossed during the 10 minutes period,
and the time in center was calculated as the time spent in the four inner squares. Results
were analyzed using a two-way ANOVA with HR/LR and defeat as independent factors,
followed by a Fisher's PLSD post-hoc test when appropriate.

2.3.4. Measure of sucrose preference (anhedonia)—The procedure used to measure
the preference for sucrose over water was adapted from Iniguez et al. [37] to allow repeated
measures over time in order to follow the sucrose preference before, during and after the
social defeat procedure. Rats were habituated to drink from two water bottles for five days
and then subjected to the first test. Two hours (5:00 p.m.) before the test, rats were singly
housed in a separate room with free access to food and two bottles of water. At the
beginning of the dark phase (7:00 p.m.), rats were given access to two preweighed bottles,
one containing water and the other one a 0.5% sucrose solution, until 8:00 a.m. the next
morning. The bottles were weighed every hour from 7:00 p.m. to 9:00 p.m. and at 8:00 a.m.
to measure their overnight fluid consumption. The position of the sucrose bottle was
changed at every test. The results showed that the contribution of fluid consumption
between 9:00 p.m. and 8:00 a.m. was minor and could be neglected and thus only the fluid
consumption during the first two hours of the dark cycle is presented. At the end of the
testing period (8:00 a.m.), rats were paired-housed again. As we previously reported an
inter-individual difference in sucrose preference between HR and LR animals only on the
first exposition to sucrose [35], a second test was performed the same day. Then, additional
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tests were performed every two days to monitor the sucrose preference before, during and
after the social defeat procedure. Results were analyzed using a repeated two-way ANOVA
with HR/LR and defeat as independent factors, followed by a Fisher's PLSD post-hoc test
when appropriate.

2.3.5. Social approach and avoidance test—Four weeks after the last defeat
encounter, the social approach and avoidance test, consisting of three 5-min sessions, was
performed as described by our group [33]. Briefly, rats were first placed in an empty open
field box (90 × 90 cm) for five minutes to both acclimate the animals to the environment and
provide a measure of locomotor activity. In the second session (“no target”), each rat was
placed into an open field (90 × 90 cm) that contained an empty wire mesh cage (10 × 10 ×
15 cm) on one side of the open field, and the time spent by investigating this cage was
measured. In the third session (“target”), animals were placed in the open-field containing a
caged, unfamiliar Long–Evans male at the same location as in the ‘no target’ session, and
the time spent investigating the caged Long-Evans rat was measured. Results were analyzed
using two-way ANOVA with HR/LR and defeat as independent factors, followed by a
Fisher's PLSD post-hoc test when appropriate.

2.3.6. Contextual fear memory test—The contextual fear memory triggered by the
repeated social defeat experience was first assessed as previously described [33]. The
animals were tested for freezing behavior in the empty home cage of an unfamiliar Long-
Evans resident four weeks after exposure to the last defeat, and then retested two weeks later
to identify signs of extinction. During each session of 5 minutes, the time spent freezing was
measured. Freezing was defined as the absence of any movement except that necessary for
respiration. Thus, the rat was considered to be freezing once all locomotor and exploratory
behavior ceased. The number of freezing animals was then calculated by classifying animals
as “freezing” only when they demonstrated a total freezing time superior or equal to 20 sec.

In a second set of experiments, animals exposed to acute social defeat were placed in a
clean, empty cage either twenty-four hours or 4 weeks later and the time spent freezing was
measured for five minutes. This test established a baseline freezing behavior in response to a
novel cage. Twenty-four hours after this novel cage exposure, rats were placed inside the
empty home cage of a familiar Long–Evans aggressor for five minutes, and their freezing
behavior in the context of social defeat was measured. Two parameters of freezing were
analyzed: the freezing time, and the number of animals to reach criterion. In the present
study, the latter was defined as reached if the difference between the freezing time in the
context and novel cage was superior or equal to 20 sec. The percentage of animals to
criterion and freezing time therefore respectively provide a quantitative and qualitative
measure of the freezing behavior.

The total time spent freezing did not show a normal distribution, and were thus analyzed
using the Kruskall-Wallis non-parametric ANOVA, followed by a Mann-Whitney inter-
group comparison when appropriate. The percentage of freezing animals and animals to
criterion were analyzed using a Chi-squared test.

3. Results
3.1. Long-term sensitivity of HR and LR animals to social defeat-induced anxiety

Several behavioral parameters were investigated using an open-field test, allowing
assessment of exploration and general mobility (locomotion, speed, immobility and rearing),
stereotyped response (grooming and rearing), and anxiety (time spent in center) in HR and
LR, defeated and non-defeated animals. As summarized in Table 1, two-way ANOVA
analyses revealed a significant HR/LR effect for the time spent in the center (F(1,23) = 5.08,
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p < 0.05) and the speed (F(1,23) = 7.97, p < 0.01), with HR animals spending significantly
more time in the center of the arena, as compared to LR non-defeated animals. However, we
did not find significant effects for HR/LR for any of the other parameters (F(1,23) = 2.73, p >
0.05 for grid crosses; F(1,23) < 1 for immobility and rearing; and F(1,23) = 1.44, p > 0.05 for
grooming). This observation reveals a decreased thigmotaxis, underlying reduced anxiety
levels in HR animals, as previously reported by our group and others [28-30].

Two weeks after the last exposure, repeated social defeat stress induced significant
alterations in both HR and LR animals with respect to locomotor activity (F(1,23) = 10.49, p
< 0.01), speed (F(1,23) = 6.90, p < 0.05), and immobility (F(1,23) = 10.90, p < 0.01), but not
grooming behavior (F(1,23) < 1). Indeed, social defeat induced a decrease in speed (26% in
LR, 16% in HR), a marked increase in immobility duration (303% in LR, 332% in HR), as
well as a 32% decrease in locomotion in LR animals, with a non-significant reduction in HR
(p = 0.08). These observations thus highlight a marked reduction of general mobility and
exploratory behavior induced by repeated social defeat stress in both HR and LR animals.
While analysis by two-way ANOVA revealed a significant social defeat-induced reduction
in both HR and LR animals in the rearing frequency (F(1,23) = 7.62, p < 0.05) and time spent
in the center of the arena (F(1,23) = 10.02, p < 0.01), post-hoc analyses detected a significant
reduction in these behaviors in HR animals only. There were no significant interactions for
HR/LR × defeat observed among any of the behavioral parameters analyzed. These
observations therefore suggest that while repeated social defeat stress induces a significant
reduction of general mobility and exploration in both HR and LR animals without affecting
their stereotyped responses, only HR animals develop an increased anxiety two weeks
following the last exposure to the stressor.

3.2. Long-term sensitivity of HR and LR animals to social defeat-induced alterations in
depression-related behavior

Exposure to repeated social defeat is known to induce several depressive-like symptoms in
rodents, including anhedonia and decreased body weight gain [9,11,13,14]. We therefore
monitored body weight gain and hedonic capacity for a 0.5% sucrose solution in HR and LR
rats before, during and after social defeat stress (Fig. 1a).

The body weight was monitored every two days starting two days before the first defeat
encounter to six days after, in order to evaluate the body mass gain (Fig. 1b). While all
groups significantly increased their body mass (Fr = 73.12, p < 0.0001 for LR-ND; Fr =
57.24, p < 0.0001 for LR-D; Fr = 142.39, p < 0.0001 for HR-ND; and Fr = 55.99, p < 0.0001
for HR-D), we observed a significant reduction in body mass gain in HR animals exposed to
social defeat compared to their non-defeated counterparts (F(1,60) = 8.24, p < 0.05). This
reduction was evident immediately following the first defeat and again two days after the
last encounter (Fig. 1b). Interestingly, this disparity in weight gain was unique to HR
animals as no significant difference between LR defeated and non-defeated animals was
detected (F(1,76) < 1). Moreover, no differences between groups were observed five weeks
after the last defeat encounter (F(1,34) = 1.68, p > 0.05 for HR/LR; and F(1,34) < 1 for defeat
and interaction; data not shown), suggesting a recovery of the body mass gain reduction in
HR animals five weeks after the last defeat exposure.

The sensitivity of HR and LR animals for the rewarding effect of sucrose solution was
assessed by monitoring their sucrose preference on several consecutive presentations (Fig.
1a). As shown in figure 1c, HR and LR animals did not exhibit a difference in their sucrose
preference (F(1,111) < 1, p > 0.05) before the beginning of the repeated social defeat
procedure. However, a distinct sensitivity appeared following exposure to social stress.
Indeed, while the social defeat procedure did not have a significant effect in LR animals
(F(1,76) < 1, p > 0.05), HR rats were vulnerable to this stress (F(1,64) = 4.87, p < 0.05) and
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displayed a significantly lower sucrose preference two days after the last defeat encounter
compared to their non-defeated counterparts (Fig. 1d). Neither the HR/LR phenotype nor
social defeat had an effect on the total fluid intake (F(1,140) < 1 for HR/LR; F(1,140) = 2.71, p
> 0.05 for defeat; and F(1,140) = 1.29, p > 0.05 for interaction; data not shown). Therefore,
these observations suggest that HR rats exhibit a higher vulnerability than LR animals to
social defeat-induced alterations of body mass gain and hedonia.

3.3. Long-term sensitivity of HR and LR animals on social defeat-induced social avoidance
We previously reported that four daily social defeat exposures induce a marked reduction of
social interactions in rats four weeks after the last defeat encounter, as measured by an
increased avoidance of an unfamiliar rat [33]. In order to investigate the individual
differences in this particular behavior, we analyzed social approach/avoidance behavior of
HR and LR animals, four weeks after the last defeat exposure. All groups exhibited a similar
interaction time with an empty cage (F(1,35) = 1.25, p > 0.05 for HR/LR; F(1,35) < 1 for
defeat and interaction), suggesting that neither social defeat exposure nor the HR/LR
phenotype alter the innate ability of rats to explore and interact with new objects (“no target”
session”, Fig. 2a). However, when an unfamiliar Long-Evans rat was placed inside the wire
mesh cage (“target session”, Fig. 2b), HR defeated animals demonstrated a marked
reduction in interaction time, compared to their non-defeated counterparts, while both
defeated and non-defeated LR animals behaved similarly (F(1,35) < 1 for HR/LR; F(1,35) =
3.71, p = 0.06 for defeat; and F(1,35) = 6.61, p < 0.05 for the interaction). It should be noted
that this effect was not due to decreased exploration of the arena, as no significant difference
in locomotion was observed among any of the groups (F(1,35) = 3.04, p > 0.05 for HR/LR;
F(1,35) = 1.96, p > 0.05 for defeat; and F(1,35) < 1 for the interaction; Fig. 2c).

Therefore, while no individual differences are observed in the interaction with an unfamiliar
rat in basal conditions, only HR animals develop a social avoidance behavior four weeks
following repeated social defeat stress, again suggesting a higher vulnerability in HR
animals to the behavioral effects of social defeat.

3.4. Short and long-term sensitivity of HR and LR animals to social defeat fear memory
We previously reported that repeated social defeat triggers a fear memory that persists six
weeks after the last social defeat experience [33]. In order to analyze whether individual
differences exist in the sensitivity to induction of fear memory by social defeat experience,
we assessed the long-term contextual fear memory of HR and LR animals four weeks after
the end of a repeated social defeat protocol. We thus observed that while non-defeated
animals exhibited almost no freezing behavior at all, both LR- and HR-defeated animals
developed a marked freezing response when re-exposed to the social defeat environment
four weeks after the last defeat encounter (H = 36.26, p < 0.0001; Fig. 3a,b).

In order to assess the individual sensitivity to the extinction of this fear-memory engram, the
same animals were re-exposed to the contextual fear memory test two weeks later. As
expected, a significant decrease in freezing time between the first and second exposure to
the test was observed in LR-defeated (Z = -2.49, p < 0.05) and HR-defeated animals (Z =
-2.98, p < 0.01), which can be interpreted as a sign of extinction of the fear memory after the
first exposure to the test (Fig. 3c). Whereas none of the non-defeated animals, HR or LR,
showed freezing behavior during the second exposure (Fig. 3d), a significant number of LR
animals demonstrated a small, but significant freezing behavior following repeated defeat (H
= 9.46, p < 0.05; Fig. 3c,d). HR-defeated rats did not spend more time freezing than non-
defeated animals, however the number of freezing animals approached significance (Fig.
3c,d). These observations demonstrate that HR and LR animals both develop similar long-
term fear memory of prior social defeat exposures that can be extinguished by exposure to
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the environment without the stressor (social defeat). However, while the contextual fear
memory is still detectable in LR animals, HR individuals no longer exhibit a significant fear
behavior.

The latter observation, combined with the increased vulnerability to the repeated social
defeat-induced anxiety and depressive-like symptoms exhibited by HR animals compared to
LR individuals, led us to investigate whether HR rats exhibit higher sensitivity to a single
traumatic event. We thus analyzed the fear memory response after a single social defeat
episode (acute defeat), both at short- and long-term time points (48 hours and 4 weeks later,
respectively). As a lower fear response was expected due to a reduced number of stress
exposures (acute defeat, rather than repeated defeat), and as exposure to a novel cage is
considered a mild stressor that may interfere, we first measured freezing responses of both
defeated and non-defeated rats to an empty, clean cage for five minutes 24 hours prior to the
contextual fear exposure. While we did observe freezing behavior in some animals exposed
to the novel cage at both 24 hours and four weeks after defeat exposure, overall no
significant effect was detected, regardless of HR/LR phenotype (H = 3.40, p > 0.05 at short-
term, Fig. 3e; and H = 1.57, p > 0.05 at long-term, Fig. 3g). When exposed to the context 48
hours after the social defeat, a significant variation among the groups was observed (H =
8.26, p < 0.05), but only a small, non-significant trend in freezing behavior can be detected
in both HR and LR animals (Fig. 3e). Nevertheless, significantly more HR animals met the
freezing criterion following an acute social defeat, while LR individuals did not significantly
differ from non-defeated controls (Fig. 3f). This observation suggests that HR animals
exhibit a heightened fear response compared to LR individuals, 48 hours after an acute
social defeat experience. When animals are exposed to the context four weeks after the acute
social defeat experience, no significant variation could be observed among groups, despite a
marked trend towards increased freezing time after an acute defeat experience in HR
animals (H = 7.78, p = 0.05; Fig. 3g). Interestingly, analysis of the number of animals that
reached criterion revealed that acute defeat exposure induced a freezing response only in HR
animals (Fig. 3f). This observation thus suggests that, in HR animals, a single social defeat
encounter is sufficient to trigger a fear memory that persists to four weeks after the stress
exposure.

4. Discussion
4.1. The HR/LR animals as a model for individual differences in anxiety and depression
disorders

Social defeat is already widely validated as a relevant model for psychological stress-related
depression, and several studies have demonstrated its ability to analyze individual
differences in response to stress and stress-related mood disorders. Based on a different
sensitivity to the mild stress of a novel environment, the HR/LR model has been linked to
depression through suspected differential responses in FST and antidepressant treatments
[31,32]. Moreover, we recently reported differences in social defeat-induced anhedonia
between HR and LR animals [35].

We therefore analyzed the vulnerability of HR and LR animals to several aspects of social
defeat-induced depressive-like behaviors. First, analysis of global locomotor and exploratory
behavior in an open-field confirmed previous reports that non-defeated HR animals exhibit
reduced anxiety levels compared to their LR counterparts [28,29]. Exposure to repeated
social defeat, however, strongly reduces the time spent by HR animals in the center of the
arena to that of the level of LR rats. Moreover, HR and LR animals display similar
responses to repeated social defeat in terms of general mobility, exploratory and stereotyped
behaviors, demonstrating that the observed reduction of time spent in the center exhibited by
HR animals is related to anxiety. Although this suspected higher vulnerability to stress-
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induced anxiety remains to be confirmed and analyzed in details using more anxiety-specific
behavioral procedures, this point is of particular interest when considering other
observations in LR and HR animals. Indeed, while HR animals self-administer higher levels
of cocaine than LR individuals under basal conditions, no individual differences can be
observed following social defeat exposure [38]. Moreover, while HR animals display a
higher preference than LR individuals for a 0.25% sucrose solution during the first
presentation, both HR and LR rats exhibit similar sucrose preferences following exposure to
social defeat [35]. Finally, the stereotypic decreased immobility duration displayed by HR
animals during the first exposure to FST is lost upon repeated FST presentations, as HR and
LR animals thereafter present similar immobility behaviors [31]. Together, these
observations highlight a pattern of stress response between HR and LR animals, with HR
individuals exhibiting higher responses than LR animals in basal conditions, that are then
equalized to LR levels by stress exposure.

We recently reported that exposure to repeated social defeat stress induces depressive-like
behaviors in male Sprague-Dawley rats [33]. In the second part of this study, we
investigated these defeat-induced alterations in the context of individual differences to
assess the role that individual responses may play in such depressive-like pathologies. We
thus found that while repeated social defeat did not induce alterations in body mass gain,
sucrose preference or social withdrawal in LR animals, HR individuals consistently
appeared vulnerable to this specific stress experience. It is therefore critical to understand
the mechanisms underlying these inter-individuals discrepancies in stress-related mood
disorders.

Several animal models of individual differences in stress-related depressive-like states were
thus developed, and can be separated in two groups, based on the method of partitioning of
subpopulations. The first category of models relies on individual behavioral differences
exhibited during the stress. For instance, differences in latency to exhibit classic defeat
behavior or in the coping strategy developed during the defeat episode, have both been
identified as predictive value of subsequent differential vulnerabilities to social defeat
induction of a depressive-like state [16,19]. Interestingly, these behavioral differences are
associated with coherent alterations of the hypothalamus-pituitary-adrenal (HPA) axis,
affecting corticosterone release, as well as CRH contents and activation of stress-related
brain areas in response to stress [16,19]. The second category of models relies on
vulnerability to stress-induced depressive-like behaviors. Following exposure to a series of
inescapable swim stress, Sprague-Dawley rats can be separated into vulnerable and resilient
subpopulations, with vulnerable rats exhibiting higher plasma corticosterone levels
immediately after the test [39]. Furthermore, analysis of the learned-helplessness paradigm
in rats, used to model several neuropsychiatric disorders such as depression and post-
traumatic stress disorder (PTSD), reveals the existence of helpless and non-helpless
individuals [40]. Congenitally helpless rats exhibit alterations of the HPA axis characterized
by hyperactive PVN, increased plasma ACTH levels and lower release of corticosterone
both at baseline and in response to stress [41-44]. Emerging from these observations, a
higher stress-induced release of corticosterone appears to be a common parameter among
the different models of individual differences in vulnerability to stress-related mood
disorders.

Compared to LR counterparts, HR animals possess, at basal conditions, higher levels of
CRH mRNA in the hypothalamic PVN but lower levels in the central nucleus of the
amygdala, along with lower levels of glucocorticoid receptor (GR) mRNA in hippocampus
[29]. These alterations may explain the specific increased and prolonged corticosterone
release observed in HR animals in reaction to a mild stressor without baseline modification
[29]. Interestingly, these alterations share similarities with other models of individual
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differences in stress responsiveness. Although a detailed investigation of the HPA-axis and
glucocorticoid signaling response to social defeat in HR and LR animals is still required, this
point emerges as a good hypothesis for their higher vulnerability to the repeated social
defeat-induced depressive-like behaviors. In addition, the depressive syndrome is a complex
multi-parametric disorder and thus, it is important to consider other signaling pathways,
such as monoamine systems, where HR and LR animals exhibit marked differences in the
levels of monoamines as well as their respective receptors [45-50]. Moreover, the deletion of
the serotonin transporter in mice has recently been associated with increased vulnerability to
depressive-like state induced by three weeks of chronic social defeat stress [51].

Interestingly, numerous studies investigating long-term effects of social defeat on anxiety-
and depression-related behaviors in rats revealed a significant interaction between social
environment and several parameters measured in our study. In particular, social housing of
animals, as compared to social isolation (i.e. animals housed two to five per cage as
compared to individual housing), has been demonstrated to exert either partial or full
protective effects on social defeat-induced HPA hyperactivity [52], anxiety [52,53], social
avoidance [54], as well as decrease in body mass gain and activity during the dark phase of
the daily cycle [55]. Moreover, sucrose consumption is differentially affected by defeat in
socially or individually housed rats, although isolation or defeat alone do not exhibit
significant effect [56]. These data therefore strengthen our observations since we detected
marked individual differences in vulnerabilities to social defeat-induced behavioral
alterations even under constant pair-housing. Sucrose and body mass gain monitoring,
however, have been executed on animals being isolated for several hours every two days and
could therefore be considered as receiving isolation stress. Nevertheless, in addition to the
fact that this procedure affected all experimental groups evenly, it should be noted that HR
and LR animals exhibit a similar increase in sucrose consumption before the first defeat
exposure. A specific differential sensitivity to intermittent isolation following social defeat,
however, cannot be ruled out.

By unveiling individual differences in vulnerability to repeated social defeat-induced
alterations of depression-relevant behaviors, this study adds further evidence for a link
between novelty-seeking behavior and depressive-state. Indeed, the fact that individual
differences in depressive-like behaviors are detected only after exposure to social defeat
suggests that high novelty-seeking behavior is not associated by itself to a depressive
phenotype, but rather represents a crucial component in the differential vulnerabilities to
stress-related mood disorders. In support of this hypothesis, recent clinical data place the
novelty-seeking personality trait as a predictive risk factor in adolescents, for the
development of a transitory course depression period [57]. Other studies also reported that
suicidal-depressive patients exhibit more novelty-seeking behavior than non-suicidal
depressed patients [58], as well as higher comorbidity of major depression with other
affective disorders in novelty-seeking patients [59]. Moreover, mood stabilizer treatments
reduce novelty-seeking behavior in rodents [60], while novelty-seeking, along with other
personality traits, influences the efficacy of antidepressant treatment in humans [61]. Lower
scores of novelty-seeking behavior, however, have also been observed in patients with life-
time anxiety and depressive disorders [62]. Thus, the direct relationship between novelty-
seeking and depressive-state therefore remains unclear. Nevertheless, the observation of
differential sensitivities to antidepressant or anxiolytic treatments correlated with differential
novelty-seeking behavior [32,63,64] place the HR/LR model as an interesting and promising
animal model in individual differences of neuropsychiatric treatments.

4.2. The HR/LR model for individual differences in fear response
In the last portion of this study, we analyzed differences in HR and LR animals
vulnerabilities to induction of a fear memory following social defeat exposure [33]. While
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no discrepancies between HR and LR animals were observed in the fear response four
weeks following repeated social defeat, HR individuals appear to exhibit an increased
sensitivity to the extinction of fear memory, as they no longer display significant freezing
behavior when re-exposed two weeks after the initial contextual fear memory test.
Interestingly, several other recent studies are in line with our results. Indeed, an animal
model of individual differences based on differential fear response has recently been
developed. Rats were divided into subpopulations based on their freezing duration exhibited
during a conditioned fear test, that then correlate to distinct activations of brain structures,
GR expression and monoamines levels [65,66]. Interestingly, high-freezing animals present
a marked decrease in fear response over two extinction sessions, compared to low-freezing
animals [67]. Moreover, a treatment with benzodiazepine accelerated the extinction of the
fear response in the high-freezing animals only [68], suggesting that animals exhibiting a
higher vulnerability to fear-induction, also demonstrate an increased extinction of fear
memory along with higher sensitivity to relevant drugs. This hypothesis is further
strengthened by several observations of a positive correlation between the novelty-seeking
trait and benzodiazepine treatment efficacy [63,64].

Of particular interest in this study is the induction of a long-lasting fear memory following a
single, 15 min social defeat exposure, in HR animals only. This increased sensitivity of HR
animals appears to be specific to the fear stimulus and unrelated to a global higher learning
ability, as HR and LR animals exhibit similar spatial episodic memory, as assessed in a
novel-object recognition procedure (our unpublished data). This observation could be
interpreted as either an enhanced HR sensitivity, or a resilience of LR animals to a traumatic
event, but nonetheless, our findings pinpoint hyperarousal behaviors in HR animals,
compared to their LR counterparts. Interestingly, this particular behavior trait is highly
related to another emotional state disorder, PTSD. As defined by the DSM-IV classification,
PTSD represents a long-term maladaptive stress response that involves re-experiencing,
avoidance of stimuli associated with the traumatic event, and hyperarousal symptoms. In
this study, we have observed similar characteristics in our HR defeated animals. First, HR
animals demonstrate a long-term avoidance of an unfamiliar Long-Evans rat following
repeated social defeat experience, highlighting a global social withdrawal. Second, HR
animals develop a fear response to a single acute defeat experience that does not affect LR
individuals, denoting a hyperarousal. Finally, while the acute defeat exposure induces a non-
significant increase in freezing duration in both HR and LR animals, only HR animals still
present a freezing response four weeks after the defeat experience, therefore mimicking the
human pattern of response. Indeed, an important individual variation in the vulnerability to
PTSD induction is observed, as following exposure to a traumatic event, only a small
proportion of the population will experience persistent high stress response, anxiety, and
persistent traumatic memories [69]. The HR/LR model therefore meets some of the criteria
required for a relevant animal model of PTSD, as previously defined [70,71]: (i) the fear
response is triggered by a brief, stressful event; (ii) the fear response persists for several
weeks; (ii) symptoms include hyperarousal and social withdrawal; and (iii) an important
inter-individual variation is observed.

The concept of HR/LR animals as a putative model of PTSD has the potential to link this
emotional disorder with novelty-seeking behavior. Interestingly, an association between
PTSD symptoms and novelty-seeking trait has been observed in both clinical studies [72-74]
and in an animal model of susceptibility to learned helplessness [40,75]. Further
investigations into this link may provide beneficial avenues for individualized PTSD
therapeutic strategies.
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4.3. Conclusion
During this study, we observed differential vulnerability in HR and LR animals to social
defeat-induced alterations of anxiety and depressive-like levels. Indeed, analysis of defeat-
induced alterations of several mood disorder-related behaviors, revealed that HR animals
possess a higher vulnerability to induction of anxiety, decrease in body weight gain,
anhedonia and social withdrawal, whereas LR animals exhibit a lower vulnerability or
resilience to all these behavioral symptoms. In addition, HR animals exhibit a long-lasting
fear response following a single social defeat exposure mimicking several aspects of human
PTSD. HR and LR animals therefore emerge as a promising model for inter-individual
variations in stress-related mood disorders vulnerability. Moreover, our present findings also
propose HR/LR animals as a very promising tool in the study of inter-individual variations
in vulnerability to PTSD.

Research Highlights

• LR animals are resilient to social defeat-induced anxiety and depressive-like
state

• Repeated social defeat induces anxiety and depressive-like state in HR animals

• HR animals are more vulnerable than LR to social defeat-induced fear memory
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Figure 1.
Sucrose preference and body weight gain alterations in HR animals following repeated
social defeat procedure. (a) Schematic representation of the timeline used for experiments,
the black and white bars representing the dark and light cycles, respectively. (b) Progression
of body weight as compared to two days prior to the first defeat encounter (n = 8-11). (c,d)
Monitoring of the sucrose preference during the first two hours of the dark cycle, before (c)
and after (d) the first defeat exposure (n = 9-11). # p < 0.05, ## p < 0.01 vs. the HR ND
group at the same time point; Fischer's PLSD post-hoc test. ND: non defeat, D: defeat.
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Figure 2.
Social approach and avoidance behavior developed in HR animals four weeks after repeated
social defeat. (a,b) Time spent interacting with an empty cage (“no target”, a) or a cage
containing an unfamiliar Long-Evans rat (“target”, b). (c) Locomotion of the animals in the
test arena, during the first 5-minutes session of the test, as measured by the number of grid
crosses. The number of animals is indicated within columns. ## p < 0.01 vs. the HR ND
group; Fischer's PLSD post-hoc test. ND: non defeat, D: defeat.
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Figure 3.
Contextual fear memory triggered in HR and LR animals, following either repeated or acute
social defeat exposure, at a short- and long-term period after the last defeat exposure. (a-d)
Following repeated social defeat exposures (n = 12-13), total time spent freezing (a,c) and
number of animals developing a freezing response (b,d), measured during a first test four
weeks after (a,b) and then again two weeks later (c,d). (e-h) Following an acute defeat
exposure, total time spent freezing in the novel and the context cages (e,g), and the number
of animals reaching the criterion (f,h), measured either 48 hours (e,f – n = 8), or four weeks
(g,h – n = 8-10) after the single social defeat exposure. * p < 0.05, ** p < 0.01, *** p <
0.001 vs. the LR ND group; # p < 0.05, ### p < 0.001 vs. the HR ND group; and $$ p < 0.01
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vs. the LR D; Fisher's PLSD post-hoc test. p-values shown in the graphics are related to ND
group of the same phenotype. ND: non defeat, D: defeat.
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Table 1
Behavioral parameters of defeated and non-defeated LR and HR rats in the Open-Field
Test

Parameter

LR HR

Non defeat Defeat Non defeat Defeat

Grid crosses 126.67 ± 11.66 85.43 ± 8.86* 142.17 ± 12.07 108.25 ± 12.58

Time in center (s) 37.60 ± 8.72 23.82 ± 8.51 67.58 ± 8.41* 30.24 ± 6.73#

Speed (m/min) 2.94 ± 0.24 2.18 ± 0.17* 3.35 ± 0 26 2.82 ± 0.19$$

Immobility (s) 18.83 ± 8.51 75.86 ± 21.27* 25.83 ± 14.71 111.75 ± 28.05#

Rearing 41.00 ± 5.54 30.00 ± 4.35 47.17 ± 5.94 30.00 ± 4.64#

Grooming 1.33 ± 0.42 1.86 ± 0.46 2.67 ± 0 92 1.87 ± 0.40

n 6 7 6 8

*
p < 0.05 vs. LR non-defeat,

#
p < 0.05 vs. HR non-defeat,

$$
p < 0.01 vs. LR defeat group;

Fisher's PLSD post-hoc test.
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