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Abstract

Witnessing a traumatic event but not directly experiencing it can be psychologically quite
damaging. In North America alone, ~30% of individuals who witness a traumatic event develop
post-traumatic stress disorder (PTSD). While effects of direct trauma are evident, consequences of
indirect or secondary trauma are often ignored. Also unclear is the role of social support in the
consequences of these experiences. The social defeat paradigm, which involves aggressive
encounters by a large Long—Evans male rat (resident) towards a smaller Sprague-Dawley male rat
(intruder), is considered a rodent model of PTSD. We have modified this model to create a trauma
witness model (TWM) and have used our TWM model to also evaluate social support effects.
Basically, when an intruder rat is placed into the home cage of a resident rat, it encounters an
agonistic behavior resulting in intruder subordination. The socially defeated intruder is designated
the SD rat. A second rat, the cage mate of the SD, is positioned to witness the event and is the
trauma witnessing (TW) rat. Experiments were performed in two different experimental
conditions. In one, the SD and TW rats were cagemates and acclimatized together. Then, one SD
rat was subjected to three sessions of social defeat for 7 d. TW rat witnessed these events. After
each social defeat exposure, the TW and SD rats were housed together. In the second, the TW and
SD rats were housed separately starting after the first defeat. At the end of each protocol,
depression-anxiety-like behavior and memory tests were conducted on the SD and TW rats, blood
withdrawn and specific organs collected. Witnessing traumatic events led to depression- and
anxiety-like behavior and produced memory deficits in TW rats associated with elevated
corticosterone levels.
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Introduction

Post-traumatic stress disorder (PTSD) is a condition that occurs following exposure to a
traumatic experience (Yehuda, 2002; Owens et al., 2005; Reeves et al., 2005). PTSD
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patients exhibit a broad range of symptoms including hyperarousal, avoidance, intrusive
memories, anxiety, depression and poor cognition which can impair social and occupational
function. Most people associate PTSD with military combat but the fact is that much of the
PTSD in the United States originates not from combat exposures but from far more common
events such as criminal victimization, domestic violence, accidents, and physical, sexual, or
emotional abuse (Kessler et al., 1995; Kessler, 2000; Stein, 2002). More importantly, PTSD
can be triggered not only in people who personally experience these traumatic events, but
also in those who witness it. For example a child who repeatedly witnesses physical and
emotional abuse of his/her mother or sibling, can develop PTSD. In fact, the Diagnostic and
Statistical Manual of Mental Disorders (DSM-IVTR; American Psychiatric Association
[APA], 2013) has recognized that learning of or witnessing traumatic events experienced by
friends or family can contribute to PTSD.

Considering the increased vulnerability of witnessing a traumatic event, from natural
(hurricane, Tsunami) or man-made (war, violence, crime, abuse) causes, this issue warrants
extensive investigation. Much credit goes to clinical psychologists for identifying negative
effects of secondary trauma, often referred to as vicarious trauma or compassion fatigue, in
helping professionals (therapists, counselors and aid workers who are exposed to narratives
of traumatic events). Basic scientists have addressed this issue but have not extensively
studied the neurobiology underlying secondary trauma. For example, some studies have
reported occurrence of emotional distress in animals that witness another animals suffering
either from cage fighting (Hadfield,1983), electric shock (Church, 1959; Kaneyuki et al.,
1991; Langford et al., 2006; Jeon et al., 2010; Kim et al.,2010; Atsak et al., 2011) or
aversive odor (Zalaquett and Thiessen, 1991). Others have reported increased sensitivity in
nociceptive mechanisms in mice produced solely by exposure to their cagemates, but not to
strangers, in pain (Langford et al., 2006). Furthermore, Jeon et al. (2010) reported that fear
can be acquired vicariously through social observation of others suffering from aversive
stimuli and found that mice (observers) developed freezing behavior by observing other
mice (demonstrators) receive repetitive foot shocks (Jeon et al., 2010). Similarly, Atsak et
al. (2011) have demonstrated that rats display vicarious freezing behavior upon witnessing a
cage-mate experiencing footshocks (Atsak et al., 2011). Finally, Kim et al. (2010) have
suggested that conditioned fear-induced ultrasonic vocalization calls emitted by one rat
evoke fear behavior in a partner rat, provided that the receiver rat had previously
experienced fear (Kim et al., 2010). Although all of these studies demonstrated presence of
distress in rodents from witnessing traumatic events, depression-like or anxiety-like
behaviors, common occurrences of witnessing traumatic events, were not evaluated. A
recent study by Warren et al., is the only one to report enhanced anxiety and depression-like
behaviors in mice after witnessing other mice undergo traumatic events of social defeat
(Warren et al., 2013).

The social defeat model mimics some aspects of societal stress and is postulated to model
effects of human aggression, bullying, chronic subordination and humiliation (Bjorkqvist,
2001; Rohde, 2001). Moreover, societal stress is known to contribute to the severity and
course of PTSD (Maercker and Horn, 2013). Relevant to this, Warren et al., suggested that
the stress of witnessing social defeat induced PTSD-like symptomatology including anxiety
and depression-like behavior in mice (Warren et al., 2013). Therefore, animal models to
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examine the consequences of witnessing traumatic events are critical for a more
sophisticated understanding of the response to witnessing trauma.

A related and equally complex matter is the issue of coping with the aftermath of acquiring
PTSD. The inverse relationship between PTSD and social support is one of the most
consistent associations observed in stress/trauma research (Brewin et al., 2000; Ozer et al.,
2003). It is well known that social support in humans is an important component of PTSD
coping strategy (Andrews et al., 2003; Clapp and Gayle Beck, 2009). Interestingly, rodents
have been postulated to be capable of sharing emotional experiences, and their behaviors
have been equated to empathy, which previously was considered a high-level affective
process expressed exclusively by humans (Panksepp and Lahvis, 2011). The importance of
social support and the effect of enriched environment are well documented. It is reported
that social housing reduces detrimental effects of social defeat on heart rate, temperature and
prevents social defeat-induced weight loss. (Ruis et al., 1999; de Jong et al., 2005; Lehmann
and Herkenham, 2011). Social buffering also has been evaluated and the emotional response
of the witness and the demonstrator (animal directly exposed to the trauma) examined
(Kiyokawa et al., 2004; Atsak et al., 2011). Kiyokawa and colleagues observed that the
presence of the partner rat attenuated stress-induced hyperthermia, as well as behavioral
responses and c-Fos expression in response to fearful stimuli in rats (Kiyokawa et al.,2004).
Furthermore, in a study where a witness observed a demonstrator experience a series of
footshocks, it was reported that witnesses who previously experienced footshocks displayed
vicarious freezing behavior upon witnessing a cage-mate experience footshocks.
Interestingly, the demonstrator’s behavior was modulated by the behavior of the witness:
demonstrators froze more following footshocks if their witness froze (Atsak et al., 2011).

Therefore, assessing whether social buffering might protect against negative effects of
secondary trauma in our model, as has been previously reported in animals directly exposed
to trauma, is quite significant. Finally, using a modified version of the social defeat witness
model (Warren et al., 2013), our study not only replicates the study of Warren et al., but also
extends the initial assessment conducted in mice by this group, by examining the emotional
response of primary and secondary social trauma and the important relationship between
social support and PTSD in rats.

Methods and materials

Animals

Male Sprague—-Dawley rats (225-250 g) were used as controls or intruders, and male Long—
Evans (LE) retired breeders (400-500 g) served as resident aggressors (Charles River,
USA). Rats were housed with a 12-h light/dark cycle in a climate-controlled room with ad
libitum food and water. Experiments were conducted in accordance with the National
Institutes of Health (NIH) guidelines using protocols approved from the University of
Houston Animal Care and Use Committee.

Int J Neuropsychopharmacol. Author manuscript; available in PMC 2015 February 05.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Patki et al. Page 4

Selection of aggressors

LE rats exhibiting aggressive behaviors were identified as previously published by others
and us (Golden et al., 2011; Patki et al., 2013). Appropriate selection of aggressors is critical
for successful application of social defeat stress to Sprague—Dawley rats.

Trauma witness model

The social defeat model originally developed by Miczek (Miczek, 1979), which involves
aggressive encounters between a large LE male rat (resident) and a smaller Sprague—Dawley
male rat (intruder) is an accepted rodent model of PTSD (Bhatnagar and Vining, 2003;
Bhatnagar et al., 2006; Wood et al., 2010, 2012; Patki et al., 2013). We have modified the
resident—intruder model to create a rat trauma witness model (TWM) (Fig. 1a), resembling a
recently published mice TWM (Warren et al., 2013). We have modified the protocol of
Warren et al., by incorporating assessment of social support using paired or single housing
conditions. This is significant as detrimental effects owing to loss of social support and the
benefits of continued social interaction, are considered as the core components of PTSD
coping strategy (Andrews et al., 2003; Clapp and Gayle Beck, 2009). Briefly, two Sprague—
Dawley rats were housed together to allow bonding (social support) during acclimatization
period. Later, one Sprague—Dawley rat considered as an intruder was introduced into the
cage of the resident LE rat. This resulted in a typical social defeat behavior indicated by the
intruder surrendering, when attacked by the resident LE rat. After defeat, a perforated
Plexiglas partition was placed for 10 min, between the resident and the intruder to avoid
injury to the intruder. The partition allowed visual, auditory, and olfactory interactions (Fig.
1a). The cage mate of the intruder designated as the trauma witnessing (TW) rat was put in
an enclosure surrounding the cage and witnessed social defeat of its cage mate. This initiated
a freezing response in the TW rat. Two more bouts of social defeat were performed with 5-
min separation, in order to reinforce the visual stress in the TW rat. In paired housing (Fig.
1b), after social defeat sessions, intruder and TW rats were housed together until the next
day of social defeat protocol.

For single housing condition (Fig. 1c), procedures similar to Fig. 1b were followed except
that TW and intruder rats were housed separately after each social defeat exposure.

Several controls were included. For paired housing condition, one Sprague—Dawley rat was
placed in a novel cage (SD-CON) and another Sprague—Dawley rat, a cage mate, was put
outside (TW-CON) the cage, in the enclosure for 30 min daily for 7 d. The resident LE rat
was not present. After each 30 min control session/exposure, they were pair-housed. In
experimental condition Il, similar controls were included, except that rats were single
housed after each 30 min control exposure. An additional control included, placing a
Sprague—-Dawley rat in the enclosure outside the cage of the resident LE rat, but no social
defeat session was conducted. This was done to examine whether the changes in behavior
are specific to the social defeat process or due to the mere sighting of a bigger, more
aggressive rat that is different from the Sprague-Dawley rat.

Body weight was recorded on days 1, 8 and 14. Daily food and water intake also was
measured (Scheme 1). Two days after the conclusion of 7 d social defeat paradigm ,
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depression- and anxiety-like behavior tests were conducted as published by us (Salim et al.,
2010; Vollert et al., 2011; Patki et al., 2014b). Cognitive functions including short-term
memory (STM) and long-term memory LTM) tests using radial arm water maze (RAWM)
paradigm were performed as published (Alhaider et al., 2010a, 2010b; Aleisa et al., 2011).
Rats continued to remain in their respective paired or isolated housing environment until
completion of the 7-d social defeat protocol. Rats were sacrificed 10 d after the social defeat
protocol. Blood was collected and thymuses, adrenal glands and spleen were removed. The
brains also were removed; snap frozen and stored at —80 °C for further studies (Scheme 1).

Plasma corticosterone

Corticosterone level in plasma was measured using an enzyme immunoassay (EIA)-based
kit 9 d after completion of the social defeat protocol (Patki et al., 2013).

Anxiety-like behavior tests

First, open-field test was conducted followed by light—dark (LD) and elevated-plus maze
(EPM) tests as previously published by us (Patki et al., 2013).

Open field (OF) test—Rats were placed in the center of the OF (60x40 cm) and left free
to explore the arena for 15 min. Movement was quantified using a Opto-Varimex Micro
Activity Meter v2.00 system (Optomax, Columbus Instruments, USA) as previously
published by us (Salim et al., 2010; Vollert et al., 2011; Patki et al., 2014a). Ambient light
intensity was adjusted at 300 lux. Total activity, ambulatory activity and distance covered
were determined. The open field test was performed 2 d after completion of the 7-d social
defeat protocol.

Light—dark (LD) exploration—Time spent in light is considered a measure of anxiety-
like behavior. The LD box consisted of a light and a dark compartment separated by a
barrier with a single opening for passage from one compartment to the other. Total time
spent in the lit area was recorded (Salim et al., 2010; Vollert et al., 2011). The LD test was
performed 3 d after completion of the 7-d social defeat protocol.

Elevated plus-maze (EPM)—A standard rat elevated plus-maze with 43 cm arms
extending from a 10 cm central area 90 cm above the floor was used (Med Associates Inc.,
USA). The rat’s movements were tracked visually. The observer was blinded to treatment.
Each session lasted 5 min and was started by placing the rat in the central area facing the
open arms of the maze. The amount of time the rat spent in the open arms was determined
(Bert et al., 2002; Patki et al., 2014b). The EPM was performed 4 d after completion of the
7-d social defeat protocol.

Depression-like behavior tests

Forced swim stress (FST)—The FST is a characteristic test used for measuring
depression-like behavior in rodents. Rats were individually placed for 5 min into a water
tank (24 cm in diameter and 50 cm in height) containing water at 25 °C. At some point after
being placed in the water the rat assumes an immobile posture, marked by motionless
floating and cessation of struggling. The total time spent immaobile was recorded (Cougle et
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al., 2009; Beck, 2011). The FST was performed a week after completion of the social defeat
protocol.

Sucrose consumption—The sucrose consumption test has been used extensively to
assess stress-induced anhedonia (Barrot et al., 2002; Iniguez et al., 2010; Warren et al.,
2013) in rodents. Reduced sucrose consumption is regarded as a sign of depressive behavior
(Yuetal., 2011). This test consists of a two-bottle choice paradigm in which rats are given
the choice between consuming water and a 1% sucrose solution. The preference for sucrose
over water is considered a measure of reward-seeking behavior. Thus, anhedonia and
depression-like behavior is revealed by a reduction in sucrose preference (Papp et al., 1991;
Willner et al., 1992). The sucrose preference test was carried out throughout the 7-d social
defeat protocol and 24 h after the last social defeat session. All groups of rats were subjected
to the 2-bottle paradigm during the entire time of the social defeat (day 1 to day 8). The
water or 1% sucrose consumed in the pair-housed groups was averaged per rat.

Memory function test

Short-term learning and long-term memory testsin radial arm water maze (RAWM):
The RAWM procedures were done as previously published (Alhaider et al., 2010a, 2010b;
Aleisa et al., 2011). The rats were subjected to the first set of six learning trials (trials # 1-6)
followed by a 5 min rest period and then a second set of six learning trials (trials # 7-12).
STM was assessed by repeating the six trials a third time 30 min after the end of 12th trial.
LTM was assessed by returning the rats to their home cages and then repeating the six trials
a fourth time 24 h after the end of the 12th trial. The RAWM was performed days 5-6 after
completion of the social defeat protocol.

Data analysis: Data are expressed as mean+sew. Significance was determined by two-way
analysis of variance (ANOVA) was performed and individual effects as well as interactions
between housing and different animal groups were measured and further individual groups
were analyzed by applying Tukey’s rost-+oc test (GraphPad Software, Inc., USA). A value of
p<0.05 was considered significant. The results indicating significance values between
different rat groups, and housing effect as well as interaction (F value) between the two
effects, are summarized in Table 1.

Results

General body parameters and tissue weights

Daily food intake during the 7-d social defeat/witness protocol was not different between
control, socially defeated (SD) and TW rats. Additionally, housing SD and TW rats paired
or singly after social defeat had no effect on food consumption (Fig. 2a). However, daily
water intake increased in SD and TW rats compared to their matched controls (Fig. 2b).
Housing condition (singly or pair housing) did not affect daily water intake. SD and TW rats
gained less weight during the 7-d social defeat/witness protocol compared to their matched
controls (Fig. 2¢). Interestingly, rats that were singly housed showed reduced body weight
gain compared to rats that were pair housed regardless of whether they were in the defeated
or witness group (Fig. 2c).
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The overall cage behavior of the rats was closely observed by an experimenter blinded to
treatment. In experimental condition I, SD rats after undergoing defeat sessions were greeted
by a very curious and stressed ‘buddy’ when returned to the home cage and pair housed with
the cage mate TW rat (witness of the defeat sessions). Initially, the TW rat was aloof and
restless as evident from its repetitive movements in the cage, but then tried to huddle with
the SD rat and spent time licking and surrounding its mate for the next hour. These
qualitative assessments are representative of comforting and supportive behavior.
Facilitation of this behavior by one animal after detecting distress in another animal might
be an attempt to comfort the afflicted animal, as has been previously suggested in rats
(Knapska et al.,2010) and primates (Preston and de Waal, 2002). In experimental condition
I, SD and TW rats were housed separately after being subjected to social defeat or
witnessing social defeat, respectively. Isolation after either experience led to a near freezing
behavior by SD and TW rats in their home cages. In addition, neither rat made any effort to
drink or eat for a long time. Earlier, Atsak et al., reported freezing behavior in rats upon
witnessing other rats receive foot shocks (Atsak et al., 2011).

Significant changes in thymus and adrenal gland but not spleen weights were observed in
the SD and TW rats compared to their matched controls. The absolute weight of the
thymuses of the single housed SD and TW rats were significantly decreased compared to
those from their matched controls However, this difference between the SD or TW groups
and their controls was eliminated by paired housing (Fig. 3a). The absolute weights of the
adrenal glands were significantly reduced in SD or TW rats when compared to their matched
controls and the differences were not affected by housing environment (Fig. 3b). No
differences were observed in the spleen weight between the SD or TW and the control
groups, regardless of housing environment (Fig. 3c).

Plasma corticosterone

Plasma corticosterone levels were significantly increased in SD and TW rats in response to
the 7-d social defeat/witness protocol when compared to their matched control groups (Fig.
4). Interestingly, single housed rats had significantly exaggerated increase in plasma
corticosterone levels in both SD and TW groups as compared to pair housed rats (Fig. 4).
We also measured corticosterone levels in the Sprague—Dawley rat which was placed in the
enclosure outside the cage of the resident LE rat, but no social defeat session was conducted.
The corticosterone levels were similar to that of the control (CON) group and hence further
behavioral tests were not performed.

Analysis of anxiety-like behavior of rats

In the LD test, both social defeat and witness groups showed evidence of increased anxiety.
Control rats spent more time in the light compartment, when compared to the matched
socially defeated/witness groups which were singly housed. Notably, however, although the
pair-housed witness group was significantly different from its matching control, the pair-
housed SD group although spent reduced time in the lit area but was not significantly
different from its control. Additionally, the singly-housed SD and TW rats spent
significantly less time in light than pair-housed SD and TW rats (Fig. 5a).
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In the elevated-plus maze test both the SD and TW groups also exhibited behavior
suggesting increased anxiety. The control rats spent significantly more time in the open arms
compared to their matching SD/TW groups. Similar to the LD test, both SD and TW singly-
housed rats spent significantly less time in the open arms than the pair-housed SD and TW
rats (Fig. 5b). Increased time spent in the closed arms during a 5-min session is indicative of
high anxiety-like behavior.

Finally, SD and TW rats had lower total (Fig. 6a) and ambulatory (Fig. 6b) activity counts
and covered less distance (Fig. 6¢) than their matched controls. Interestingly, the total and
ambulatory activity and distance traveled in the singly-housed SD and TW rats were
significantly lower than the SD and TW rats that were pair-housed (Fig. 6a, b, c). In
summary, in three distinct tests assessing anxiety-like behavior, SD and TW rats exhibited
greater anxiety than matched controls and pair-housed exhibited reduced anxiety compared
to singly-housed SD and TW rats.

Analysis of depression-like behavior of rats

Two assays, the sucrose consumption assay and the forced swim stress test, also indicated
increased depression-like behavior in SD and TW rats compared to their matched control
groups. The SD and TW rats exhibited a decrease preference for sucrose when compared to
their matched control groups (Fig. 7a) 24 h after the last stress, a sign of anhedonia.
Additionally, the pair- housed SD and TW rats consumed significantly more sucrose than
the SD and TW rats that were singly housed (Fig. 7a), indicating less anhedonia in the pair-
housed groups.

The FST was performed 7 d after the last stress session. The SD and TW rats spent more
time being immobile compared to their matched control groups (Fig. 7b), a sign of increased
depression like behavior. The housing environments did not affect the immobility time (Fig.
7b).

Analysis of memory deficits in rat

LTM but not STM was significantly impaired in SD and TW rats compared to their matched
controls in the RAWM apparatus. Both SD and TW rats made comparable errors when
compared to their matched controls in the STM test (Fig. 8a). On the other hand, in the LTM
test 24 h after the STM test, SD and TW rats committed significantly higher number of
errors when compared to their matched controls (Fig. 8b). The housing environment (single
or paired) did not affect the STM or LTM performance (Fig. 8a, b).

Discussion

We have previously shown that 7 d of social defeat stress produces significant behavioral
and memory impairments as well as biochemical alterations in the brain (Patki et al., 2013).
In this study, we demonstrate that witnessing social defeat also causes severe behavioral
deficits in rats. It is quite interesting to note that not only SD but also TW rats exhibited
increased anxiety-like behavior, displayed increased anhedonia and depression-like
behavior, and showed impaired LTM function. Earlier, some studies have reported that
witnessing another animals distress from cage fighting (Hadfield, 1983), electric shock
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(Church, 1959; Kaneyuki et al., 1991; Langford et al., 2006; Jeon et al., 2010; Kim et al.,
2010; Atsak et al., 2011) or aversive odor (Zalaquett and Thiessen, 1991), leads to fearful
and freezing behaviors. Anxiety-like or depression-like behaviors or learning and memory
function tests were not conducted in those studies. Nevertheless, these studies provided
evidence that rodents experience stress from witnessing distress in conspecifics. But,
physical stress of footshock, pain, exercise, and cold stress is likely to elicit behavioral and
physiological responses different from those resulting from social or psychological stressors
(Sawchenko et al., 1996; Herman and Cullinan, 1997; Koolhaas et al., 1997; Martinez et al.,
1998), such as social defeat, which bears more resemblance to societal stress (Bjorkqvist,
2001; Rohde, 2001).

A recent study using a 10-d social defeat paradigm is the only one to examine some aspects
of witnessing trauma in C57/BL6 mice (Warren et al., 2013). In this study, adult male
C57BL/6J mice were exposed to either emotional (ES) or physical stress (PS) for 10 min per
day for 10 d. Like PS mice, ES mice exhibited a range of depression- and anxiety-like
behaviors both 24 h and 1 month after the stress. Increased levels of serum corticosterone,
part of the stress response, accompanied these behavioral deficits (Warren et al., 2013).
Several features distinguish our study from the previous one. First, in addition to assessing
anxiety and depression-like behavior, we also have examined cognitive function in our 7-d
social defeat model. Second, we also have examined the effect of social housing after
experiencing vs. witnessing social defeat in rats. In agreement with Warren et al., we
observed that both SD and TW rats displayed heightened anxiety-like behavior and elevated
corticosterone levels, but we observed increased anhedonia in both witness and defeated
rats. This is in agreement with previous work where stress induced anhedonia has been
reported in rats witnessing electric shocks (Church, 1959), but in contrast to Warren et al.,
who observed reduced sucrose preference in defeated and witness groups after one month
but not 24 h after conclusion of social defeat protocol (Warren et al., 2013). In our study
daily sucrose intake was measured and averaged for the entire 7-d social defeat protocol
(day 8 to day 15, scheme 1), whereas Warren et al., conducted a one-time measurement,
either 24 h or 1 month after 10 d of social defeat. Perhaps, adaptive responses in brain’s
reward circuitry that regulate anhedonia (Papp et al., 1991; Berlin et al., 1998; Bolanos et
al., 2003; Nocjar et al., 2012) are time based depending on stress duration and intensity. Our
data also show that SD and TW rats both do not attain normal rodent weight gain profile
(Wood et al., 2010; Patki et al., 2013) even though they consume comparable amount of
diet. Interestingly, SD and TW rats consumed more water suggesting stress associated
dehydration (Greenleaf, 1992; Bhatnagar et al., 2006). Although, dehydration may be one
potential cause of increased water drinking, changes in vasopressin or angiotensin could also
contribute to increased drinking behavior (Fitzsimons, 1978; Bhatnagar et al., 2006).

Interestingly, we found that both the defeated and witness rats exhibited impaired LTM but
no deficits in STM were noted. Previous evidence suggests that emotion displayed by a
conspecific influences learning and memory function of other animals (Bredy and Barad,
2009; Knapska et al., 2010). It is reported that social exposure of witness mice to fear-
conditioned familiar mouse impairs acquisition of conditioned fear and facilitates fear
extinction (Bredy and Barad, 2009; Knapska et al.,2010). The lack of effect on STM in our
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study could be the result of increased alertness caused by previous defeat or witnessing of
defeat, rendering them less prone to errors. However, as LTM is assessed 24 h later when
alertness has lessened, the effects on cognition are revealed. Previous studies have reported
that stress induces enhancement in memory consolidation (Roozendaal et al.,1999, 2009;
Molteni et al., 2001), by supporting hippocampal long-term potentiation (LTP) and
stimulating adult hippocampal neurogenesis (Korz and Frey, 2005).

A unique aspect of our study is the assessment of social housing on the consequences of
experiencing vs. witnessing defeat. It is reported that rodents are capable of emotional
contagion, social buffering and shared effect or empathy (Church, 1959; Zentall and Levine,
1972; Heyes, 1994; Galef and Giraldeau, 2001; Valsecchi et al., 2002; Kiyokawa et al.,
2004; Carlier and Jamon, 2006; Guzman et al., 2009; Knapska et al., 2010; Atsak et al.,
2011), suggesting that a rodent can be attuned by the affective state of a social partner
(Church, 1959; Rice and Gainer, 1962; Langford et al., 2006). Relevant to this, effect of
social support and enriched environment has been examined in the social defeat paradigm
(Ruis et al., 1999; de Jong et al., 2005; Lehmann and Herkenham, 2011). However, the
effect of social support on witnessing social defeat was not known prior to the current work.
As witnessing traumatic events also causes PTSD-like behaviors in rodents and because
social support is considered as an integral part of PTSD coping strategy (Andrews et al.,
2003; Clapp and Gayle Beck, 2009), we compared the consequences of paired vs. isolated
housing in social defeat experiencing and witnessing rats. Our results suggest that anxiety,
anhedonia and depression-like behavior are all significantly greater when the rats are
isolated in a single cage after undergoing the traumatic experience in both social defeat
experiencing and witnessing rats.

Interestingly, the housing environment after the traumatic stress did not impact the deficits
in LTM observed in either the defeated or defeat witnessing rat. This is intriguing as
impairment in learning with isolation stress is reported (Schrijver et al., 2004) and an
interaction between cognitive behaviors and social buffering also is known (Bredy and
Barad, 2009; Knapska et al., 2010). However, it must be noted that social buffering studies
were conducted using foot shock method, or fear conditioning findings could additionally be
affected by pain sensitivity (Imbe et al., 2004). Moreover, it is important to consider that
stress can produce diverse effects on cognitive functions depending on stress paradigms
employed, intensity and duration applied as well as learning tasks and intervals between
stress exposures and learning/memory tests used (Sandi and Pinelo-Nava, 2007). Finally, it
is likely that LTM deficits observed in our SD and TW rats get too pronounced, which
cannot be restored with social housing perhaps owing to severely compromised
neurobiological mechanisms.

Furthermore, stress-induced changes in the weight of adrenal glands, thymus and spleen
have been reported (Blanchard et al., 1995; Tamashiro et al., 2004). Stressful conditions
reportedly cause enlargement of adrenals and reduction in thymus and spleen (Selye, 1936;
Barnett, 1958; Blanchard et al., 1995; McKittrick et al., 1995). Moreover, increased adrenal
and decreased thymus weight in SD animals has been previously linked to activation of
hypothalamic—pituitary—adrenal (HPA) axis (Berton et al., 1998). In our study we observed,
significant decrease in thymus and adrenal gland but not spleen weight in SD and TW rats
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compared to their matched controls. Previous studies have reported differential effects on
these organs depending on the stressor applied (Berton et al., 1998; Kioukia-Fougia et al.,
2002; Calvo et al., 2011). Many stressors have been associated with involution of the
thymus (Selye, 1936). Interestingly, adrenal glands respond in three distinct stages, at the
initial stage, the adrenal glands enlarge in size but as the stress continues, the glands start to
shrink; we think our model depicts this sub-chronic phase of stress (Selye, 1936).

Historically, vicarious trauma or secondary traumatic stress identified as compassion fatigue
and physical or emotional exhaustion has been studied primarily in trauma counselors,
trauma nurses, aid workers and other helping professionals (Figley, 1995). This type of
trauma has much broader and complex implications requiring thoughtful analysis.
Psychological trauma resulting from witnessing traumatic events often leads to PTSD
(McCann and Pearlman, 1990), a severe form of anxiety disorder frequently accompanied
by comorbid psychiatric illnesses associated with high rates of disability with a lifetime
prevalence rate of 8-10% (Stein et al., 2000; Liebschutz et al., 2007). The prevalence,
however, is expected to increase to almost 20% following chronic societal stress (Blake et
al., 1992). Therefore, neurobiology of vicarious trauma or secondary traumatic stress must
be fully understood. Present study and that of Warren et al., both support occurrence of
secondary trauma after witnessing social defeat, a trauma considered to resemble societal
stress of bullying and humiliation. In conclusion, we report that social support, similar to
antidepressant treatment (Warren et al., 2013), reversed the effects of direct or indirect
emotional distress. Whether such support induces the same neuroprotective effects as
antidepressant drug treatment, in response to emotional or physical stress would be an
interesting area for future PTSD research.
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Fig 2.

E)?amination of general body parameters: (a) daily food, (b) water intake, and (c) weight
gain in rats. Paired housing: Pair housed rats include; CON: Sprague-Dawley rat placed
inside a novel cage and not subjected to social defeat, SD: Sprague—Dawley rat subjected to
social defeat, TW-CON: Sprague—Dawley rat placed within the enclosure surrounding the
novel cage and not subjected to witnessing social defeat, TW: Sprague—Dawley rat who
witnessed social defeat. Single housing: Single housed rats otherwise same as pair housed
condition. (*) significantly different p<0.05. Bars represent meanstsem, N=10 rats/group.
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Effect of social defeat or witnessing social defeat on absolute tissue weights: (a) thymus, (b)
adrenals and (c) spleen (c). Same as in Fig. 2. (*) significantly different at p<0.05. Bars
represent means+sewm, N=10 rats/group. CON: Sprague—Dawley rat placed inside a novel
cage and not subjected to social defeat, SD: Sprague—Dawley rat subjected to social defeat,
TW-CON: Sprague—Dawley rat placed within the enclosure surrounding the novel cage and
not subjected to witnessing social defeat, TW: Sprague—Dawley rat who witnessed social

defeat.
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Ef?‘ect of social defeat and witnessing social defeat on corticosterone levels: Social defeat or
witnessing social defeat significantly elevated the plasma corticosterone levels measured
using a commercially available ELISA kit. Same as in Fig. 2. (*) significantly different at
p<0.05. Bars represent means+sem, N=10 rats/group. CON: Sprague—Dawley rat placed
inside a novel cage and not subjected to social defeat, SD: Sprague—Dawley rat subjected to
social defeat, TW-CON: Sprague—Dawley rat placed within the enclosure surrounding the
novel cage and not subjected to witnessing social defeat, TW: Sprague—-Dawley rat who
witnessed social defeat.
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Fig5.

Examination of anxiety-like behavior using light-dark and elevated plus maze tests: (a) light
dark and (b) elevated plus maze tests were conducted in all rats. Same as in Fig. 2. (*)
significantly different at p<0.05. Bars represent meanstsem, N=10 rats/group. CON:
Sprague—-Dawley rat placed inside a novel cage and not subjected to social defeat, SD:
Sprague-Dawley rat subjected to social defeat, TW-CON: Sprague—Dawley rat placed
within the enclosure surrounding the novel cage and not subjected to witnessing social

defeat, TW: Sprague—Dawley rat who witnessed social defeat.
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Fig 6.

E)?amination of anxiety-like behaviors using open-field test: The open-field test determined
total (a), ambulatory (b) activities and distance traveled () in rats. Same as in Fig. 2. (*)
significantly different at p<0.05. Bars represent meanstsewm, N=10 rats/group. CON:
Sprague-Dawley rat placed inside a novel cage and not subjected to social defeat, SD:
Sprague—-Dawley rat subjected to social defeat, TW-CON: Sprague—Dawley rat placed
within the enclosure surrounding the novel cage and not subjected to witnessing social
defeat, TW: Sprague—Dawley rat who witnessed social defeat.
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Fig 7.

E)?amination of depression-like behavior using sucrose consumption and forced swim test:
(a) sucrose consumption and (b) forced swim tests were conducted in all rats. Same as in
Fig. 2. (*) significantly different at p<0.05. Bars represent means+sewv, N=10 rats/group.
CON: Sprague—Dawley rat placed inside a novel cage and not subjected to social defeat, SD:
Sprague—-Dawley rat subjected to social defeat, TW-CON: Sprague—Dawley rat placed
within the enclosure surrounding the novel cage and not subjected to witnessing social
defeat, TW: Sprague—Dawley rat who witnessed social defeat.
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Fig 8.

Ef?‘ect on memory function using radial arm water maze (RAWM) test: (a) short-term
memory and (b) long-term memory tests were conducted in all rats. Same as in Fig. 2. (*)
significantly different at p<0.05. Bars represent meanstsem, N=10 rats/group. CON:
Sprague—-Dawley rat placed inside a novel cage and not subjected to social defeat, SD:
Sprague-Dawley rat subjected to social defeat, TW-CON: Sprague—Dawley rat placed
within the enclosure surrounding the novel cage and not subjected to witnessing social
defeat, TW: Sprague—Dawley rat who witnessed social defeat.
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Scheme 1.
A schematic representation of the experimental regimen. Male Sprague-Dawley rats were

acclimatized for one week and then subjected to the social defeat protocol as previously
published by us (Patki et al., 2013) with some modifications. Behavior tests including
anxiety-like behavior [Open-field (OFT), light—-dark (LD), elevated plus maze tests (EPM)],
radial arm water maze (RAWM) and forced swim test (FST) were conducted as previously
published by us (Patki et al., 2013) and others (Cougle et al., 2009; Beck, 2011; Warren et
al., 2013). Sucrose intake was measured over the 24 h period during the entire experimental
period (day 8 to day 15, Scheme 1). Rats were sacrificed after the conclusion of all behavior
tests and blood was collected for corticosterone (CORT) analysis and brains harvested for
future analysis.
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Two way analysis of variance (ANOVA) was performed and the effect between animal groups and housing

was determined. The interaction between groups is provided. The F and P values are also listed

M easur ement Animal group effect  Housing effect Interaction
Food intake F=0.07, p=0.97 (NS)  F=0.01, p=0.99 (NS) NS

Water intake F=8.08, p<0.001 F=1.48, p=0.23 (NS) NS

Body weight F=16.06, p<0.001 F=6.54, p<0.01 F=3.03, p<0.05
Thymus weight F=2.98, p<0.05 F=1.48,p=0.23 (NS) NS

Adrenals weight F=6.02, p<0.001 F=8.93, p<0.01 NS

Spleen weight F=1.67, p=0.18 (NS) F=1.36,p=0.24 (NS) NS
Corticosterone F=42.7, p<0.001 F=17.7, p<0.001 F=8.27, p<0.001
Light—dark F=9.08, p<0.001 F=2.79, p<0.05 F=2.88, p<0.05
Elevated plus maze ~ F=4.07, p<0.01 F=2.97, p<0.05 F=2.72, p<0.05
Swim stress F=20.9, p<0.001 F=0.03, p=0.85 (NS) NS

Sucrose preference F=15.1, p<0.001 F=14.52, p<0.001 F=3.02, p<0.05
Total activity F=6.44, p<0.001 F=11.43, p<0.001 F=3.36, p<0.05
Ambulatory activity  F=4.88, p<0.05 F=3.03, p<0.05 F=2.98, p<0.05
Distance traveled F=6.36, p<0.01 F=3.26, p<0.05 F=2.78, p<0.05
Short-term memory  F=0.33, p=0.80 (NS)  F=0.84, p=0.36 (NS) NS

Long-term memory  F=7.79, p<0.001 F=0.15, P0.70 (NS) NS

NS: Not significant.
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