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Neurobiological Sequelae of Witnessing Stressful
Events in Adult Mice
Brandon L. Warren, Vincent F. Vialou, Sergio D. Iñiguez, Lyonna F. Alcantara, Katherine N. Wright,
Jiang Feng, Pamela J. Kennedy, Quincey LaPlant, Li Shen, Eric J. Nestler, and Carlos A. Bolaños-Guzmán

Background: It is well known that exposure to severe stress increases the risk for developing mood disorders. However, most chronic stress
models in rodents involve at least some form of physically experiencing traumatic events.

Methods: This study assessed the effects of a novel social stress paradigm that is insulated from the effects of physical stress. Specifically,
adult male C57BL/6J mice were exposed to either emotional (ES) or physical stress (PS) for 10 minutes per day for 10 days. The ES mice were
exposed to the social defeat of a PS mouse by a larger, more aggressive CD-1 mouse from the safety of an adjacent compartment.

Results: Like PS mice, ES mice exhibited a range of depression- and anxiety-like behaviors both 24 hours and 1 month after the stress.
Increased levels of serum corticosterone, part of the stress response, accompanied these behavioral deficits. Based on previous work that
implicated gene expression changes in the ventral tegmental area (a key brain reward region) in the PS phenotype, we compared
genome-wide mRNA expression patterns in this brain region of ES and PS mice using RNA-seq. We found significant overlap between these
conditions, which suggests several potential gene targets for mediating the behavioral abnormalities observed.

Conclusions: These findings demonstrate that witnessing traumatic events is a potent stress in adult male mice capable of inducing

long-lasting neurobiological perturbations.
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Recent estimates suggest that 20% to 30% of people in the
United State will develop an anxiety or mood disorder a some
point in their lifetime (1). Nearly 7% of the population will de-

velop posttraumatic stress disorder (PTSD), a severe anxiety disorder
characterized by a persisting fear of trauma-related stimuli, which may
emerge after exposure to severe stress (2,3). Surprisingly, the stress
does not have to be directly experienced for an individual to develop
PTSD. Instead, PTSD can occur vicariously in individuals who witness a
traumatic event (4–7). Such severe stress can precipitate a more de-
pression-like syndrome in other individuals (8).

Although animal models of stress have been successful in delin-
eating much of the biological basis of stress responses, current
models of traumatic stress focus on physical stressors (i.e., chronic
unpredictable or “mild” stress, social defeat, learned helplessness,
etc.) and neglect the ability of psychological stress alone to cause
PTSD or other stress-related disorders. This is troubling because
recent studies indicate that traumatic events can be detrimental to
mental health, even when experienced vicariously (9,10). Unfortu-
nately, animal models of such purely emotional stress are scarce.

The social defeat paradigm is one of the most robust models of
PTSD, depression, and other stress-related illnesses. Socially de-
feated mice reliably demonstrate social avoidance for weeks after
the last social defeat session, along with a range of other depres-
sion- and anxiety-like behavioral abnormalities (11,12). The social
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voidance phenotype has proven particularly useful because this
ffect is robust and reliable, possesses ethological relevance, has
trong face validity for the avoidance cluster of PTSD symptoms and
ocial withdrawal seen in subsets of depressed patients, and is
asily testable. However, the social defeat model is unable to tease
part the various effects of emotional versus physical stress, be-
ause, as currently performed, socially defeated mice are exposed
o both. Thus, the following set of experiments was designed to
xamine the enduring neurobiological effects of emotional stress
lone on behavioral measures of mood and anxiety in adult male
ice. We then used RNA-seq to measure the effects of emotional

tress on gene expression within the ventral tegmental area (VTA), a
opaminergic brain reward region increasingly implicated in mood
nd anxiety disorders (13–17).

ethods and Materials

nimals
Detailed methods and experimental design are provided in Sup-

lement 1.

hronic Emotional and Physical Stress
Social defeat was performed as described previously (11,12),

ith the addition of an “emotional stress” component. Briefly, CD-1
ice with consistent attack latencies (�30 sec on three consecutive

creening tests) were housed in cages fitted with perforated Plexi-
las dividers (Florida State University—Psychology, Engineering
roup), allowing sensory, but not physical, contact. Naive C57BL/6J
ice were assigned to either emotional stress (ES) or physical stress

PS) conditions. ES mice were placed into the empty compartment
djacent to the CD-1 aggressor, and PS mice were placed into the
ompartment containing the aggressor, as previously described
11,12,14). During this time, the PS mouse was attacked by the CD-1
ggressor and adopted a defensive posture. After 10 min, the ES-
xposed mouse was transferred to a novel cage, in the compart-
ent adjacent to a novel CD-1, to minimize exposure to any latent

timuli potentially produced by the PS-exposed mouse. The PS-
xposed mouse was left overnight in the compartment adjacent to

he CD-1 that socially defeated it. This process was repeated for 10
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consecutive days, such that each day the ES-exposed mouse “wit-
nessed” the defeat of a novel mouse by a novel CD-1. The term
“witness” in this model refers to all sensory stimuli associated with
the ES experience and not visual stimuli alone. In parallel, separate
groups of PS mice were generated by 10 days of repeated daily
defeats and continuous exposure to their aggressors as published
(11,12). Control mice were housed in pairs, one on each side of a
perforated Plexiglas partition, and handled daily (12). Social inter-
action was assessed at 24 hours after the last stress exposure, with
the subsequent behavioral experiments conducted either 48 hours
or 1 month after stress exposure. As a control, we also generated
one group of ES, PS, and control mice using an opaque divider
without holes to blunt sensory cues related to the resident–intruder
interactions. We then assessed social interaction 24 hours later (see
Supplemental Figure S1A in Supplement 1).

Corticosterone Enzyme Immunoassay
One group of ES, PS, and control mice was used 40 min after a

single stress or control session. A second group was used 24 hours
after 10 days of stress. A third group was exposed to the various
stress conditions and then used 40 min after the forced swim test. A
corticosterone enzyme immunoassay was performed per manufac-
turer’s instructions (Assay Designs, Ann Arbor, Michigan). See Sup-
plement 1 for details.

Behavioral Assays
All behavioral assays were conducted as described previously

(see Supplement 1 for details).

Transcriptome-Wide Analysis of VTA
RNA was isolated from VTA punch dissections (1.0 mm diameter)

taken 24 hours after the last stress session. Sequencing was per-
formed at Mount Sinai’s core facility using an Illumina HiSeq2000
machine (San Diego, California; see Supplement 1 for details).

Results

Short-Term Effects of Emotional Stress
Behavioral and Neuroendocrine Abnormalities. The effect

f ES or PS on body weight is shown in Figure 1A. Repeated-
easures analysis of variance (ANOVA) revealed that stress ex-

osure significantly influenced body weight across days [within-
www.sobp.org/journal
ubject main effect: F (18,558) � 14.4, p � .0001] and stress
xposure [between-subject main effect: F (2,558) � 20.8, p �

001]. As previously reported (12), exposure to PS significantly
educed body-weight gain compared with control mice, and ES
xposure induced a similar magnitude of weight loss. Both ES-
nd PS-exposed mice returned to control levels within 5 days of
he last stress session.

To determine the acute effects of stress on serum corticosterone
CORT) levels, a group of mice was exposed to a single session of
tress and CORT levels were assessed 40 min later (Figure 1B, left
anel). Serum CORT concentrations varied as a function of stress
xposure [F (2,26) � 8.8, p � .01] across control, ES, and PS condi-
ions. Both PS and ES exposure significantly raised CORT levels
ompared with control mice (p � .05, respectively). We next as-
essed the influence of chronic exposure to stress on CORT in a
eparate group of mice 24 hours after 10 days of stress (Figure 1B,
ight panel). Serum CORT concentrations varied as a function of
hronic stress exposure [F (2,27) � 49.7, p � .001]. PS and ES expo-
ure induced similar increases in CORT levels compared with con-
rol mice (p � .05, respectively), demonstrating that ES alone can
ctivate the glucocorticoid stress response.

We then assessed the consequences of 10 days of ES or PS on
ocial interaction 24 hours after the last stress session. Repeated-

easures ANOVA (for presence of CD-1 mouse) revealed that social
nteraction time varied across target presence [within-subject main
ffect: F (1,111) � 12.5, p � .001] and by stressor [between-subject
ain effect: F (2,111) � 31.6, p � .001] across control, ES, and PS

xposure. As expected, PS exposure reduced social interaction
ompared with control mice (Figure 2A). ES-exposed mice also
xhibited social avoidance, although to a much lesser degree
hat PS-exposed mice. To determine whether sensory contact
uring stress sessions was responsible for these effects, we used
paque nonperforated dividers to block or blunt sensory cues in
eparate groups of mice. Although visual stimuli were com-
letely blocked, it should be noted that transmission of auditory
nd chemosensory stimuli might have been blunted as well. We
ound that this manipulation completely blocked the acquisition
f social avoidance in ES-exposed mice, supporting the view that

he effects of ES are mediated by sensory stimuli from the ag-
ressor’s compartment (Figure S1A in Supplement 1). In con-

Figure 1. Emotional (ES) and physical (PS) stress alters
physiologic and neuroendocrine reactivity 24 hours after
the last stress exposure. (A) Exposure to ES and PS re-
duced weight gain across days of stress exposure, return-
ing to control (CON) levels within 5 days of the last stress
session (n � 11–12). (B) Serum corticosterone concentra-
tions varied 40 min after a single session of stress (left
panel; n � 9 –10; Acute). Specifically, exposure to ES and
PS significantly increased serum corticosterone levels
compared with the CON mice (p � .05, respectively). Sep-
arate groups of mice were exposed to 10 daily stress ses-
sions and serum corticosterone levels were assessed 24
hours after the last exposure (right panel; n � 10;
Chronic). ES and PS exposure significantly increased se-
rum corticosterone levels compared with CON mice (p �
.001, respectively). Data are presented as weight change
in grams, and serum corticosterone concentrations as
pg/mL (mean � SEM). *Significantly different than CON
mice. �Only ES mice significantly different than CON mice.
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trast, exposure of mice to soiled bedding from CD-1/PS mouse
interactions had no effect on social interaction scores (Figure

1F in Supplement 1).
To determine the effect of stress exposure on anxiety-like

ehavior, separate groups of mice were exposed to the elevated
lus-maze (EPM) 48 hours after the last stress session. Time spent

n the open arms of the EPM varied as a function of stress expo-
ure [F (2,27) � 6.3; p � .01]. Exposure to ES induced a robust
ecrease in the time spent in the open arms of the EPM (p � .05),

which provides a measure of anxiety-like behavior (Figure 2B).
ES- and PS-exposed mice avoided the open arms to a similar
degree.

Stress exposure also influenced sucrose preference [F (2,21) �
0.5, p � .05] 48 hours after the last stress session. As expected,
S-exposed mice displayed a decrease in sucrose preference, inter-
reted as a decrease in sensitivity to natural reward— or anhedo-
ia— compared with control mice (Figure 2C). In contrast, exposure

o ES did not influence sucrose preference at this time point. Impor-
antly, we did not observe changes in total liquid intake in ES- or

S-exposed mice (Figure S1B in Supplement 1). o
To assess responses to acute stress, ES- and PS-exposed mice
ere analyzed in the forced swim test 48 hours after the last stress

ession. Figure 2D shows that total time spent immobile varied as a
unction of stress exposure [F (2,27) � 3.6, p � .05]. ES exposure, like
S exposure, increased total time spent immobile, a depression-like
ehavior, compared with control mice (p � .05).

ong-Term Effects of Emotional Stress
Behavioral and Neuroendocrine Abnormalities. To deter-

ine the long-lasting effects of exposure to stress on anxiety-like
ehaviors, separate groups of control, ES- and PS-exposed mice
ere tested in the EPM 1 month after the last stress session. Time

pent in the open arms of the maze varied as a function of stress
xposure [F (2,21) � 6.1; p � .01]. Figure 3A shows that ES exposure,

ike PS exposure, reduced time spent in the open arms of the maze
ompared with control mice (p � .05, respectively).

We next assessed the long-term effect of prior stress on sucrose
reference 1 month after the last stress session. Sucrose preference
aried by stress exposure [F (2,21) � 4.1, p � .05]. Unlike the effects

Figure 2. Emotional (ES) and physical (PS) stress alter
mood and anxiety-related behavioral measures 24 hours
after the last stress exposure. (A) ES and PS exposure
reduced the time spent interacting with the CD-1 mouse
compared with control (CON) mice (n � 38; p � .05). (B) A
group of mice was exposed to the elevated plus-maze 48
hours after the last stress session (n � 10). ES- and PS-
exposed mice showed reduced time spent in the open
arms of the EPM when compared to CON (p � .05, respec-
tively). (C) Exposure to PS (p � .05), but not ES (p � .05),
significantly reduced sucrose preference, a measure of
natural reward, compared with CON mice 24 hours after
the last stress session (n � 8). (D) To assess effects of CON,
ES, or PS conditions on acute stress responses, a group of
mice was exposed to the forced swim test 48 hours after
the last stress session. Mice in the ES and PS conditions
(n � 10) spent more time immobile compared with CON
mice (p � .05, respectively). Data are presented as inter-
action times (in seconds), % time spent in the open
arms, % preference for sucrose, and total immobility in
seconds (mean � SEM). *Significantly different than CON
mice.
bserved shortly after stress (Figure 2C), mice tested a month after ES

www.sobp.org/journal
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exposure showed a significant reduction in preference for sucrose,
similarly to PS exposure, when compared with control mice (Figure 3B;
p � .05, respectively). No effect was seen on total liquid intake in ES or
PS mice (Figure S1C in Supplement 1). This is evidence that ES exposure
uniquely induces behavioral abnormalities that only become apparent
after a substantial incubation period.

Separate groups of ES, PS, and control mice were exposed to the
forced swim test 1 month after the last stress session (Figure 3C). Total
immobility varied as a function of stress exposure [F (2,21) � 5.6, p �
05]. Exposure to PS increased total immobility, an effect also seen after
xposure to ES, compared with control mice (p � .05, respectively). To
haracterize the lasting effects of the various stress conditions on neu-
oendocrine measures, CORT levels were assessed in these mice 40

in after forced swimming (Figure 3D). Corticosterone concentrations
aried as a function of stress exposure [F (2,21) � 6.0, p � .01]. Both ES
nd PS exposure significantly elevated CORT levels compared with
ontrol mice (p � .05, respectively), suggesting that witnessing stress-
ul events causes long-lasting sensitivity of the neuroendocrine

ystem. h

ww.sobp.org/journal
Given findings that social defeat induces an enduring social
voidance (11,12), we assessed the lasting effects of ES and PS
xposure on this behavioral abnormality. Repeated-measures
NOVA (for presence of CD-1 mouse) revealed that interaction time
aried across testing condition [within-subject main effect: F (1,35,
� .001] and by stress exposure [between-subject main effect:

(2,33) � 7.9, p � .01]. One month after the last stress session, mice
ere reexposed to the social interaction test. As expected, PS mice
isplayed reduced time interacting with the social target. ES also

esulted in robust social avoidance compared with control mice
Figure 4A), indicating that vicarious stress-induced social avoid-
nce persists for up to 1 month.

Fluoxetine Reversal of ES Effects. Given our results that wit-
essing stressful events induces behavioral and physiological dys-

egulation reminiscent of PTSD or depression, we tested whether
ntidepressant treatment could reverse the deficits in social inter-
ction observed in ES-exposed mice. Groups of mice were first
xposed to ES, PS, or control conditions for 10 days. Twenty-four

Figure 3. Emotional stress (ES) alters neuroendocrine and
behavioral measures 1 month after the last stress exposure.
(A) A separate group of mice was exposed to control (CON),
ES, or physical stress (PS), and anxiety-like behavior was as-
sessed 1 month after the last stress session using the ele-
vated plus-maze (EPM; n � 8). Exposure to ES and PS signif-
icantly reduced time spent in the open arms of the EPM
compared with the CON-exposed mice (p � .05, respec-
tively). (B) Furthermore, ES or PS exposure influenced su-
crose preference, a measure of natural reward, 1 month after
the last stress session (n � 8). Exposure to ES and PS signifi-
cantly reduced preference for sucrose compared with CON
mice (p � .05, respectively). (C) To assess for the long-lasting
effects of ES or PS on acute stress responses, a separate
group of mice was exposed to the forced swim test 1 month
after the last stress session (n�8). Exposure to either ES or PS
increased total time spent immobile compared with the
CON-exposed mice (p � .05, respectively). (D) To determine
the long-lasting effects of previous stress exposure on sub-
sequent neuroendocrine stress responses, these mice were
used 40 min after the forced swim test exposure and serum
corticosterone was assessed (n �8). ES and PS exposed mice
had significantly increased serum corticosterone levels com-
pared with CON mice (p � .05, respectively). Data are pre-
sented as % time spent in the open arms, % preference for
sucrose, total immobility (in seconds), and serum corticoste-
rone concentrations as pg/mL (mean � SEM). *Significantly
different than CON mice.
ours after the last stress exposure, social interaction was assessed.
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Mice were then divided into either acute or chronic fluoxetine
treatment groups with equivalent mean social interaction scores
and were given either a single day or 30 days of fluoxetine injections
(20 mg/kg/day). As previously demonstrated (11,18,19), a single
injection of fluoxetine was not capable of reversing stress-induced
social avoidance in PS-exposed mice, and we now expand this
finding to ES-exposed mice (Figure 4B). However, following chronic
treatment with fluoxetine, a two-way ANOVA revealed main effects
of drug [F (1,35) � 10; p � .01] and stress [F (2,35) � 6.4; p � .01] but
no significant interaction [F (2,35) � .635; p � .05]. Specifically,
chronic fluoxetine treatment reversed stress-induced social avoid-
ance in both ES- and PS-exposed mice (Figure 4C), demonstrating
that chronic, but not acute, fluoxetine is capable of reversing ES-
induced social aversion.

Gene Expression Profiling After ES. Previous work demon-
strated robust changes in VTA gene expression after PS and directly
linked several of these changes to the stable behavioral abnormal-
ities seen under these conditions (12,14). Therefore, as a first step to
explore the neurobiological underpinnings of the ES-induced be-
havioral abnormalities, RNA was isolated from the VTA of mice 24
hours after the last exposure to 10 days of ES, PS, or control condi-
tions and analyzed by RNA-seq using Illumina’s HiSeq 2000. Table
S1 in Supplement 1 summarizes the read numbers from these anal-
yses. Venn diagrams illustrate the considerable overlap in genes
regulated similarly by ES and PS exposure compared with control
conditions (Figure 5). In ES-exposed mice, 718 transcripts were
upregulated, and 682 were downregulated compared with control
mice. In PS-exposed mice, 3,895 transcripts were found to be up-
regulated and 577 transcripts were downregulated compared with
control mice. Interestingly, 312 transcripts were upregulated in
both ES- and PS-exposed mice, and 349 transcripts were downregu-
lated in both ES- and PS-exposed mice compared with controls. See
Table S3 in Supplement 1 for a complete list of similarly regulated

Figure 4. (A) One month after the last exposure to the various stress conditions,
(ES) and physical stress (PS) exposure significantly reduced the time the mice sp
day of fluoxetine (FLX) injections was unable to reverse stress-induced social avo
ocial interaction deficits previously observed in both ES- and PS-exposed mice (n
Target/No Target; mean � SEM). *Significantly different than CON mice. �Sign
transcripts.
t
e

iscussion

We demonstrate that witnessing stressful events (i.e., social de-
eat) serves as a potent stressor in adult mice capable of inducing
ong-lasting dysregulation in several functional outputs. Our data
how that both acute and repeated exposure to vicarious stress
ltered weight gain, serum CORT levels, and responsiveness to both
ewarding and aversive stimuli. Importantly, the effects of chronic
S are enduring and at least some of the abnormalities are normal-

zed by chronic antidepressant treatment. Witnessing stress also
otently dysregulated VTA gene expression, with considerable
verlap between ES- and PS-exposed mice.

Our results indicate that experiencing ES elicits a strong stress
esponse, based on elevated CORT levels both 24 hours and 1

onth after the last stress, and these effects are similar to those
bserved in PS-exposed mice. Likewise, the reduced weight gain
bserved in mice exposed to ES was similar to that seen after PS,

p of mice was reexposed to the social interaction test (n �12). Emotional stress
teracting compared with control (CON) mice (p � .05, respectively). (B) A single
ce (p � .05, respectively). (C) Chronic (30 days) treatment with FLX reversed the
8). Data are presented as interaction times (in seconds) and as interaction ratios
ly different than saline (SAL) treated mice.

igure 5. Venn diagrams showing overlap in significantly upregulated or
ownregulated mRNAs within the ventral tegmental area of mice exposed
a grou
ent in

idan
o emotional (ES) or physical (PS) stress conditions 24 hours after the last
xposure to stress (p � .05).

www.sobp.org/journal



b
t
t
m
g
v
w
b
1
w
i
1
e
o
b
(
l
(

r
o
s
c
r
l
b
i
l
S

T
P

G

C
F

G

G

H
K

K
M
P
P

P
R

S

S

T

W

c

12 BIOL PSYCHIATRY 2013;73:7–14 B.L. Warren et al.

w

further indicating that ES is a potent stressor (12,20 –22). These
findings are intriguing because mice that witness but do not phys-
ically experience stress have nearly identical changes in these clas-
sic stress measures as those subjected to PS. Deficits in weight gain
are not influenced by differences in prestress weight, because body
weight did not differ before stress exposure (Figure 1A). These
findings agree with reports demonstrating that PS exposure in-
creases CORT levels for up to 24 hours (12,23) and reduces weight
gain in adult mice (24 –26).

Exposure to ES enhances sensitivity to aversive situations 24
hours after cessation of the stress regimen. ES exposure induced a
small decrease in social interaction, a measure of social avoidance.
A more robust decrease was seen in PS-exposed mice, as has been
reported (11,12,18). Under normal conditions, a naive mouse inter-
acts more with a novel mouse. After repeated social defeat, how-
ever, most mice avoid these interactions (11,12,24,27). The finding
that ES vicariously induces a social avoidance is particularly striking
because these mice never had physical contact with a CD-1 aggres-
sor. Exposure to ES also increased immobility in the forced swim
test and decreased time spent in the open arms of the EPM, like
PS-exposed mice. These data are in full agreement with reports
showing that PS exposure increases social avoidance and anxiety-
like measures 24 hours after the last stress session (12,28), and these
findings are now extended to mice witnessing stressful events.

Exposure to ES induced a more robust long-lasting sensitivity to
aversive situations, comparable to that seen following PS exposure.
ES exposure caused pronounced decreases in social interaction 1
month after cessation of stress exposure. This is important because
it suggests that mice that witness aggression can vicariously de-
velop a lasting sensitivity to trauma-related stimuli that is similar to
that seen in mice that actually experience physical harm. In addi-
tion, ES exposure increased immobility in the forced swim test and
reduced time spent in the open arms of the EPM in mice tested 1
month after cessation of stress exposure, indicating that mice that
experience ES form a persistent increased sensitivity to stress- and
anxiety-eliciting situations. It is unlikely that these differences are
due to changes in general locomotor activity because total locomo-
tion did not differ during the social interaction test (target not
present; Figure S1D in Supplement 1). Together, these observations
strongly agree with reports demonstrating that exposure to PS
induces a lasting sensitivity to anxiety- and stress-eliciting situa-
tions (11,12,14,28), findings now extended to ES.

Reduced interaction with a social target is particularly interest-
ing because avoidance of trauma-related cues is a hallmark of PTSD
and subsets of depression (29,30). This behavioral abnormality is
corrected by chronic fluoxetine treatment; fluoxetine is a selective
serotonin reuptake inhibitor, which is a robust antidepressant and
one of the few effective treatments for a subset of patients with
PTSD. However, the efficacy of fluoxetine in PTSD patients is highly
variable, in contrast to the ability of the drug to robustly reverse ES-
and PS-induced social avoidance. One possibility is that social
avoidance reflects more of a depression-like symptom as opposed
to PTSD per se. However, we must emphasize that clinical diagno-
ses of depression, PTSD, and anxiety are based on behavioral abnor-
malities only, with no known biologically based diagnostic distinc-
tions. Further appreciation of our ES and PS model must thus await
better characterization of the clinical syndromes. Meanwhile, it
would be interesting to test the ability of fluoxetine to reverse other
sequelae of ES exposure.

Chronic exposure to ES results in long-lasting reductions in sensi-
tivity to sucrose, a measure of anhedonia, similar to that observed after
PS exposure. In contrast, at 24 hours after stress exposure, only PS mice

displayed decreased sucrose preference. This suggests that the neuro- c

ww.sobp.org/journal
iological adaptations that result in anhedonia must incubate before
hey emerge following exposure to ES but not PS. Evidence for incuba-
ion is also seen with social avoidance, which is more extreme in ES

ice at 1 month versus 24 hours. This is remarkable because it sug-
ests that a more complicated and insidious mechanism may be in-
olved in ES. Although both ES and PS exposure decreased body
eight, this did not likely influence sucrose consumption because
ody weight rapidly returned to normal and remained at control levels
month after the last stress session (Figure S1E in the Supplement 1)
hen preference for sucrose was altered. Furthermore, no differences

n total liquid intake were observed (Figure S1B and S1C in Supplement
). Therefore, decreased sucrose preference is likely due to the influ-
nce of stress on the brain’s reward circuitry (12,31). Dopaminergic
utput from the VTA to the nucleus accumbens (NAc) and other fore-
rain regions is critical for regulating responses to rewarding stimuli

17,32). Dysregulation of the VTA-NAc circuitry, as occurs in depressive-
ike conditions, results in anhedonic-like responses to sucrose
17,31,33,34).

To explore the role of the VTA-NAc circuitry in mediating aber-
ant behavior after exposure to ES and PS, we performed RNA-seq
n the VTAs of ES, PS, and control mice 24 hours after the last stress
ession. We found considerable overlap in gene expression
hanges between ES and PS conditions (see examples of genes
egulated in Table 1). This is significant because it provides a unique
ist of transcripts that may be important in mediating the effects of
oth physically experienced and witnessed trauma and may prove

nformative for understanding neurobiological mechanisms under-
ying behavioral pathology caused by witnessing stressful events.
everal of these transcripts have been previously identified in mi-

able 1. Examples of Genes Regulated in the Ventral Tegmental Area by
hysical or Emotional Stress

ene (Definition) Function PS ES

dh1 (cadherin 1)a Cell adhesion 1 1
gfr1 (fibroblast growth factor

receptor 1)
Stimulus response 1 1

abrd (gamma-aminobutyric acid
A receptor, delta)

Inhibition 2 2

rin2C (N-methyl-D-aspartate
receptor subunit 2C)

Long-term
potentiation

2 2

spd1 (heat shock 60kDa protein 1) Chaperon 1 ↔

cnh3 (potassium voltage-gated
channel)a

Potassium channel ↔ 2

if1b (kinesin family member 1B) Motor protein 1 ↔

bp (myelin basic protein) Myelination 1 2
cdh20 (protocadherin 20) Cell adhesion 1 ↔

ik3r2 (PI3K regulatory subunit
beta)a

Kinase adapter 1 ↔

rkcd (protein kinase C delta type)a Protein kinase 2 2
asgrp1 (RAS guanyl releasing

protein 1)
Activates Erk cascade 2 2

hank3 (SH3 and multiple ankyrin
repeat domains 3)a

Scaffold protein 2 2

tat1 (signal transducer and
activator of transcription 1)

Transcription activator 1 ↔

cf12 (transcription factor 12) Transcription
regulator

1 ↔

nt9a (wingless-type MMTV
integration site 9A)a

Activates frizzled 2 2

Significantly upregulated (1), downregulated (2), or no change (↔)
ompared with controls.

aVerified by qualitative polymerase chain reaction.
roarray studies of the VTA in PS-exposed mice (12,14), making
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those exciting targets for future study and excellent candidates for
potential therapeutic intervention. Specifically, we found several
molecules related to the ERK/MAP-kinase (extracellular signal-reg-
ulated kinase/mitogen-activated protein kinase) signaling pathway
to be regulated. This is not surprising because a growing literature
indicates that this pathway is highly involved in mood disorders
(13,35–37). We also found the cell adhesion molecule, cadherin 1
(cdh1), to be upregulated after exposure to both ES and PS. This is
particularly interesting because cadherin has been shown to inter-
act with beta-catenin, a molecule essential to the wingless (WNT)
signaling pathway (38), which has also been implicated in mood
disorders (19,39,40). Shank3, a scaffold protein involved in spi-

ogenesis, anchoring of membrane proteins including glutamate
eceptors, and intracellular signaling, was found to be downregu-
ated in the VTA of both ES and PS exposed mice. Mutant forms of
hank3 have been found in a subset of individuals with autism
pectrum disorders, which are characterized by compromised so-
ial behavior (41), and mice with mutations in Shank3 have deficits

n social interaction (42,43). These transcripts, found to be dysregu-
ated 24 hours after the last stressor, may yield targets that could be
seful in preventing PTSD symptoms from manifesting. However, it

s currently unknown whether these alterations persist beyond 24
ours after stress exposure. It will be important in future studies to
elineate the full time course of these differences in gene expres-
ion, as well as to interrogate other limbic brain regions, because
TSD can be a highly chronic condition (44,45).

Overall, our findings in PS-exposed mice agree with previous
eports: exposure to PS blunts sensitivity to rewarding stimuli and
nhances sensitivity to aversive stimuli (11–14,28,46). Interestingly,
his study shows that ES exposure results in similar behavioral phe-
otypes: increased social avoidance, increased anxiety-like behav-

or, anhedonia, and increased depression-like behavior. Addition-
lly, deficits in social avoidance and sucrose preference are
articularly salient 1 month after ES. This indicates that neuronal
daptations underlying these behavioral effects likely occur and
uild over time, in the absence of continued stress (47,48).

Note that we did not find a consistent increase in social interac-
ion—more time spent in the interaction zone in the presence
ersus absence of a social target—in control mice (Figure 4). The
eason for this is unknown because we used highly replicable pro-
ocols that have been published widely (11,12). It is possible that
he stress associated with 30 daily intraperitoneal injections of flu-
xetine or saline may have influenced behavior in the control mice.
egardless, our data clearly reveal robust deficits exhibited by PS
nd ES mice compared with controls.

In summary, this study demonstrates that exposure to ES ro-
ustly influences stress responses in adult male mice. Furthermore,

t shows that ES induces a negative emotional state characterized
y blunted sensitivity to reward and increased sensitivity to stress-
nd anxiety-eliciting situations. This study also demonstrates that
hese ES-induced effects are strikingly similar to those seen after PS
xposure alone, suggesting that simply witnessing trauma is a po-
ent stressor in male mice. This supports the view that ES exposure
an be as critical as PS exposure for the long-lasting behavioral and
euroendocrine effects observed after social defeat. Within this
ontext, these findings suggest that repeated ES exposure could be
sed as a relevant animal model for PTSD, depression, and other
tress-related disorders. Moreover, gene discovery experiments
uch as those shown here have the potential to provide novel paths
orward in the development of new treatments for these disorders.
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