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Abstract
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 ten minutes per day for ten days. 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 hr and 1 month after the stress. Increased levels of serum corticosterone, part of the stress
response, accompanied these behavioral deficits. Based on prior work which 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—Together, 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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Introduction
Recent estimates suggest that 20–30% of people in the United State will develop an anxiety
or mood disorder sometime in their lifetime (1). Nearly 7% of the population will develop
post-traumatic 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 only witness a
traumatic event (4–7). Such severe stress can precipitate a more depression-like syndrome in
other individuals (8).

While animal models of stress have been successful in delineating much of the biological
basis of stress responses, all 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). Unfortunately,
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 defeated mice reliably demonstrate social avoidance for
weeks after the last social defeat session along with a range of other depression- and
anxiety-like behavioral abnormalities (11, 12). The social avoidance phenotype has proven
particularly useful because this effect is robust, reliable, possesses ethological relevance, has
strong face validity for the avoidance cluster of PTSD symptoms and social withdrawal seen
in subsets of depressed patients, and is easily testable. However, the social defeat model is
unable to tease apart the different effects of emotional vs. physical stress, since, as currently
performed, socially defeated mice are exposed to both. Thus, the following set of
experiments was designed to examine the enduring neurobiological effects of emotional
stress alone on behavioral measures of mood and anxiety in adult male mice. We then used
RNA-seq to measure the effects of emotional stress on gene expression within the ventral
tegmental area, a dopaminergic brain reward region increasingly implicated in mood and
anxiety disorders (13–17).

Materials and Methods
Animals

Detailed methods and experimental design are provided in Supplement 1.

Chronic Emotional and Physical Stress
Social defeat was performed as described previously (11, 12), with the addition of an
‘emotional stress’ component. Briefly, CD-1 mice with consistent attack latencies (≤30 sec
on three consecutive screening tests) were housed in cages fitted with perforated Plexiglas
dividers (FSU-Psychology, Engineering Group), allowing sensory, but not physical, contact.
Naïve C57BL/6J mice were assigned to either emotional stress (ES) or physical stress (PS)
conditions. ES mice were placed into the empty compartment adjacent to the CD-1
aggressor, while PS mice were placed into the compartment containing the aggressor, as
previously described (11, 12, 14). During this time, the PS mouse was attacked by the CD-1
aggressor and adopted a defensive posture. After 10 min, the ES exposed mouse was
transferred to a novel cage, in the compartment adjacent to a novel CD-1, to minimize
exposure to any latent stimuli potentially produced by the PS-exposed mouse. The PS
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exposed mouse was left overnight in the compartment adjacent to the CD-1 that socially
defeated it. This process was repeated for ten consecutive days, such that each day the ES
exposed mouse ‘witnessed’ 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 ten 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 interaction was assessed at 24 hr after the last stress exposure,
with the subsequent behavioral experiments conducted either 48 hr 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 hr later (Fig. S1A in the Supplement).

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 hr 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 manufacturer’s instructions (Assay
Designs). See Supplement for details.

Behavioral Assays
All behavioral assays were conducted as described previously (see Supplement for details).

Transcriptome-Wide Analysis of VTA
RNA was isolated from VTA punch dissections (1.0 mm diameter) taken 24 hr after the last
stress session. Sequencing was performed at Mount Sinai’s core facility using an Illumina
HiSeq2000 machine (see Supplement for details).

Results
Short-Term Effects of Emotional Stress

Behavioral and neuroendocrine abnormalities—The effect of ES or PS on body-
weight is shown in Fig. 1A. Repeated-measures ANOVA revealed that stress exposure
significantly influenced body weight across days (within-subject main effect: F(18,558)=
14.4, p< 0.0001) and stress exposure (between-subject main effect: F(2, 558)= 20.8, p<
0.001). As previously reported (12), exposure to PS significantly reduced body-weight gain
compared to control mice, and ES exposure induced a similar magnitude of weight loss.
Both ES- and PS-exposed mice returned to control levels within 5 days of the 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 stress and CORT levels were assessed 40 min later
(Fig. 1B, left panel). Serum CORT concentrations varied as a function of stress exposure
(F(2,26)= 8.8, p< 0.01) across control, ES, and PS conditions. Both PS and ES exposure
significantly raised CORT levels when compared to control mice (p<0.05, respectively). We
next assessed the influence of chronic exposure to stress on CORT in a separate group of
mice 24 hr after 10 days of stress (Fig. 1B, right panel). Serum CORT concentrations varied
as a function of chronic stress exposure (F(2, 27)= 49.7, p< 0.001). PS and ES exposure
induced similar increases in CORT levels when compared to control mice (p<0.05,
respectively), demonstrating that ES alone can activate the glucocorticoid stress response.
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We then assessed the consequences of 10 days of ES or PS on social interaction 24 hr after
the last stress session. Repeated-measures ANOVA (for presence of CD-1 mouse) revealed
that social interaction time varied across target presence (within-subject main effect:
F(1, 111)= 12.5, p< 0.001) and by stressor (between-subject main effect: F(2, 111)= 31.6, p <
0.001) across control, ES, and PS exposure. As expected, PS exposure reduced social
interaction compared to control mice (Fig. 2A). ES-exposed mice also exhibited social
avoidance, although to a much lesser degree that PS-exposed mice. To determine whether
sensory contact during stress sessions was responsible for these effects, we used opaque
non-perforated dividers to block or blunt sensory cues in separate groups of mice. While
visual stimuli were completely blocked, it should be noted that transmission of auditory and
chemosensory stimuli might have been blunted as well. We found that this manipulation
completely blocked the acquisition of social avoidance in ES-exposed mice, supporting the
view that the effects of ES are mediated by sensory stimuli from the aggressor’s
compartment (Fig. S1A in the Supplement). In contrast, exposure of mice to soiled bedding
from CD-1/PS mouse interactions had no effect on social interaction scores (Fig. S1F in the
Supplement).

To determine the effect of stress exposure on anxiety-like behavior, separate groups of mice
were exposed to the elevated plus-maze (EPM) 48 hr after the last stress session. Time spent
in the open arms of the EPM varied as a function of stress exposure (F(2,27)= 6.3; p< 0.01).
Exposure to ES induced a robust decrease in the time spent in the open arms of the EPM
(p<0.05), which provides a measure of anxiety-like behavior (Fig. 2B). ES- and PS-exposed
mice avoided the open arms to a similar degree.

Stress exposure also influenced sucrose preference (F(2, 21)= 10.5, p< 0.05) 48 hr after the
last stress session. As expected, PS-exposed mice displayed a decrease in sucrose
preference, interpreted as a decrease in sensitivity to natural reward—or anhedonia—
compared to control mice (Fig. 2C). In contrast, exposure to ES did not influence sucrose
preference at this time point. Importantly, we did not observe changes in total liquid intake
in ES- or PS-exposed mice (Fig. S1B in the Supplement).

To assess responses to acute stress, ES- and PS-exposed mice were analyzed in the forced
swim test 48 hr after the last stress session. Figure 2D shows that total time spent immobile
varied as a function of stress exposure (F(2,27)= 3.6, p< 0.05). ES exposure, like PS
exposure, increased total time spent immobile, a depression-like behavior, when compared
to control mice (p<0.05).

Long-Term Effects of Emotional Stress
Behavioral and neuroendocrine abnormalities—To determine the long-lasting
effects of exposure to stress on anxiety-like behaviors, separate groups of control, ES- and
PS-exposed mice were tested in the EPM 1 month after the last stress session. Time spent in
the open arms of the maze varied as a function of stress exposure (F(2,21)= 6.1; p< 0.01).
Figure 3A shows that ES exposure, like PS exposure, reduced time spent in the open arms of
the maze as compared to control mice (p<0.05, respectively).

We next assessed the long-term effect of prior stress on sucrose preference 1 month after the
last stress session. Sucrose preference varied by stress exposure (F(2, 21)= 4.1, p< 0.05).
Unlike the effects observed shortly after stress (Fig. 2C), mice tested a month after ES
exposure showed a significant reduction in preference for sucrose, similarly to PS exposure,
when compared to control mice (Fig. 3B; p<0.05, respectively). No effect was seen on total
liquid intake in ES or PS mice (Fig. S1C in the Supplement). This is evidence that ES
exposure uniquely induces behavioral abnormalities that only become apparent after a
substantial incubation period.
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Separate groups of ES, PS, and control mice were exposed to the forced swim test 1 month
after the last stress session (Fig. 3C). Total immobility varied as a function of stress
exposure (F(2, 21)= 5.6, p< 0.05). Exposure to PS increased total immobility, an effect also
seen after exposure to ES, when compared to control mice (p<0.05, respectively). To
characterize the lasting effects of the various stress conditions on neuroendocrine measures,
CORT levels were assessed in these mice 40 min after forced swimming (Fig. 3D).
Corticosterone concentrations varied as a function of stress exposure (F(2, 21)= 6.0, p< 0.01).
Both ES and PS exposure significantly elevated CORT levels when compared to control
mice (p<0.05, respectively), suggesting that witnessing stressful events causes long-lasting
sensitivity of the neuroendocrine system.

Given findings that social defeat induces an enduring social avoidance (11, 12), we assessed
the lasting effects of ES and PS exposure on this behavioral abnormality. Repeated-
measures ANOVA (for presence of CD-1 mouse) revealed that interaction time varied
across testing condition (within-subject main effect: F(1,33)= 35, p< 0.001) and by stress
exposure (between-subject main effect: F(2,33)= 7.9, p< 0.01). One month after the last stress
session, mice were re-exposed to the social interaction test. As expected, PS mice displayed
reduced time interacting with the social target. ES also resulted in robust social avoidance
when compared to control mice (Fig. 4A), indicating that vicarious stress-induced social
avoidance persists for up to 1 month.

Fluoxetine reversal of ES effects—Given our results that witnessing stressful events
induces behavioral and physiological dysregulation reminiscent of PTSD or depression, we
tested whether antidepressant treatment could reverse the deficits in social interaction
observed in ES-exposed mice. Groups of mice were first exposed to ES, PS, or control
conditions for 10 days. Twenty-four hours after the last stress exposure, social interaction
was assessed, 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
thirty 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 (Fig. 4B).
However, following chronic treatment with fluoxetine, a two-way ANOVA revealed main
effects of drug (F(1,35)= 10; p< 0.01) and stress (F(2,35)= 6.4; p< 0.01), but no significant
interaction (F(2,35)= .635; p> 0.05). Specifically, chronic fluoxetine treatment reversed
stress-induced social avoidance in both ES- and PS-exposed mice (Fig. 4C), demonstrating
that chronic, but not acute, fluoxetine is capable of reversing ES-induced social aversion.

Gene expression profiling after ES—Previous work demonstrated robust changes in
VTA gene expression after PS and directly linked several of these changes to the stable
behavioral abnormalities seen under these conditions (12, 14). Therefore, as a first step to
explore the neurobiological underpinnings of the ES-induced behavioral abnormalities,
RNA was isolated from the VTA of mice 24-hr after the last exposure to 10 days of ES, PS,
or control conditions and analyzed by RNA-seq using Illumina’s HiSeq 2000. Table S1 in
the Supplement summarizes the read numbers from these analyses. Venn diagrams illustrate
the considerable overlap in genes regulated similarly by ES and PS exposure compared to
control conditions (Fig. 5). In ES-exposed mice, 718 transcripts were upregulated, and 682
were downregulated when compared to control mice. In PS-exposed mice, 3,895 transcripts
were found to be upregulated and 577 transcripts were downregulated when compared to
control mice. Interestingly, 312 transcripts were upregulated in both ES- and PS-exposed
mice, while 349 transcripts were downregulated in both ES- and PS-exposed mice when
compared to controls. See Table S3 in the Supplement for a complete list of similarly
regulated transcripts.
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Discussion
We demonstrate that witnessing stressful events (i.e., social defeat) serves as a potent
stressor in adult mice capable of inducing long-lasting dysregulation in several functional
outputs. Our data show that both acute and repeated exposure to vicarious stress altered
weight gain, serum CORT levels, and responsiveness to both rewarding and aversive
stimuli. Importantly, the effects of chronic ES are enduring and at least some of the
abnormalities are normalized by chronic antidepressant treatment. Witnessing stress also
potently dysregulated VTA gene expression, with considerable overlap between ES- and PS-
exposed mice.

Our results indicate that experiencing ES elicits a strong stress response, based on elevated
CORT levels both 24 hr and 1 month after the last stress, and these effects are similar to
those observed in PS-exposed mice. Likewise, the reduced weight gain observed in mice
exposed to ES was similar to that seen after PS, further indicating that ES is a potent stressor
(12, 20–22). These findings are intriguing, since mice that witness, but do not physically
experience, stress have nearly identical changes in these classic stress measures as those
subjected to PS. Deficits in weight gain are not influenced by differences in pre-stress
weight, because body weight did not differ prior to stress exposure (Fig. 1A). These findings
agree with reports demonstrating that PS exposure increases CORT levels for up to 24 hr
(12, 23) and reduces weight gain in adult mice (24–26).

Exposure to ES enhances sensitivity to aversive situations 24 hr 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 reported (11, 12, 18).
Under normal conditions, a naïve mouse interacts more with a novel mouse. After repeated
social defeat, however, most mice avoid these interactions (11, 12, 24, 27). The finding that
ES vicariously induces a social avoidance is particularly striking, since these mice never had
physical contact with a CD-1 aggressor. 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 hr 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 develop a lasting sensitivity to
trauma-related stimuli that is similar to that seen in mice that actually experience physical
harm. In addition, 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, since total locomotion did not differ during the social
interaction test (target not present; Fig. S1D in the Supplement). Together, these
observations strongly agree with reports demonstrating that exposure to PS induces a lasting
sensitivity to anxiety- and stress-eliciting situations (11, 12, 14, 28), findings now extended
to ES.

Reduced interaction with a social target is particularly interesting, since 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
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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 diagnoses of depression, PTSD, and anxiety are based on behavioral abnormalities
only, with no known biologically-based diagnostic distinctions. 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 sensitivity to sucrose, a measure
of anhedonia, similar to that observed after PS exposure. In contrast, at 24 hr after stress
exposure, only PS mice displayed decreased sucrose preference. This suggests that the
neurobiological adaptations that result in anhedonia must incubate before they emerge
following exposure to ES, but not PS. Evidence for incubation is also seen with social
avoidance, which is more extreme in ES mice at 1 month versus 24 hr. This is remarkable
because it suggests that a more complicated and insidious mechanism may be involved in
ES. Although both ES and PS exposure decreased body weight, this did not likely influence
sucrose consumption because body weight rapidly returned to normal and remained at
control levels 1 month after the last stress session (Fig. S1E in the Supplement), when
preference for sucrose was altered. Further, no differences in total liquid intake were
observed (Fig. S1B and S1C in the Supplement). Therefore, decreased sucrose preference is
likely due to the influence of stress on the brain’s reward circuitry (12, 31). Dopaminergic
output from the VTA to the nucleus accumbens (NAc) and other forebrain regions is critical
for regulating responses to rewarding stimuli (17, 32). Dysregulation of the VTA-NAc
circuitry, as occurs in depressive-like conditions, results in anhedonic-like responses to
sucrose (17, 31, 33, 34).

To explore the role of the VTA-NAc circuitry in mediating aberrant behavior after exposure
to ES and PS, we performed RNA-seq on the VTAs of ES, PS, and control mice 24 hr after
the last stress session. We found considerable overlap in gene expression changes between
ES and PS conditions. This is significant because it provides a unique list of transcripts that
may be important in mediating the effects of both physically experienced and witnessed
trauma, and may prove informative for understanding neurobiological mechanisms
underlying behavioral pathology caused by witnessing stressful events. Several of these
transcripts have been previously identified in microarray studies of the VTA in PS-exposed
mice (12, 14), making those exciting targets for future study and excellent candidates for
potential therapeutic intervention. Specifically, we found several molecules related to the
ERK/MAP-kinase signaling pathway to be regulated. This is not surprising, since 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, to be upregulated after exposure to both
ES and PS. This is particularly interesting because cadherin has been shown to interact 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
spinogenesis, anchoring of membrane proteins including glutamate receptors, and
intracellular signaling, was found to be downregulated in the VTA of both ES and PS
exposed mice. Mutant forms of Shank3 have been found in a subset of individuals with
autism spectrum disorders, which are characterized by compromised social behavior (41),
and mice with mutations in Shank3 have deficits in social interaction (42, 43). These
transcripts, found to be dysregulated 24 hr after the last stressor, may yield targets that could
be useful in preventing PTSD symptoms from manifesting. However, it is currently
unknown whether these alterations persist beyond 24 hr after stress exposure. It will be
important in future studies to delineate the full time course of these differences in gene
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expression, as well as to interrogate other limbic brain regions, since PTSD can be a highly
chronic condition (44, 45).

Overall, our present findings in PS-exposed mice agree with previous reports: exposure to
PS blunts sensitivity to rewarding stimuli and enhances sensitivity to aversive stimuli (11–
14, 28, 46). Interestingly, the present study shows that ES exposure results in similar
behavioral phenotypes: increased social avoidance, increased anxiety-like behavior,
anhedonia, and increased depression-like behavior. Additionally, deficits in social avoidance
and sucrose preference are particularly salient 1 month after ES. This indicates that neuronal
adaptations underlying these behavioral effects likely occur and build over time, in the
absence of continued stress (47, 48).

Note that we did not find a consistent increase in social interaction—more time spent in the
interaction zone in the presence versus absence of a social target—in control mice (Fig. 4).
The reason for this is unknown, as we used highly replicable protocols that have been
published widely (e.g., 11, 12). It is possible that the stress associated with 30 daily IP
injections of fluoxetine or saline may have influenced behavior in the control mice.
Regardless, our data clearly reveal robust deficits exhibited by PS and ES mice compared to
controls.

In summary, the present study demonstrates that exposure to ES robustly influences stress
responses in adult male mice. Further, it shows that ES induces a negative emotional state
characterized by blunted sensitivity to reward and increased sensitivity to stress- and
anxiety-eliciting situations. This study further demonstrates that these ES-induced effects are
strikingly similar to those seen after PS exposure alone, suggesting that simply witnessing
trauma is a potent stressor in male mice. This supports the view that ES exposure can be as
critical as PS exposure for the long-lasting behavioral and neuroendocrine effects observed
after social defeat. Within this context, these findings suggest that repeated ES exposure
could be used as a relevant animal model for PTSD, depression, and other stress-related
disorders. Moreover, gene discovery experiments such as those shown here have the
potential of providing novel paths forward in the development of new treatments for these
disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Emotional (ES) and physical (PS) stress alters physiological and neuroendocrine reactivity
24-hr after the last stress exposure. (A) Exposure to ES and PS reduced weight gain across
days of stress exposure, returning to control (CON) levels within 5 days of the last stress
session (n=11–12). (B) Serum corticosterone concentrations 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 when compared to the CON mice (p<
0.05, respectively). Separate groups of mice were exposed to 10 daily stress sessions and
serum corticosterone levels were assessed 24-hr after the last exposure (right panel; n=10;
Chronic). ES and PS exposure significantly increased serum corticosterone levels when
compared to CON mice (p< 0.001, respectively). Data are presented as weight change in
grams, and serum corticosterone concentrations as pg/mL (mean ± SEM).
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Fig. 2.
Emotional (ES) and physical (PS) stress alter mood and anxiety-related behavioral measures
24-hr after the last stress exposure. (A) ES and PS exposure reduced the time spent
interacting with the CD-1 mouse when compared to control (CON) mice (n=38; p< 0.05).
(B) A group of mice was exposed to the elevated plus-maze 48 hr 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< 0.05, respectively). (C) Exposure to PS (p< 0.05), but not ES
(p> 0.05), significantly reduced sucrose preference, a measure of natural reward, when
compared to CON mice 24-hr after the last stress session (n=8). (D) To assess effects of
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CON, ES, or PS conditions on acute stress responses, a group of mice was exposed to the
forced swim test (FST) 48 hr after the last stress session. Mice in the ES and PS conditions
(n=10) spent more time immobile when compared to CON mice (p< 0.05, respectively).
Data are presented as interaction times (in seconds), % time spent in the open arms, %
preference for sucrose, and total immobility in seconds (Mean ± SEM).
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Fig. 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 assessed 1 month after the last stress
session using the elevated plus-maze (n=8). Exposure to ES and PS significantly reduced
time spent in the open arms of the EPM when compared to the CON-exposed mice (p< 0.05,
respectively). (B) Furthermore, ES or PS exposure influenced sucrose preference, a measure
of natural reward, 1 month after the last stress session (n=8). Exposure to ES and PS
significantly reduced preference for sucrose when compared to CON mice (p< 0.05,
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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 (FST) 1 month after
the last stress session (n=8). Exposure to either ES or PS increased total time spent immobile
when compared to the CON-exposed mice (p< 0.05, respectively). (E) To determine the
long-lasting effects of prior stress exposure on subsequent neuroendocrine stress responses,
these mice were used 40 min after the FST exposure and serum corticosterone was assessed
(n=8). ES and PS exposed mice had significantly increased serum corticosterone levels
when compared to CON mice (p< 0.05, respectively). Data are presented as % time spent in
the open arms, % preference for sucrose, total immobility (in seconds), and serum
corticosterone concentrations as pg/mL (mean ± SEM).
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Fig. 4.
(A) One month after the last exposure to the various stress conditions, a group of mice was
re-exposed to the social interaction test (n=12). ES and PS exposure significantly reduced
the time the mice spent interacting when compared to CON mice (p< 0.05, respectively). (B)
A single day of fluoxetine injections was unable to reverse stress-induced social avoidance
(p> 0.05, respectively). (C) Chronic (30 days) treatment with fluoxetine reversed the social
interaction deficits previously observed in both ES- and PS-exposed mice (n=5–8). Data are
presented as interaction times (in seconds) and as interaction ratios (Target/No Target)
(mean ± SEM).
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Fig. 5.
Venn diagrams showing overlap in significantly upregulated or downregulated mRNAs
within the ventral tegmental area of mice exposed to emotional (ES) or physical (PS) stress
conditions 24-hr after the last exposure to stress (p< 0.05).
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Table 1

Examples of Genes Regulated in the VTA by Physical or Emotional Stress

Gene (Definition) Function PS ES

Cdh1 (cadherin 1) Cell adhesion ↑ ↑

Fgfr1 (fibroblast growth factor receptor 1) Stimulus Response ↑ ↑

Gabrd (GABA A receptor, delta) Inhibition ↓ ↓

Grin2C (N- methyl-D-aspartate receptor subunit 2C) Long- term potentiation ↓ ↓

Hspd1 (heat shock 60kDa protein 1) Chaperon ↑ ↔

Kcnh3 ( potassium voltage- gated channel) Potassium channel ↔ ↓

Kif1b (kinesin family member 1B) Motor protein ↑ ↔

Mbp (myelin basic protein) Myelination ↑ ↓

Pcdh20 (protocadherin 20) Cell adhesion ↑ ↔

Pik3r2 (PI3K regulatory subunit beta) Kinase adapter ↑ ↔

Prkcd (protein kinase C delta type) Protein kinase ↓ ↓

Rasgrp1 (RAS guanyl releasing protein 1) Activates Erk cascade ↓ ↓

Shank3 (SH3 and multiple ankyrin repeat domains 3) Scaffold Protein ↓ ↓

Stat1 (signal transducer and activator of transcription 1) Transcription activator ↑ ↔

Tcf12 (transcription factor 12) Transcription regulator ↑ ↔

Wnt9a (wingless- type MMTV integration site 9A) Activates frizzled ↓ ↓

Significantly up-regulated (↑), down-regulated (↓), or no change (↔) when compared to controls. Genes in bold have been verified by qPCR.
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