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An example of a stress-based animal
model, namely chronic subordinate
colony housing (CSC), used to study
the mechanisms underlying psychiatric
and somatic disorders. Here the resident
male mouse is shown defeating, and
thus, subordinating, the intruder mice.

Cover photo provided by Stefan Reber.

Chronic or repeated stress, particularly psychosocial
stress, is an acknowledged risk factor for numerous
affective and somatic disorders in modern societies.
Thus, there is substantial evidence showing that
chronic stress can increase the likelihood of major
depressive disorder and anxiety disorders, as well as
cardiovascular diseases, irritable bowel syndrome
and pain syndromes, to name but a few, in vulnerable
individuals. Although a number of pharmacological
agents are available to treat such stress-related
disorders, many patients do not respond to them,
and those who do often report a number of side
effects. Therefore, a major emphasis in modern basic
research is to uncover the underlying aetiology of these
disorders, and to develop novel efficacious treatment
strategies. This has led to a resurgence in developing,
and using, appropriate animal models to study a wide
variety of stress-related disorders.

Thus, the aim of this research topic “Using stress-
based animal models to understand the mechanisms
underlying psychiatric and somatic disorders”
was to bring together novel research articles and
comprehensive review articles from prominent stress
researchers. In addition to describing the insights
such models have provided relating to the aetiology

Frontiers in Psychiatry

December 2016 | Using Stress-Based Animal Models


http://www.frontiersin.org/Psychiatry/
http://journal.frontiersin.org/ResearchTopic/2534

of psychiatric and somatic disorders, these articles also encompass mechanisms that are believed to
underlie stress resilience and stress-protection. Finally, given the current prominence on the role of the
brain-gut axis in health and disease, the research topic covers the emerging evidence showing how the
gut, particularly the microbiota, influences affective behaviour and physiology.
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The Editorial on the Research Topic

Using Stress-Based Animal Models to Understand the Mechanisms Underlying Psychiatric and
Somatic Disorders

Chronic or repeated stress, particularly psychosocial stress, is an acknowledged risk factor for
numerous affective and somatic disorders in modern societies. Thus, there is substantial evidence
showing that chronic stress can increase the likelihood of major depressive disorder and anxiety
disorders, as well as cardiovascular diseases, irritable bowel syndrome and pain syndromes, to name
but a few, in vulnerable individuals. Although a number of pharmacological agents are available to
treat such stress-related disorders, many patients do not respond to them, and those who do often
report a number of side effects.

Consequently, a major emphasis in modern basic research is to uncover the underlying etiology of
these disorders and to develop novel efficacious treatment strategies. Animal models can be utilized to
unravel the biological mechanisms underlying specific disorders and test the efficacy of novel drugs.
While animal models cannot mimic psychiatric and somatic disorders in their entirety, assessing the
impact of certain risk factors for the disorders will facilitate the understanding of their etiology and
treatment options. Consistent with this knowledge, and with clinical evidence purporting chronic
stress to be a risk factor for such diseases, recent attempts have focused on the development of
adequate stress paradigms. It is believed that psychosocial stress paradigms are more relevant to the
human situation than non-social stress paradigms, because the vast majority of stressors reported
by patients suffering from psychiatric or somatic disorders are social in nature. Therefore, there is a
growing consensus that social stress paradigms are better placed to reveal the behavioral, neuroen-
docrine, or immunological mechanisms underlying chronic stress-induced pathology. However,
in order to maximize our understanding of the mechanisms underlying stress-related disorders,
various different models are necessary, including models employing physical (i.e., footshock) or
pharmacological (e.g., corticosterone) stressors. Moreover, there is accumulating evidence suggest-
ing that stress-induced gut dysbiosis and systemic low-grade inflammation play a causal role in the
development of stress-associated somatic and affective disorders. Therefore, chronic/repeated stress
models that result in reduced gut microbial diversity and/or promote chronic immune activation are
of special relevance and importance.

In this research topic, we have collated novel research articles (four) and comprehensive review
articles (five) from various leaders in the field of stress-based research. The overarching goal of the
topic is to reveal how chronic/repeated stress models can help us to better understand the etiology
of psychiatric and somatic disorders.
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Reber and Slattery

Stress-Based Animal Research Models

The first article describes a novel chronic unpredictable stress
(CUS) protocol, which was developed for C57BL/6 mice. Given
the unreliability of commonly utilized 4-week-long CUS proto-
cols in C57BL/6, Monteiro et al. developed an 8-week-long CUS
protocol that results in classical stress-related outcomes, such as
increased adrenal weight and increased anxiety- and depressive-
like behavior. Their results suggest that this 8-week protocol can
be used to assess the underlying mechanisms of stress-related
alterations in C57BL/6 mice.

Chronic stressor exposure can also be mimicked by treating
rodents chronically with corticosterone. Here, Kinlein et al.
demonstrate that non-invasive corticosterone administration via
the drinking water for 28 days (25 pg/ml) results in a dysregulated
response to a subsequent acute stressor. While corticosterone-
treated mice did not show a plasma corticosterone response to
swim exposure, their central c-fos response to this acute stressor
was actually increased in numerous brain regions. Taken together,
these findings suggest that this model can be used to determine
how altered HPA axis function contributes to central dysregula-
tion to an acute stressor.

Another system disrupted by chronic/repeated stressor
exposure is the sleep/wake cycle. In their study, Greenwood et al.
assess the effect of repeated (22 days) contextual fear conditioning
on behavior and the sleep/wake cycle to a subsequent acute foot
shock. Their findings demonstrate that the increased anxiety-
related behavior and disrupted sleep/wake behavior evoked
by acute stress is enhanced by prior fear conditioning. Taken
together, this study suggests that repeated stress increases the
vulnerability to novel subsequent stressors.

The extent to which chronic stress interacts with HIV-1 viral
proteins to impact behavior and neuroinflammatory processes is
largely unknown, but of growing research interest. Addressing this
question, Rowson etal. expose male and female HIV-1 transgenic
rats to chronic stress in adolescence (or non-stressed controls)
and reveal that the presence of the transgene affects behavior and
microglial structure, particularly in females. However, the addi-
tion of stressor exposure did not further affect these alterations,
suggesting that there is little interaction between stress and HIV-1
viral proteins.

In the second section of the research topic, complementing
the original research articles, are five review articles covering a
range of topics related to stress-based research. The first review
article describes the use of basic rat models to gain a better under-
standing of the effect of chronic stress on myocardial sensitivity
to ischemic injury. Eisenmann et al. suggest that acute stress
decreases the sensitivity to myocardial ischemia-reperfusion
injury, while chronic stress even increases myocardial sensitivity
to such an injury.

Stress has been well documented to affect synaptic plastic-
ity and cause dramatic alteration of the glutamatergic system.

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Reber and Slattery. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,

In their review article, Musazzi et al. summarize our current
understanding of the biphasic adaptations of the glutamatergic
system in the prefrontal cortex during stressor exposure. The
implications of these adaptations for our understanding of the
etiology, and possible treatment, of stress-related disorders are
then discussed.

There has been a growing reliance on chronic psychosocial
stress models in basic research, due to the belief that such models
more accurately reflect the clinical situation. Langgartner et al.
discuss the knowledge that such models have provided in relation
to psychiatric and somatic disorders. They focus particularly on
one such model, the chronic subordinate colony housing (CSC)
paradigm, which causes numerous stress consequences, includ-
ing increased anxiety-related behavior, spontaneous colitis, and
HPA axis changes.

Finally, given the growing interestin the role of the brain-gut
axis on affective behavior and somatic disorders, there are two
reviews focusing on this topic. Gur et al. discuss the evidence
revealing that although the gut microbiota is relatively resistant
to change, at particular time points, such as early life, stress
can affect the microbiota and lead to detrimental outcomes
for parturition and infant neurodevelopment. Moloney et al.
review current animal models of stress-induced visceral pain,
which aim to reflect irritable bowel syndrome in patients.
Their wide-ranging review describes the influence of a
number of factors, such as stress, gender, gut microbiota and
epigenetic changes, in the etiology and potential treatment of
visceral pain.

Taken together, the articles collated in this research topic pro-
vide a broad overview of the role that stress-based animal models
have in deepening our understanding of stress-induced disorders.
Although not comprehensive, the articles cover models relevant
for anxiety disorder, major depressive disorder, alcohol abuse,
cardiovascular diseases, ulcerative colitis, and irritable bowel
syndrome. Importantly, given the large comorbidity between
such disorders, placing these articles together in one research
topic ensures an overview about how multiple systems interact
during chronic stressor exposure. Such multimodal research is
becoming increasingly necessary to enhance our understanding
of psychiatric and somatic disorders.
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Exposure to chronic stress can have broad effects on health ranging from increased predis-
position for neuropsychiatric disorders to deregulation of immune responses. The chronic
unpredictable stress (CUS) protocol has been widely used to study the impact of stress
exposure in several animal models and consists in the random, intermittent, and unpre-
dictable exposure to a variety of stressors during several weeks. CUS has consistently been
shown to induce behavioral and immunological alterations typical of the chronic stress-
response. Unfortunately C57BL/6 mice, one of the most widely used mouse strains, due
to the great variety of genetically modified lines, seem to be resistant to the commonly
used 4-week-long CUS protocol. The definition of an alternative CUS protocol allowing the
use of C57BL/6 mice in chronic stress experiments is a need. Here, we show that by
extending the CUS protocol to 8 weeks is possible to induce a chronic stress-response in
Cbh7BL/6 mice, as revealed by abrogated body weight gain, increased adrenals weight, and
an overactive hypothalamic—pituitary—adrenal axis with increased levels of serum corticos-
terone. Moreover, we also observed stress-associated behavioral alterations, including the
potentiation of anxious-like and depressive-like behaviors and a reduction of exploratory
behavior, as well as subtle stress-related changes in the cell population of the thymus and
of the spleen. The present protocol for C57BL/6 mice consistently triggers the spectrum of
CUS-induced changes observed in rats and, thus, will be highly useful to researchers that
need to use this particular mouse strain as an animal model of neuropsychiatric disorders
and/or immune deregulation related to CUS.

Keywords: chronic stress, CUS, neuropsychiatric disorders, immune dysfunction, anxiety, depressive-like behavior,

social defeat

INTRODUCTION

Stressful life events can be triggering factors of numerous neu-
ropsychiatric disorders namely anxiety, depression, and dementia
(1), and many of these are accompanied by immune dysfunc-
tion (2). Moreover, prolonged-stress-induced immune dysfunc-
tion itself is regarded as a contributing factor for the effects of
stress on health (3). In contrast with chronic stress, the acute
stress-response is a beneficial event since it is an alarm reac-
tion that prepares the body to a possible threat. This response
is characterized by the secretion of stress mediators, such as glu-
cocorticoids and epinephrine, which allows the stability of body
function by adaptation to the stressor (4). However, when this
response persists in time, it might render the system unable to cope
with the stressor, ultimately leading to chronic-stress-associated
illness.

Neuropsychiatric alterations are the most widely described
effects of chronic stress exposure and include anxious-like behav-
ior (5-8), depressive-like behavior (9, 10), and cognitive deficits
(5, 11-14). However, the effects of chronic stress are not only
limited to behavioral changes. Immune cells express receptors for
glucocorticoids and catecholamines (15, 16), which can lead to
alterations in gene transcription in response to stress (17). In fact,

it is generally accepted that chronic-stress-associated changes in
the immune system alter the vulnerability to infectious disease
and auto-immunity (18).

Stress exposure variables, such as duration, intensity, and
predictability, explain the spectrum of differential responses
to stress but ultimately, the threshold in which the stress-
response switches from physiological to deleterious is also depen-
dent on neuroendocrine, neurochemical, and genetic factors
that are responsible for individual differences in stress percep-
tion and response (19). Having this in mind, it seems logical
that for the use of animal models, the chronic stress protocol
needs to be adjusted to the animal species and even the strain
used.

The most commonly used unpredictable chronic stress para-
digms are the unpredictable chronic mild stress (uCMS) and the
chronic unpredictable stress (CUS). Although both terms, uCMS
and CUS, tend to be used indiscriminately nowadays and that
both protocols are widely used to study depression, the origi-
nal purpose for which they were generated was quite distinct.
uCMS paradigm have been long used to model depression, and
consists in the continuous exposure of animals to stressful situ-
ations, usually for at least 4 weeks, including some stressors that
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Monteiro et al.

Chronic stress model using C57BL/6

involve water and/or food deprivation. In contrast, CUS was orig-
inally used to study mechanisms underlying the stress-response
and involves the intermittent exposure to a daily stressful stimu-
lus, lasting at least 4 weeks, being one of the main advantages of
this protocol the absence of stressors that interfere with water
and/or food deprivation, which might better mimic everyday
life stress.

Although rats are widely used as animal models of depression
and other stress-related disorders, mice present advantages such
as the availability of numerous genetically modified strains like
transgenic and KO mice and the lower maintenance costs when
compared to rats. Unfortunately, the most widely used inbreed
strain of genetically modified mice, the C57BL/6, seems to be less
vulnerable to stress than other mouse strains (20-25).

Our aim was to develop an improved CUS protocol to be used
in C57BL/6 mice. In order to do so we modified the standard CUS
protocol by including social defeat stress as one of the stressors
and extending its duration to 8 weeks. By comparing the neu-
roendocrine, behavioral, and immune changes induced by the
unmodified 4-week long CUS exposure and the optimized 8-week
long CUS protocol we, herein, show the advantages of later for
C57BL/6 mice.

MATERIALS AND METHODS

ANIMALS

Male C57BL/6 mice (C57BL/6] JAX™ mice strain)
purchased from Charles River (Charles River Laboratories,
Barcelona, Spain) and housed (five animals per cage) under
standard laboratory conditions (12h light/12h night cycles
(8h/20h), 22-24°C, relative humidity of 55% and ad libi-
tum access to water and food. All procedures were carried
out in accordance to EU directive 2010/63/EU and Portuguese
national authority for animal experimentation, Dire¢do Geral
de Veterindria (ID:DGV9457) guidelines on animal care and
experimentation.

were

CHRONIC UNPREDICTABLE STRESS PARADIGM

One group of C57BL/6 animals was exposed to 4 weeks of CUS
and compared to a control group that was subjected to gentle
handling, twice a week, for the same period. Another group was
exposed to 8 weeks of CUS and compared to other control group
that was subjected to gentle handling, twice a week, for the same
period. Mice were 8-week old when the CUS protocol was ini-
tiated. Each group consisted of 10-15 male C57BL/6 mice. We
run two independent experiments to confirm our findings: data
from the first, representative of our findings, are presented in the
main paper, whereas data from the second experiment are shown
as supplementary data (Figure S1 and Table S1 in Supplementary
Material).

Briefly, the CUS paradigm consisted in exposure, once daily,
to one of the following aversive stressors: restraint — mice were
placed in a 50ml plastic tube (Falcon) with openings in both
sides for breathing, for 1h; shaking — groups of five mice were
placed in a plastic box container and placed in an orbital shaker
for 1 h at 150 rpm; social defeat — mice were introduced in a cage
of an aggressive mice and after being defeated, they were placed

in a transparent and perforated plastic container, to avoid fur-
ther physical contact, inside the resident homecage for 30 min
(26); hot air stream — mice were exposed to a hot air stream
from a hairdryer for 10 min; overnight illumination — mice were
exposed to regular room light during the night period; inverted
light cycle — regular room light was off during daytime and
on during nighttime for 2 days; tilted cage — homecages were
tilted in a 45° angle during 1h. Stressors were presented in a
random order in an unpredictable fashion (see Table 1). The
stressors distribution for the group submitted to 4 weeks of CUS
is a truncated version of Table 1. Body weight was monitored
once a week and post-mortem thymus and adrenal weight were
recorded.

CORTICOSTERONE QUANTIFICATION

Blood was collected through the tail by venopuncture within a
maximum 120s period since removal of each mouse from its
homecage to the end of blood collection. Sera were separated by
centrifugation at 13000 rpm, during 5 min and stored at —80°C.
Serum corticosterone levels were measured on sera collected at
nadir phase (9:00 a.m.) and at zenith phase (8:00 p.m.) using
a commercial radioactive immunoassay kit (MP Biomedicals,
CA, USA).

BEHAVIORAL ASSESSMENT

Mice were transported and left for habituation to the testing room
for 1h prior to the behavioral test. The order of the behavioral
tests was: elevated-plus maze (EPM) and open field (OF) (Day 1),
forced swimming test (FST) and tail-suspension test (TST) (Day
2), and Morris water maze (MWM) (Day 3-7).

Elevated-plus maze

Anxious-like behavior was assessed using the EPM test (27).
Briefly, this test consists on placing each mouse in the hub of
a plus-like apparatus elevated 72.4 cm from the floor, with two
opposing open arms (50.8 cm x 10.2 cm) and two opposing closed
arms (50.8 cm x 10.2cm x 40.6cm) (ENV560; Med Associates,
Inc., Vermont, USA) and letting the animal freely explore it for
5min. Time in the open arms and in the closed arms was used as
a behavioral parameter of anxious-like behavior. EPM data from
one animal from each group were not included in the analysis due
to failure of the video recording system.

Open field

Locomotor and exploratory activities were assessed using the
OF. Each mouse was left in the center of a squared arena
(43.2cm x 43.2 cm), which the mouse was free to explore for
5min. This arena is equipped with infrared beams for activity
detection (Med Associates, Inc., Vermont, USA). Data were col-
lected using the activity monitor software (Med Associates, Inc.,
Vermont, USA). Distance traveled was used as a measure of loco-
motor activity and the number of vertical counts as a measure of
exploratory activity.

Forced swimming test and tail-suspension test
Depressive-like behavior was assessed through the FST as
described by Ref. (28) and through the TST (29). Briefly, in the
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Table 1 | Example of stressors distribution.

Mon Tue Wed Thu Fri Sat Sun
Week 1 BW hot drier Shaking Restraint Social defeat Restraint Restraint Tilted cage
Week 2 BW restraint Shaking Social defeat Restraint Shaking Social defeat Restraint
Week 3 BW restraint Social defeat Restraint BC-zenith Social defeat Restraint Shaking
Week 4 BW EPM FST Shaking Restraint Shaking Hot drier
BC - nadir OF TST
Social defeat Restraint Social defeat
Week 5 BW restraint Sacrifice 4 weeks Cytometry hot Restraint Social defeat Inverted light Inverted light
tilted cage drier
Week 6 BW hot drier Shaking Restraint Inverted light Overnight Restraint Hot drier
illumination
Week 7 BW restraint Social defeat Restraint BC-zenith Shaking Restraint Overnight
illumination
Week 8 BWBC-nadir EPM FST MWM shaking MWM MWM MWM
OF TST restraint restraint shaking
Restraint Social defeat
Week 9 BW Sacrifice 8 weeks Cytometry

BW, body weight measurement; BC, blood collection;, EPM, elevated-plus maze; OF, open field; FST, forced swimming test; TST, tail-suspension test; MWM, Morris

water maze test.

FST each mouse was placed in an inescapable transparent cylin-
drical tank filled with water (£24°C), for 6 min. In the TST, each
animal was suspended by the tip of its tail for 6 min. The activ-
ity of each mouse, in both tests, was recorded using a video
camera. Latency (time to the first stop), mobility and immobil-
ity times were scored manually by an investigator blind to the
experimental conditions, using Etholog 2.2 software (30), and
used as a measure of behavioral despair. TST data from one ani-
mal were not included in the analysis due to failure of the video
recording system.

Morris water maze

In order to assess spatial reference memory, mice were tested in
a white circular pool (170 cm diameter) filled with water (24—
25°C) placed in a dimly lit room. Spatial cues were placed in the
walls around the pool (square, stripes, triangle, and a cross). The
pool was divided in four imaginary quadrants and a hidden trans-
parent platform was placed in one of the quadrants. Data were
collected by a fixed camera placed in the ceiling and connected to
a video-tracking system (Viewpoint, Champagne-au-Mont-d’Or,
France).

Mice had to learn the position of a hidden platform over a
period of 4 days. In each day, mice were placed facing the wall of
the pool at different quadrants (north, west, south, and east) as a
starting point for each trial. Each trial was completed whenever
the mouse reached the platform or when 120s elapsed. Latency
to reach the platform (escape latency) was recorded for each trial
during the 4 days.

In the fifth day, the platform was removed and a single trial
of 60's was performed (probe trial). The percentage of time that
each mouse swam in each quadrant was recorded to confirm the
acquisition of platform location through reference memory.

FLOW CYTOMETRY

Thymus and spleen (8-10 animals per group) were dissected
and homogenized in supplemented Dulbecco’s modified eagle
medium (DMEM) with 10% heat inactivated FCS, 10 mM HEPES
buffer, 1 mM sodium pyruvate, 2mM L-glutamine, 50 ng/mL
streptomycin, and 50 U/mL penicillin (all from Invitrogen, CA,
USA) in order to obtain single-cell suspensions. Splenic erythro-
cytes were depleted by incubating for 5min with a hemolytic
solution (155mM NH4Cl, 10mM KHCOs, pH 7.2). To ana-
lyze the main cell populations in the thymus, the cells (1 x 10°
cell) were stained with APC anti-mouse CD3 (clone 145-2C11,
Biolegend, San Diego, CA, USA), V450 anti-mouse CD4 (clone
RM4-5, BD Pharmingen, San Jose, CA, USA), and V500 anti-
mouse CD8 (clone 53-6.7, BD Pharmingen, San Jose, CA, USA).
Splenocytes (1 x 10° cell) were stained with APC anti-mouse
CD3 (clone 145-2Cl11, Biolegend, San Diego, CA, USA) for T-
lymphocytes, PE.Cy5.5 anti-mouse CD19 (clone 6D5, Biolegend,
San Diego, CA, USA) for B-lymphocytes, V450 anti-mouse CD4
(clone RM4-5, BD Pharmingen, San Jose, CA, USA) for T helper
cells, V500 anti-mouse CD8 (clone 53-6.7, BD Pharmingen, San
Jose, CA, USA) for T cytotoxic cells, and FITC anti-mouse NK1.1
(clone PK136, Biolegend, San Diego, CA, USA) for natural killer
cells. To analyze myeloid cell populations, splenocytes (1 x 10°
cell) were stained with PE anti-mouse CD11b (clone M1/70,
Biolegend, San Diego, CA, USA), and PE.Cy7 anti-mouse Grl
(clone RB6-8C5, Biolegend, San Diego, CA, USA). Cells were first
gated for singlets (FSC-H vs. FSC-A) and viable cells (FSC-H
vs. SSC-H). Myeloid cells were selected using the gating strat-
egy described previously (31). Briefly, myeloid cells were gated as
CD11b™" cells excluding the NK1.17 cells. Macrophages/dendritic
cells were selected as the population Gr1TSSCY, neutrophils
were selected as Gr1tSSCM8? and eosinophils as Gr1~SSCish
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FIGURE 1 | Effect of 4 weeks vs. 8 weeks of CUS on biometric
parameters. Body weight gain for animals submitted to 4 (A) and 8
(B) weeks of CUS. Thymus weight and cellularity after exposure to 4
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of CUS (F). Corticosterone levels in the serum of animals from the
group submitted to 4 (G) and 8 (H) weeks of CUS. Each bar/point
represents the mean &= SEM from 10 animals per group. **p < 0.01,
**¥p <0.001.

(Figure 7C). After staining cells were fixed in 2% paraformalde-
hyde for 20 min. Cell surface staining was acquired (100,000
events) in an eight-color LSRII flow cytometer (BD, Pharmin-
gen, San Jose, CA, USA) and analyzed with FlowJo software
version 7.6.4.

STATISTICAL ANALYSIS

All values were calculated as means = SEM. Kolmogorov—Smirnov
normality test was used to analyze if values departed from an
approximate Gaussian distribution. Body weight, serum corti-
costerone levels, and reference memory task data were com-
pared between groups using ANOVA repeated-measures on the
average results of each week/phase/day, respectively. When the
main effect was significant, post hoc Bonferroni test was per-
formed in order to assess whether means differed significantly

from each other. For all the other data, the differences among
groups were analyzed using Student’s ¢-test. Differences were
considered significant if p < 0.05. Statistical analysis was per-
formed with Graphpad Prism version 5.0b (La Jolla, San
Diego, USA).

RESULTS

BIOMETRIC PARAMETERS AND CORTICOSTERONE MEASUREMENTS
Body weight gain, post-mortem thymus, and post-mortem adrenal
weight and serum levels of corticosterone were monitored to con-
trol for stressors efficacy (Figure 1; Figure S1 in Supplementary
Material). In the group submitted to the 4-week protocol of
CUS, both time [F(4,72)=23.85; p<0.0001] and exposure to
CUS [F(1,18y=11.94; p=0.003] had a significant impact on
body weight (Figure 1A). Moreover, there was a significant
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*p <0.05.

interaction between these factors [F(47;)=23.85; p < 0.0001]
with stressed animals gaining significantly less weight over time
(Figure 1A). In the group submitted to the 8-week proto-
col, repeated-measures ANOVA has shown again a significant
effect of both time [F(g144) = 80.13; p < 0.0001] and exposure to
CUS [F(1,18) =63.43; p <0.0001] on body weight (Figure 1B).
There was also a significant interaction between these factors
[F(s,144) = 34.17; p < 0.0001] with stressed animals gaining signif-
icantly less weight over time (Figure 1B). CUS had no significant
effect on thymus weight nor on thymic cell number, both in
the group exposed to the 4- and the 8-week protocol of CUS
(Figures 1C,D). CUS exposure during 4 weeks had no effect on
adrenals weight, while exposure to CUS for 8 weeks led to a
significant increase on adrenals weight [#(14)=3.449; p =0.003]
(Figures 1E,F). There were no statistically significant changes on
corticosterone levels in the group submitted to 4 weeks of CUS,
both at nadir and zenith. Repeated-measures ANOVA has shown a
significant effect of exposure to 8 weeks of CUS on corticosterone
levels [F(1,18) =21.99; p=0.0002]. Post hoc test has shown a sta-
tistically significant increase of corticosterone levels in the zenith

phase of the day, in the group submitted to 8 weeks of CUS
[t(18) =4.113; p < 0.001] (Figures 1G,H).

EXPOSURE TO 8 WEEKS OF CUS LEADS TO ALTERED EMOTIONAL
BEHAVIOR BUT NOT TO MEMORY IMPAIRMENTS

There was a significant effect of exposure to 8 but not 4 weeks of
CUS on anxious-like behavior, measured by a decreased time spent
on the open-arms of the EPM [t(16) =2.401; p=0.029] and an
increased time spent in the closed arms [(16) = 2.176; p = 0.045]
(Figures 2A,B; Figures S1L,J in Supplementary Material) by the 8-
week CUS group when compared to controls. Exposure to CUS did
not alter locomotor activity, assessed by the OF, both on the group
exposed to 4 and 8 weeks of CUS (Figures 2C,D; Figures S1K,L
in Supplementary Material), therefore validating behavioral tests
that are dependent on an intact locomotor function. CUS had
an impact on the exploratory activity, measured by a decrease on
the number of rearings in the OF test, both in the group sub-
mitted to 4 [t(5) =2.743; p=0.013] (Figure 2E; Figure SIM
in Supplementary Material) and 8 weeks of CUS [#(;5) =2.308;
p=0.033] (Figure 2F; Figure SIN in Supplementary Material).
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bar represents the mean + SEM from 9 to 10 animals per group.
*p<0.05, **p <0.01.

Animals exposed to 4 weeks of stress did not show any major
differences in the FST when compared to controls (Figure 3A).
The group of animals exposed to 8weeks of CUS exhibited
decreased mobility time [#(;5) =2.741; p=0.013] and increased
immobility time [#(;5) =2.310; p = 0.033] in the FST when com-
pared to controls (Figure 3B). In the TST, the group submit-
ted to 4weeks of CUS did not show any major differences
when compared to controls (Figure 3C), while the group sub-
mitted to 8weeks of CUS exhibited a increased immobility
time [f(;7)=3.710; p=0.002] and an decreased mobility time
[t(17)=3.873; p=0.001] (Figure 3D; Figure S10 in Supplemen-
tary Material); a typical phenotype of depressive-like behavior. No
differences on latency time were found at any time point, both in
the FST and TST (Figure 3).

The impact of different exposures to CUS was also tested in the
MWM task in order to investigate whether the cognitive dimen-
sion was also affected. Although there was a slight tendency for a
faster learning curve of the control group, especially on day 2 and
3, in comparison to CUS exposed animals, the ANOVA repeated-
measures test revealed that there were no significant differences
between groups, meaning that, at the end of the learning task,
both CUS and control groups were able to successfully learn the
task therefore exhibiting an intact spatial learning ability (Figure 4;
Figure S1P in Supplementary Material).

THYMIC AND SPLENIC CELL POPULATION CHANGES BY EXPOSURE TO
8 WEEKS OF CUS

It is known that thymocytes are sensitive to stress hormones,
such as glucocorticoids, which modulate several processes along
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FIGURE 4 | Impact of 8 weeks of CUS on cognition. Behavioral
performance of mice exposed to 8 weeks of CUS in the MWM. Each point
represents the mean + SEM from 10 animals per group.

their differentiation within the thymus (32). Due to this well-
known susceptibility to stress hormones, the thymus weight, and
cellularity have been widely used as indirect measures of stress.
Thymocytes might be divided in four main differentiation pop-
ulations depending on the expression of the CD4 and CD8
co-receptors (CD4~CD8™ double-negative — DN; CD4TCD8*
double-positive — DP; CD41tCD8™ single-positive CD4 — SPCD4;
and CD4~CD8™ single-positive CD8 — SPCD8 cells). We there-
fore studied the major thymic subsets to determine if our CUS
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FIGURE 5 | Impact of 4 weeks vs. 8 weeks of CUS on thymocyte
subsets. Percentage of main cell populations in thymus after
exposure to 4 (A) and 8 (B) weeks of CUS. Flow cytometry plot
showing the gating strategy for thymocyte subsets (gate) (C). DN,

double-negative thymocytes; DP. double-positive thymocytes; and
SPCD4 and SPCDS8, single-positive CD4 and CD8 thymocytes,
respectively. Each bar represents the mean &= SEM from 10 animals
per group. *p < 0.05.

protocols had a differential impact on them. We observed that
4 weeks of CUS did not alter the proportion of the four main
thymocyte subsets (Figure 5A) while 8 weeks of stress led to
an increase of the DN thymocytes proportion [t(;g) =2.681;
p=0.020] (Figures 5B,C).

Since prolonged stress is known to influence the peripheral
immune system we consider of relevance to investigate potential
alterations caused by CUS on major lymphoid cell populations
in the spleen, one of the most important lymphoid organs of
the immune system. Animals exposed to 4 or 8 weeks of CUS
did not show any differences on the percentage of splenic T and
B cells (Figures 6A,B and E) nor in the CD41 and CD8™ sub-
sets among the T cells (Figures 6C-E). On the contrary, while
animals exposed to 4 weeks of CUS did not show any major dif-
ferences on the percentage of splenic eosinophils, neutrophils, and
macrophages/dendritic cells (Figure 7A), the 8-week long CUS
protocol led to an increased percentage of macrophages/dendritic
cells [t(14)=2.188; p=0.046] and neutrophils [t(;4) =3.327;
p=0.005] in the spleen (Figures 7B,C).

DISCUSSION

In the present work, we have optimized a CUS protocol that results
in a consistent stress-response in C57BL/6 mice. Published proto-
cols on how to induce chronic stress on rodents are diverse and
generate inconsistencies in their behavioral and immunological
outcomes (33). Among the main reasons for such inconsistencies
are strain inherent differences of stress susceptibility/resistance to
distinct protocols. In mice, specifically, the C57BL/6 strain seems to
be more resistant to CUS than other strains and/or other species

(20-25). Yet, it is by far the most used mouse strain for genetic
manipulations. This, and the fact that unpredictable chronic stress
exposure is often used as a model of neuropsychiatric disorders,
renders an effective CUS protocol in C57BL/6 mice, such as the
one herein described, an important addition to the field.

Besides strain considerations, the type, diversity of stressors
applied, and stress exposure length are also critical determinants
of the impact of chronic stress. Some protocols use a single stres-
sor, e.g., 6 h of daily restraint stress for a 4-week period (34, 35),
which, despite being simpler to apply, have several limitations due
to lack of unpredictability or the prolonged removal of animals
from their homecages with no access to food or water for half of
their resting period. On the other hand, reducing restraint stress
to 1 h per day in order to overcome this difficulty results in a mild
stress protocol.

Other widely used chronic stress protocol consists in the expo-
sure to repeated bouts of social defeat stress, which have shown
to induce a stressed phenotype in some C57BL/6 mice. However,
both restraint and social defeat stress paradigms are characterized
by repeated exposure to a single stressor, which lacks the variabil-
ity of psychological and physical stressors generally encountered in
life. Taking the aforementioned into account, we designed a CUS
protocol, based on the appliance of a variety of stressors, presented
randomly once per day, in an intermittent and unpredictable
fashion, mimicking the variability of stressors encountered on
everyday life (construct validity). Although not often used in mice,
CUS protocols are widely used in rats and were shown to be highly
effective in inducing a stress-related phenotype (6, 11, 12, 36). In
addition, by extending this protocol to 8 weeks, instead of the usual
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FIGURE 6 | Impact of 4 vs. 8 weeks of CUS on lymphoid cellular
populations in the spleen. Percentage of T and B cells in spleen after
exposure to 4 (A) and 8 (B) weeks of CUS. Percentage of CD4+ and CD8*

T cells in spleen after exposure to 4 (C) and 8 (D) weeks of CUS. Flow
cytometry plot showing the gating strategy for T and B-lymphocytes (gates)
(E). Each bar represents the mean + SEM from eight animals per group.

4 weeks, we were able to reach the point where this particular strain
of mice clearly and consistently exhibits a maladaptive response
to chronic stress with behavioral and immunological alterations
(face validity).

One of the main advantages of this 8-week long CUS protocol
is that there is no stressor that implies the disturbance of food
and/or water consumption, which is of particular importance for
metabolism studies, for example. Moreover, in this protocol FST
or TST are not used as stressors, as used in some published proto-
cols (9), which means that in our protocol these tests can still be
used as behavioral measures.

Reduction on body weight gain, thymic involution (37-39),
and increased adrenals weight (40) are typically used as markers
of stressors efficacy. We have observed that although behavioral
and immunological alterations were only evident after exposing
mice to 8 weeks of stress, suppression of body weight gain was
observed as early as after 2 weeks of exposure and was maintained
throughout the duration of CUS. These findings suggest that, as a
read-out of the maladaptive response to stress, body weight gain
has alower threshold than other changes and is not a good marker
of the stress-impact in behavior and/or immunity. Moreover, we
did not observe a consistent reduction on thymus weight; although

we cannot discard the possibility of being unable to detect small
differences of thymus weight, specially given that mice were pre-
viously transcardially perfused with 0.9% saline. Nevertheless, the
concomitant lack of differences in thymic cellularity favors our
observation that, in C57BL/6 mice, our CUS protocol does not
impact thymus weight significantly. This observation strengths
the idea that C57BL/6 are more resistant to the effects of chronic
stress than other mouse strains.

An overactive hypothalamic—pituitary—adrenal (HPA) axis is
also a feature of a maladaptative response to chronic stress (41). In
fact, resistance to chronic stress can be associated with an effective
negative feedback system that is able to shut down the excessive
production of glucocorticoids occurring in response to stress (42).
We observed that the 8-week long CUS protocol was the only one
that led to a persistent increase on circulating corticosterone levels
and increased adrenals weight, features consistent with a hyper-
active HPA axis. Of note, based on corticosterone levels at zenith
we identified a reduced number of resistant animals (2 out of
10 in one of the experiments and 2 out of 10 in the replicated
experiment), a proportion of stress-resistance very similar to what
already have been described in other models of chronic stress (26).
Accumulating evidence shows that glucocorticoids modulate the
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FIGURE 7 | Impact of 4 vs. 8 weeks of CUS on myeloid cellular
populations in the spleen. Percentage of eosinophils,
macrophages/dendritic cells, and neutrophils in spleen after exposure to

4 weeks (A) and 8 (B) weeks of CUS. Flow cytometry plot showing the gating
strategy of myeloid splenocytes subsets (gates) (C). Each bar represents the
mean + SEM from 8 animals per group. *p <0.05, **p <0.01.

behavioral effects of chronic stress (43, 44). In accordance, we
observed that the 8-week long CUS protocol, the only that induced
ahyperactive HPA axis, had a negative impact on emotional behav-
ior. Specifically, we observed an enhanced anxious-like behavior,
revealed by an increased time spent in the closed arms, and a
decreased time in the open arms of the EPM. These animals also
displayed behavioral despair, a symptom of depressive-like behav-
ior, as they spent more time immobile in the FST. Of notice, this
was further confirmed by performing the TST, another validated
test for depressive-like behavior assessment.

Despite the emotional changes caused by 8 weeks of CUS expo-
sure, cognitive functioning, namely spatial learning, seems to be
intact, confirming data from other model of chronic stress (WUCMS)
(10). In fact, we observed that although stressed animals at the end
of 4 days of MWM training were able to learn task at the same level
as controls, there was a tendency for a slower learning progression
on day 2 and 3. This type of learning pattern was previously shown
using rats submitted to CUS (11), therefore emphasizing that the
effects of CUS on spatial learning are more subtle than those on
emotional behaviors. Contrary to the above mentioned effects,
chronic stress triggers a decreased exploratory behavior of mice,
both at 4 and 8 weeks of CUS, which might not be dependent on
increased levels of corticosterone.

Although we cannot completely discard the possible con-
founder effect from performing two behavioral tests in the same
day, we believe that data from the OF and TST was not significantly
affected by acute stress caused by prior testing; indeed motor

function (measured by OF) is not known as a target of acute stress,
whereas data from TST were confirmed by the findings of the FST.

Glucocorticoids play a crucial role on thymopoiesis (32, 39),
a process that occurs in the thymus in which immature pre-
cursor cells differentiate into mature T cells. In accordance, it
was previously shown that rats exposed to chronic stress, with
increased levels of circulating corticosterone levels, exhibit an
increase in the percentage of DN thymocytes, while the percent-
age of SPCD4 was decreased (39). In our model, an increase in
the percentage of DN thymocytes was observed. Still, contrary
to the previously described (39), we did not observe any dif-
ferences on the SPCD4 and SPCD8 populations of thymocytes,
which may be due to the stress-resistance inherent to this par-
ticular strain of mice. T and B-lymphocytes in the spleen were
not altered by exposure to chronic stress. However, we observed
that exposure to 8 weeks of CUS (and not to 4 weeks) led to alter-
ations in the cell composition of the spleen, characterized by an
increased percentage of myeloid cells (macrophages/dendritic cells
and neutrophils), in agreement with previous reports in both
mice (45, 46) and humans (46). Glucocorticoids were shown to
inhibit neutrophils’ apoptosis, which may explain the persistent
presence of these cells with short life span (47) in the spleen of
chronically stressed animals. Moreover, it was shown that stress,
through norepinephrine signaling from sympathetic nerve fibers,
increased the proliferation of hematopoietic progenitors in the
bone marrow giving rise to an increase on disease-promoting
monocytes and neutrophils output (46). Stress was also shown to
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increase monocyte recruitment to the brain by increased expres-
sion of cytokines and chemokines in specific brain regions. And
more importantly, this monocyte recruitment to the brain was
shown to be essential for the development of anxiety behavior
induced by stress (45).

The absence of neuroendocrine, major behavioral and
immunological alterations seen in the 4-week CUS exposed group
could reflect the temporal dynamics of the stress-response rather
than a failure to respond to stress. In fact, it should be noted that
stress did impact the body weight gain and exploratory behavior
on this group. This absence of major alterations resembles the
Hans Selye’s resistance phase of the so-called “syndrome of adap-
tation” (48) in which adaptative processes reinstall homeostasis
during stress, including the normalization of glucocorticoid secre-
tion. Therefore, the 4-week CUS protocol may be preferable to
studies that target this specific stage of the stress-response like
for example those that want to show a negative impact of a par-
ticular treatment on the stress-response, since the 8-week CUS
alterations may approach a “ceiling effect.” In contrast, the alter-
ations observed in the 8-week version of CUS are consistent with
phase 3 of this syndrome, where the system is no longer able to
cope with stressors and is exhausted, which renders this version a
robust model of the maladaptative response to chronic stress.

The establishment of a robust mouse model of stress-related
disorders on C57BL/6 background represents a valuable research
tool endowing the study of different genetic contributions to
chronic stress-responses, which may enhance current knowledge
on the neurobiology and immunology of complex neuropsychi-
atric and other stress-related disorders.
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Organisms react to environmental challenges by activating a coordinated set of brain—body
responses known as the stress response. These physiological and behavioral countermea-
sures are, in large part, regulated by the neuroendocrine hypothalamic—pituitary—adrenal
(HPA) axis. Normal functioning of the HPA axis ensures that an organism responds appro-
priately to altered environmental demands, representing an essential system to promote
survival. Over the past several decades, increasing evidence supports the hypothesis that
disruption of the HPA axis can lead to dysregulated stress response phenotypes, exacting
a physiological cost on the organism commonly referred to as allostatic load. Furthermore,
it has been recognized that high allostatic load can contribute to increased vulnerability
of the organism to further challenges. This observation leads to the notion that disrupted
HPA function and resulting inappropriate responses to stressors may underlie many neu-
ropsychiatric disorders, including depression and anxiety. In the present set of studies,
we investigate the role of both the normally functioning and disrupted HPA axis in the
endocrine, neural, and behavioral responses to acute stress. Using a model of non-invasive
chronic corticosterone treatment in mice, we show that dysregulating the normal function
of the HPA leads to a mismatch between the hormonal and neural response to acute
stress, resulting in abnormal behavioral coping strategies. We believe this model can be
leveraged to tease apart the mechanisms by which altered HPA function contributes to
neurobehavioral dysregulation in response to acute stress.

Keywords: corticosterone, allostatic load, prefrontal cortex, hippocampus, c-Fos

INTRODUCTION

The term stress carries with it negative connotations, but
it describes an important neurobehavioral and physiological
response that is essential for survival. In response to an envi-
ronmental stressor, the body quickly orchestrates changes in
brain activity followed shortly thereafter by secretion of “stress
mediators,” including cytokines, metabolic hormones, and cor-
ticosteroids (1-4). These circulating chemical messages then act
at peripheral tissues and in the brain to modify physiological
processes and behavioral outputs (1, 4). The primary neuroen-
docrine axis that regulates the stress response in mammals is
the hypothalamic—pituitary—adrenal (HPA) axis. Activation of this
system is initiated by projections from the brainstem and limbic
system to the paraventricular nucleus (PVN) of the hypothal-
amus (2—4). Upon activation, corticotropin-releasing hormone
(CRH) cells in the PVN secrete CRH onto proopiomelanocortin
(POMC)-containing cells at the median eminence, triggering
release of adrenocorticotropic hormone (ACTH) into the circula-
tion via activation of CRH receptors (2—6). As circulating ACTH
levels increase, melanocortin-2 receptors in the adrenal glands
are activated, leading to secretion of glucocorticoid hormones
(7), primarily cortisol in humans and corticosterone (CORT) in
rodents. Circulating CORT causes increased metabolic activity in

peripheral tissues and acts centrally at the brain via glucocorticoid
receptors (GRs) in order to induce negative feedback in the circuit
(1, 8). This negative feedback largely occurs via indirect connec-
tions to the hypothalamus [through the bed nucleus of the stria
terminalis (BNST) as well as through changes in endocannabi-
noid signaling in limbic, cortical, and subcortical brain regions]
(1, 4, 9, 10). It is well known that two main CORT responsive
brain regions — the medial prefrontal cortex (mPFC) and hip-
pocampal formation — act both directly and indirectly to inhibit
the drive to CORT production at the level of the amygdala and the
PVN (1-4), thus closing the loop and terminating the acute stress
response.

The stress response orchestrated by the HPA axis is well-
choreographed multi-system response, involving behavioral,
physiological, and metabolic responses, with tightly regulated
components that need to become active at the appropriate times
and in the appropriate contexts (11, 12). Thus, it is not surpris-
ing that disruptions in the biological response to stress can lead
to changes in neuronal function, behavior, and immune func-
tion (13—18). Disorders related to disrupted HPA function include
depression, post-traumatic stress disorder (PTSD), metabolic dys-
function, and anxiety disorders (8, 19-22). These disorders affect
millions worldwide, inflicting significant economic and personal
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costs. Developing animal models to understand how dysfunc-
tions in stress responses lead to altered behavioral outputs is
an important goal for modern neuroscience, and could lead to
direct translational benefits once mechanisms have been eluci-
dated. Thus, determining common themes in stress-related dis-
orders will be a useful approach in isolating relevant factors for
further mechanistic investigation.

Since many neuropsychiatric disorders are associated with
changes in basal HPA function, as well as with altered responses to
stressors, identifying the hormonal and neurobehavioral systems
that are affected could provide important insights as to potential
mechanisms by which these changes occur. Using low-dose CORT
administered in the drinking water of adult mice, our goal was
to determine how this treatment affects endocrine, neural, and
behavioral responses to acute stress. Our results show that this
non-invasive disruption of the HPA can fundamentally alter both
neural and behavioral responses to acute stress and demonstrate
that this can be a viable model for dissecting the mechanisms by
which HPA dysregulation results in inappropriate neurobehavioral
responses.

MATERIALS AND METHODS

ANIMALS AND CORTICOSTERONE TREATMENT

Adult male C57/BL6 mice (aged 35—42 days) were obtained from
Harlan Laboratories, Inc. Animals were allowed 1 week acclima-
tization time upon arrival prior to treatment. Animals were then
treated with vehicle (1% ethanol) or CORT (Sigma Aldrich, St.
Louis, MO, USA; 25 pg/ml in 1% EtOH) for 28 days prior to test-
ing or tissue collection (23-25). Animal weights were measured
weekly and solutions were replaced during that time. All animal
experiments were conducted with approval of the Washington
State Institutional Animal Care and Use Committee.

FORCED-SWIM TEST

Acute stress was accomplished using the forced-swim test (FST).
Animals were subjected to 10-min FST (4 1 glass beaker, water tem-
perature of 21-23°C) at ZT6. Following FST, animals were allowed
to recover for 10 min in their home cage prior to the open-field
test (OFT), blood collection, or RT-PCR. Time spent struggling
(defined as limb movements in excess of those needed to simply
stay afloat) or time spent immobile was scored by an experimenter
blinded to the conditions. Swim chambers were emptied, cleaned,
and refilled between each trial.

CORTICOSTERONE AND ADRENOCORTICOTROPIC HORMONE RIA

To determine changes in diurnal plasma CORT following vehi-
cle or chronic CORT treatment, a group of mice (N =4-
5/group/time point) was killed by rapid decapitation at 6 h inter-
vals at zeitgeber times 0, 6, 12, and 18 (with ZT0 being time
of lights ON, and ZT12 being time of lights OFF). To deter-
mine endocrine stress responses, a separate group of mice was
killed 10 min after the 10-min FST by rapid decapitation (N =4—
5/group/treatment). In both cases, trunk blood was collected in
EDTA-coated tubes. Brains from the FST group were then used
to detect stress-induced mRNA changes via RT-PCR (see below).
Blood was spun at 1500 rcf for 15 min in a refrigerated centrifuge,
and plasma removed, aliquoted, and stored at —80°C until assay.

Plasma was assayed for total CORT using the Siemens Coat-a-
Count kit for rat CORT according to the manufacturer’s protocol.
To further probe the endocrine response, plasma ACTH was mea-
sured in a previously unthawed plasma aliquot from a subset of
stressed vehicle- or CORT-treated mice (N = 5/group), with an
ACTH 125I Kit (DiaSorin, Inc., Stillwater, MN, USA) using the
option A (overnight incubation) protocol. For both assays, tubes
were counted on a Packard Cobra II gamma counter, and the
intrassay coefficient of variability was less than 10%.

NOVEL OPEN-FIELD TEST

To test behavioral responses following FST, an OFT was
conducted. The OFT consisted of a white plastic chamber
(27.5cm x 27.5cm x 20 cm). Lighting was set at 13-18lux at
floor level. Ten minutes following the end of FST (or at ZT6
for unstressed controls, N = 8/group/treatment), each animal was
placed in the corner of the chamber and allowed to roam freely
for 5 min before being removed. The chamber was cleaned with
70% ethanol after each trial. Locomotor behavior was scored dig-
itally using Noldus Ethovision XT software (Leesburg, VA, USA).
Animal location was determined by the center point of the animal.

IN SITU HYBRIDIZATION FILM AUTORADIOGRAPHY

To detect CRH mRNA, in situ hybridization and film autora-
diography was used as previously described (26), with a mouse
CRH riboprobe generously provided by Dr. A. Jasnow, Kent State
University, OH, USA (27). Briefly, a separate group of unstressed
vehicle- or CORT-treated mice (25 pg/ml; N =4-5/group) was
killed via rapid decapitation at ZT6, and brains were removed
and immediately frozen on dry ice. Brain sections were made on
a cryostat (20 wm thick) and mounted on slides. Slide-mounted
sections were fixed in 3.7% formaldehyde for 10 min, rinsed in
a series of phosphate-buffered saline (PBS) washes, followed by
rinses in triethanolamine-HCI (TEA) and TEA with acetic anhy-
dride. Slides were then washed in 2x sodium chloride citrate
(SCC) and dehydrated in a series of graded alcohols (70, 95, and
100%), delipidated in chloroform, and rinsed in 100% alcohol.
For pre-hybridization, slides were exposed to hybridization solu-
tion (225 pl/slide), coverslipped, placed in a humidity chamber,
and incubated at 55°C for 1h. Slides were then washed in 2x
SCC and again dehydrated in a series of graded alcohols (70
and 95%). For hybridization, slides were exposed to hybridiza-
tion buffer (225 l/slide) with the 35S-labeled antisense or sense
ribonucleotide probes (approximately 1 x 10° cpm/slide), cover-
slipped, placed in a humidity chamber, and incubated at 55°C
overnight. Following hybridization, slides were washed in 2x SCC
buffer and incubated with RNase A (10 pg/ml) in digestion buffer
at 37°C for 30 min and then digestion buffer alone for 10 min.
Slides were then rinsed in series of 2x SCC and 0.2 x SCC washes
at 55°C and dehydrated in a series of graded alcohols. Slides were
air dried for 24 h and then apposed to Kodak BioMax MR film
(Sigma) for 2 days to generate autoradiograms.

QUANTIFICATION OF CRH mRNA

Relative optical densities (RODs) were measured from the autora-
diograms using computerized image analysis software (MCID-
M4, Imaging Research, Inc., St. Catharines, Canada). Background
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measurements were made from areas adjacent to the PVN and
subtracted from the ROD. The same size circular tool, smaller
than the size of the brain region (PVN or amygdala) being mea-
sured, was used to ensure that the same size sample was measured
from section to section, and mouse to mouse. At least two bilateral
measurements were made for each mouse.

QUANTITATIVE RT-PCR

As above, brains from each group were collected 10 min after
the end of a 10-min FST (N = 4-5/group/treatment), and frozen
immediately on dry ice. Brain regions of interest were punched
using 0.5 mm ID biopsy corer (Fine Science Tools, Foster City, CA,
USA) and kept at —80°C until extraction. mRNA isolation was per-
formed using Qiazol (Trizol-chloroform) extraction with RNeasy
column clean-up (Qiagen, Valencia, CA, USA). Samples were
stored at —80°C in 1 mM sodium citrate, pH 6.4 (Life Technolo-
gies, Grand Island, NY, USA) prior to cDNA synthesis. mRNA con-
centrations were measured using spectrophotometry and diluted
to the same concentration for all samples. cDNA synthesis was pre-
formed with MultiScribe™ MulLV reverse-transcriptase following
the protocol for the high capacity cDNA synthesis kit (Life Tech-
nologies). cDNA was stored at —20°C. cDNA synthesis reaction
was preformed in triplicate for vHC samples. Assays were per-
formed using the TagMan chemistry and off the shelf assays from
Life Technologies. Assay IDs were: Gapdh-Mm99999915_g1 and
cFos-Mm00487425_m1. Samples were run in triplicate on a Life
Technologies 7900HT real-time PCR machine with a 20 pl reac-
tion volume. Samples were compared using the AACt method
of relative quantification. GAPDH was used to normalize between
biological replicates.

STATISTICS

All statistical analyses were accomplished using Prism 5 (GraphPad
Software, La Jolla, CA, USA). Two-tailed ¢-tests and one-way or
two-way ANOVAs were undertaken where appropriate, and Tukey
post hoc tests were used to probe interactions. In all cases, results
were considered statistically significant at the P =0.05 level.

RESULTS

CORT TREATMENT DOES NOT AFFECT BODY WEIGHT

After 4 weeks of treatment, no statistically significant difference
was observed in weight gained between chronic CORT-treated ani-
mals and vehicle-treated animals (data not shown; F; 37 =0.7057,
P =0.4063), replicating results from our previous work in this
model (23, 25).

CORT TREATMENT RESULTS IN ALTERED DIURNAL PATTERNS OF
PLASMA CORT

After 4 weeks of treatment, mice (N =4-5/group) were killed at
one of four time points: lights ON (ZT0), mid-light (ZT6), lights
OFF (ZT12), and mid-night (ZT18). A significant main effect
was detected for both treatment (two-way ANOVA; F 55 = 44.29,
P < 0.0001) and time (F3 35 =13.39, P < 0.0001), as well as a sig-
nificant interaction (F3,5=16.75, P <0.0001). Tukey post hoc
analysis showed that chronic CORT resulted in higher plasma
CORT levels at both ZT18 and ZT0 (both P < 0.001), but nadir
levels were statistically indistinguishable from vehicle-treated mice
at ZT6 and ZT12 (both P > 0.05; Figure 1).

Diurnal Pattern of Plasma CORT
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FIGURE 1 | Chronic low-dose CORT treatment in the drinking water
maintains rhythmic, yet slightly higher, levels of plasma CORT.
Treatment with CORT (25 wg/ml) in the drinking water resulted in rhythmic
diurnal changes in plasma CORT that reached a peak during the dark phase
(ZT12-ZT0), but reached the same nadir levels as vehicle-treated mice
(ZT6). Data from 0’ to 18" are re-plotted from 0 to 18 to aid in visualization of
the rhythm. Asterisks indicate statistically significant effects at the P <0.05

level.

CORT TREATMENT RESULTS IN A BLUNTING OF THE ENDOGENOUS
STRESS RESPONSE

To determine how chronic CORT affects the peripheral
(endocrine) stress response, we exposed CORT-treated mice to
an acute FST stress. Given that ZT6 basal CORT levels were not
different between vehicle- and chronic CORT-treated mice, we
tested the endogenous hormonal stress response 10 min after a
10-min FST (N =4-5/group). We found main effects of both
CORT treatment (two-way ANOVA, F; 15=161.6, P <0.0001)
and stress (F1,15 =187.7, P <0.0001), and a significant interac-
tion (Fp,15 =106.0, P < 0.0001). Tukey post hoc analysis showed
that FST resulted in increased CORT only in vehicle-treated mice
(P < 0.05), while stressed chronic CORT mice showed no increase
in plasma CORT over basal levels (P > 0.05). There were no dif-
ferences in non-stressed levels of plasma CORT between vehicle-
and chronic CORT-treated mice (Figure 2). In a subset of only
FST mice (N =4-5/group), we also measured plasma ACTH at
the same time point as CORT (Figure S1 in Supplementary Mater-
ial), showing that CORT treatment blocked the normal increase in
plasma ACTH following FST (¢-test, t =5.257, P =0.0012). This
suggests the endogenous hormonal stress response is impaired in
CORT-treated mice.

CHRONIC CORT TREATMENT REDUCES CORTICOTROPIN-RELEASING
HORMONE mRNA IN THE PARAVENTRICULAR NUCLEUS, BUT NOT THE
AMYGDALA

To determine the effects of chronic CORT on central HPA func-
tion, using in situ hybridization, we assayed CRH mRNA levels
following vehicle or CORT treatment (N = 4/group) within the
PVN of the hypothalamus, a key central node in the HPA axis,
and the amygdala (Figure 3). We found a main effect of CORT
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FIGURE 2 | Chronic low-dose CORT treatment blocks the normal
endocrine response to stress. Treatment with CORT (25 pg/ml) in the
drinking water for 4 weeks resulted in reduced CORT secretion following a
10-min forced-swim stress at ZT6, with no effect on basal plasma CORT
levels. Asterisk indicates statistically significant difference at the P < 0.05
level.
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FIGURE 3 | Chronic low-dose CORT treatment reduced CRH mRNA
expression in the PVN but does not affect expression in the amygdala.
In situ hybridization showed that treatment with CORT (25 pg/ml) in the
drinking water for 4 weeks resulted in a statistically significant decrease in
CRH mRNA expression in the PVN, but not in the amygdala. Asterisk
indicates statistically significant difference at the P < 0.05 level.

treatment and brain region (two-way ANOVA, Fj;; =15.15,
P =0.002; F1,1, =5.602, P =0.0356), and a significant interaction
(F1,12=27.21, P=0.0002). Tukey post hoc analysis demonstrates
that CRH mRNA levels are reduced in the PVN following 4 weeks
of CORT treatment (P < 0.05), while CRH mRNA in the amygdala
remained unaffected, compared to controls.

STRESS RESULTS IN EXAGGERATED c-Fos mRNA EXPRESSION IN
CORT-TREATED MICE

To determine if the blunting of the hormonal stress response was
accompanied by changes in neural activation following the stress,
we investigated changes in ¢-Fos mRNA using quantitative RT-
PCRin the dorsal and ventral hippocampus (dHipp and vHipp), as
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FIGURE 4 | Treatment with CORT in the drinking water results in
exaggerated stress-induced c-Fos responses in the brain. Following a
10-min forced-swim stress and a 10-min recovery period, CORT (25 png/ml)
drinking water-treated mice showed an exaggerated c-Fos MRNA response
as measured by RT-PCR in (A) the dorsal hippocampus, (B) the ventral
hippocampus, and (C) the prefrontal cortex. CORT treatment did not affect
basal non-stressed levels of c-Fos. Columns that share the same letter are
not statistically different from each other at the P < 0.05 level.

well as in the prefrontal cortex (PFC) 10 min after the termination
of a 10-min FST (Figure 4, N = 4-5/group).

In the dHipp (Figure 4A), we found significant main effects
of both stress (two-way ANOVA, F) ;5 =149.4, P <0.0001) and
CORT treatment (F; ;5 =10.81, P = 0.005), as well as a significant
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interaction (Fi,15=9.366, P =0.0079). Tukey post hoc analy-
sis showed that while stress increased dHipp c-Fos mRNA,
the increase was greater in the chronic CORT-treated mice
(P < 0.05), while there was no difference in non-stressed basal
c-Fos expression.

Similarly, in the vHipp (Figure 4B), we found significant main
effects of stress (Fp,14 =64.81, P <0.0001) and chronic CORT
treatment (Fy,14 = 7.150, P = 0.0182), as well as a significant inter-
action (Fj,14 = 7.655, P =0.0151). Post hoc analysis indicated that,
as in the dHipp, stress increased c-Fos, but this increase was greater
in the chronic CORT mice (P < 0.05), without any differences in
the non-stressed basal expression of c¢-Fos.

In the PFC (Figure 4C), while we found a significant
main effect of stress (Fj;5=373.2, P <0.0001), we did not
find a statistically significant main effect of CORT treatment
(F1,15 =2.282, P =0.1516). However, there was a significant inter-
action (F1,15 = 10.75, P = 0.0051), with Tukey post hoc tests reveal-
ing a similar pattern where CORT-treated mice show enhanced
c-Fos expression in the PFC following stress compared to vehicle-
treated mice (P < 0.05), with no effect on non-stressed basal c-Fos
expression.

Thus, in all instances, while chronic CORT does not affect basal
non-stressed c¢-Fos expression, it does result in a statistically sig-
nificant increase in c-Fos expression following FST in the dHipp,
vHipp, and PFC.

CHRONIC CORT TREATMENT RESULTS IN ALTERED BEHAVIORAL
RESPONSES FOLLOWING STRESS

Given the altered hormonal and gene expression responses fol-
lowing acute FST stress in CORT-treated mice, we next wanted
to determine if prior CORT treatment causes changes in acute
stress-induced behavior. To these ends, we investigated stress-
induced changes in swim behaviors in the FST, as well as
rearing and grooming behavior in a novel open-field environ-
ment in vehicle- or CORT-treated mice, with or without stress
(N = 8/group/treatment; Figure 5).

Behavior in the FST

Struggling in the FST was scored to determine if there was any
effect of chronic low-dose CORT treatment on activity in the FST
that may contribute to altered responses in rearing or groom-
ing. We found that 4weeks of chronic CORT did not affect
time struggling or time spent immobile in the FST (Figure 5A;
two-tailed ¢-test, t =1.594, P =0.13). We also found no effect
of low-dose CORT on latency to immobility (data not shown;
vehicle 58.63 +4.769 s vs. CORT 51.25 + 2.782 s; two-tailed t-test,
t=1.336, P =0.203).

Rearing behavior

One episode of forced-swim stress resulted in statistically sig-
nificant differences in the frequency of rearing behavior in the
OFT (Figure 5B). While there was a main effect of FST stress
(F1,28 =16.64, P=0.0003) and CORT treatment (F; s =11.64,
P=0.0020) on rearing frequency, there was also a statisti-
cally significant interaction between stress and CORT treatment
(F1,28 =10.68, P =0.0029). Post hoc analyses revealed that VEH
mice showed a significant decrease in grooming (P < 0.0003).
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FIGURE 5 | Chronic low-dose CORT does not affect behavior in the FST,
but blocks normal stress-induced anxiety behaviors in a novel
environment after the FST. Four weeks of CORT (25 pg/ml) in the drinking
water does not alter time spent immobile in the FST (A). Following the FST,
vehicle-treated mice show subsequent anxiety-like behavior in an open field
as measured by decreased rearing (B) and increased grooming (C), while
CORT-treated mice are statistically indistinguishable from controls,
suggesting they do not show normal stress-induced anxiety-like behavior.
Asterisks indicate statistically significant differences at the P < 0.05 level.

However, no statistically significant difference in rearing frequency
was observed between stress/ CORT animals and non-stress/VEH
animals (P =0.9645) or non-stress/ CORT animals (P = 0.9392),
suggesting chronic CORT blocked the normal stress-induced
decreases in rearing behavior.

Grooming behavior
Similar to the effects on rearing behavior, FST and CORT treat-
ment resulted in main effects on grooming duration (Figure 5C;
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F1,7=62.36, P <0.0001 and Fj 77 =20.83, P <0.0001, respec-
tively). However, there was also a statistically significant inter-
action between stress and CORT treatment (Fj,7 =19.60,
P < 0.0001). Post hoc analyses revealed that FST increased groom-
ing duration in VEH-treated mice (P <0.0001). However, no
statistically significant difference in grooming duration was
observed between stress/CORT mice and non-stress/VEH mice
(P =0.1191), or non-stress/CORT mice (P = 0.0832), further sup-
porting the notion that CORT induced disruption of the HPA
blocks normal behavioral responses to acute stress.

DISCUSSION

The stress response is an essential brain—body response that pro-
tects homeostasis and ensures survival in the face of threatening
environmental stimuli (12, 28—-30). The coordinated response fol-
lowing stress allows for mediators of allostasis to mobilize and
allow an organism to adapt to a temporary environmental shift.
As such, these responses can be considered protective, and in fact,
healthy allostatic responses are a sign of resilience (31-33). How-
ever, if allostatic mediators are over active, improperly regulated,
poorly terminated, or engaged inappropriately, allostatic load can
increase. Eventually this results in allostatic overload, which, rather
than protecting the organism, leads to a series of cascading failures
in multiple physiological systems. Thus, the systems that usually
impart resilience instead result in increased vulnerability (12, 31,
32, 34). Given the central role of the HPA axis stress response
in allostatic responses, we probed how our model of disrupted
HPA function might lead to altered neural and behavioral outputs,
and perhaps contribute to negative mental and physical health
outcomes.

Disruption of normal HPA function is a hallmark of a varied set
of physical and neuropsychiatric diseases, such as obesity, depres-
sion, and anxiety (21,22,35). For example, PTSD is associated with
dysregulated HPA function. Even though some reports suggest a
hyperactive HPA is related to development of PTSD (36, 37), while
others propose that HPA hypoactivity may be a key factor (38-40),
the overarching theme remains: that in PTSD the HPA is disrupted
and does not respond normally to stressors. Whether these changes
in HPA activity are a cause or consequence of such disease states is
unclear, though it is feasible that disrupting the normal responses
to environmental stress could predispose individuals to negative
health outcomes. In the present study, we explored how disrup-
tion of the HPA via a non-invasive drinking water treatment could
change the normal neuroendocrine stress response, and how this
change would affect both neural and behavioral outputs following
exposure to an acute stress.

The present study used a non-invasive manipulation of the HPA
that maintains near normal diurnal changes in plasma CORT, but
interferes with the neuroendocrine stress response. This model is
avariant of more classic approaches used in adrenalectomized rats
(41, 42). In our model, mice treated with a low-dose (25 pg/ml)
of CORT in the drinking water for 4 weeks show normal growth
curves (23) and show a diurnal rhythm in plasma CORT that
is somewhat higher, and peaks slightly later, than CORT in un-
manipulated mice (Figure 1). In the present study, we further
report that this model results in the shutdown of the normal
endocrine response to forced-swim stress, with no increase in

plasma CORT observed following the stress (Figure 2). This is
likely due to both peripheral, as we have previously demonstrated
that it also leads to atrophy of the adrenal gland (23, 25), as well as
central effects, since we observed a decrease in PVN CRH mRNA
(Figure 3). Given this altered plasma CORT response, the purpose
of the second part of the study was to determine if disruption of the
HPA response would result in differential neural and behavioral
responses to acute stress.

Acute stress results in a sequence of neural and behavioral
responses, and perturbations of these normal responses may indi-
cate underlying faults in the neural and endocrine systems regu-
lating stress reactivity. Following stress, brain c-Fos expression is
increased in the PFC and HIPP, as well as in a number of other
brain areas (43—45), suggesting increased neuronal activity. How-
ever, the consequences of altered HPA function for stress-induced
c-Fos expression are unclear. Some reports indicate that ADX has
no effect on acute stress-induced c-Fos mRNA (46), while oth-
ers describe increases in stress-induced c-Fos expression following
ADX (47, 48). Given these somewhat conflicting reports, we chose
to explore both neural and behavioral responses in a model of
HPA dysfunction. In our model, the normally observed increase
in plasma CORT following stress is abolished (Figure 2), and levels
of PVN CRH mRNA are reduced (Figure 3). This led us to posit
that normal neural responses to stress would also be blunted, given
that the primary neuroendocrine output of the stress response is
greatly reduced. However, our hypothesis was proven incorrect,
and instead we observed increased neural responses in the brain
regions we explored (Figure 4).

Following stress, many brain regions in addition to the PFC
and HIPP show increased activity (2, 3, 46, 49), forming an almost
brain-wide network from the brain stem through to the forebrain.
For instance, in response to a novel environmental stressor, nora-
drenergic neurons of the locus ceruleus (LC) rapidly increase firing
rate. These cells are known to project to forebrain regions such
as the PFC and HIPP where they play a largely excitatory role
(50, 51). Many of these same areas are also intimately involved
in the negative feedback aspect of the stress response, with acti-
vation of the GR serving to reduce their activity. For example, in
ADX rats, a single bolus injection of CORT leads to a decrease
in ¢-Fos expression in the dorsal HIPP within 45 min (52). In
the present study, we determined that even though our model
results in decreased plasma CORT in response to stress (Figure 2),
neural activation (as measured by ¢-Fos mRNA) is significantly
increased in the PFC, as well as the dorsal and ventral hippocam-
pus (dHipp and vHipp; Figure 4). These novel and unexpected
findings have led us to hypothesize that the lack of a normal
endogenous CORT response in exogenous CORT-treated animals
may deprive these circuits of a key negative feedback signal. Such
attenuation of neural activity by glucocorticoids has been observed
in LC noradrenergic neurons, where activation of the GR in LC
neurons decreases tyrosine hydroxylase mRNA and presumably
reduces neuronal activity (53). This leads to a possible mecha-
nism that explains the observed increased c-Fos expression in the
mPFC and hippocampus in CORT-treated animals: i.e., it is possi-
ble that without the inhibitory drive of CORT to the LC following a
stressor, mPFC and hippocampal activity is increased above “nor-
mal” levels via overstimulation by noradrenergic LC afferents to
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these regions. Such an outcome could be tested in future studies
by specifically manipulating different components of this circuit,
with or without chronic CORT treatment.

Given the obvious differences in both hormonal and neural
responses to stress in CORT-treated mice, and to clarify the func-
tional consequences of these altered responses, we next wanted to
explore changes in behavioral outputs following stress. It is well
documented that acute stress can lead to increased anxiety-like
behaviors in rodents on a variety of measures, including the ele-
vated plus maze, open field, and social avoidance (54-58). These
alterations in behavior are mediated by both neural and hor-
monal changes during and following the stressor. To determine the
behavioral consequences of a blunted hormonal stress response,
but exaggerated neural stress response, we analyzed behavioral
changes in the novel environment of an open field following a
forced-swim stress (Figure 5). Rearing in a novel open field can be
considered a form of exploratory behavior (59), associated with
positive affective states and thus indicative of low anxiety (60). Our
results indicate that in response to an acute stressor, animals chron-
ically treated with CORT fail to display the normally observed
decrease in rearing behavior. From this, we conclude that CORT
treatment reduces anxiety responses normally elicited by a novel
acute stress. Similarly, self-grooming behavior in rodents has been
associated with high levels of anxiety (61, 62). In the present study,
we observe lower duration of grooming in CORT-treated animals
compared to those treated with vehicle in response to an acute
stress. Chronic CORT-treated animals resemble non-stressed ani-
mals in that grooming duration does not significantly increase
following stress. Thus, we conclude that the failure to increase
grooming duration following acute stress in CORT-treated com-
pared to vehicle-treated mice again suggests a lower anxiety state
in CORT-treated mice. It is important to note that we did not
find behavioral differences between the vehicle and CORT groups
in the FST (Figure 5A), suggesting the neural and behavioral
responses after FST are not simply due to differences in amount
of exercise or stress coping strategies. Gourley et al. noted a slight
increase in immobility in the tail suspension test using a simi-
lar model (63), but it is important to note that their results used
CORT hemisuccinate (that may alter bioavailability), and a 3-day
“washout” period, making direct comparison difficult as our mice
were still being treated with CORT at time of testing. We conclude
that disrupting the HPA axis using this model of chronic CORT
in the drinking water blocks normal behavioral responses to acute
stress.

The behavior of CORT-treated mice following acute stress is
statistically indistinguishable from non-stressed mice with respect
to grooming and rearing behaviors in the open field (Figure 5).
On the other hand, activity in the PFC and HIPP clearly shows
significant increase in c-Fos expression, to a level greater than
both stressed vehicle mice as well as non-stressed vehicle or CORT
mice (Figure 4). Thus, there appears to be a mismatch between
the neural and behavioral responses to stress in CORT-treated
mice that have a dysregulated HPA. It is intriguing to consider
the ramifications of such “inappropriate” behavioral and neural
responses following stress. One interpretation could be that the
inability of CORT-treated mice to increase plasma CORT lev-
els following a stressor results in a protective phenotype that

does not show increases in anxiety-like behavior. However, such
resilience should not necessarily be construed as a beneficial con-
sequence to the organism, as blunted reactions to stress could
be maladaptive. Acute environmental stressors produce neces-
sary neurobehavioral responses that improve chances for survival
in challenging environments. For instance, in many cases, mem-
ory and learning processes are increased by acute stress (64—66),
with the presumed benefit of allowing for future avoidance of the
stressor or context in which the stressor occurred (67). Restated,
behavioral, and physiological phenotypes normally expressed fol-
lowing exposure to acute stress are thought to be adaptive. Thus,
reduction of these behaviors by HPA dysregulation observed here
could be described as maladaptive. This suggests it is equally plau-
sible to consider the alternative interpretation: that the lack of
a behavioral response following a stressor, in association with
increased activity in the PFC and HIPP, may have negative con-
sequences because the appropriate allostatic mediators are not
being adequately mobilized, and/or their termination is not being
efficiently regulated. Perhaps in the short term, such responses
have little negative impact, but repeated stress exposure without
the normal hormonal, neural, or behavioral responses may con-
tribute to increased allostatic load and eventual long-term negative
outcomes.

The results of our study suggest the low-dose CORT model
(without ADX) may be useful in the investigation of disorders in
which a dysregulation of the HPA axis, or other aspects of the stress
response, are observed, such as PTSD, depression, and anxiety dis-
orders. As we have shown that many gross markers of adrenal status
recover after removal of the CORT treatment (25), the reversibility
of this model could provide insight into long-term effects of short-
term HPA dysregulation. By devising models that can be dissected
both anatomically and temporally, we may gain increased under-
standing of the neural and behavioral underpinnings of complex
neuropsychiatric disorders.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at http://www.frontiersin.org/Journal/10.3389/fpsyt.2015.00031/
abstract
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INTRODUCTION

Repeated stressor exposure can sensitize physiological responses to novel stressors and
facilitate the development of stress-related psychiatric disorders including anxiety. Dis-
ruptions in diurnal rhythms of sleep—wake behavior accompany stress-related psychiatric
disorders and could contribute to their development. Complex stressors that include fear
eliciting stimuli can be a component of repeated stress experienced by human beings,
but whether exposure to repeated fear can prime the development of anxiety and sleep
disturbances is unknown. In the current study, adult male F344 rats were exposed to either
control conditions or repeated contextual fear conditioning for 22 days followed by exposure
to no, mild (10), or severe (100) acute uncontrollable tail shock stress. Exposure to acute
stress produced anxiety-like behavior as measured by a reduction in juvenile social explo-
ration and exaggerated shock-elicited freezing in a novel context. Prior exposure to repeated
fear enhanced anxiety-like behavior as measured by shock-elicited freezing, but did not alter
social exploratory behavior. The potentiation of anxiety produced by prior repeated fear
was temporary; exaggerated fear was present 1 day but not 4 days following acute stress.
Interestingly, exposure to acute stress reduced rapid eye movement (REM) and non-REM
(NREM) sleep during the hours immediately following acute stress. This initial reduction in
sleep was followed by robust REM rebound and diurnal rhythm flattening of sleep/wake
behavior. Prior repeated fear extended the acute stress-induced REM and NREM sleep
loss, impaired REM rebound, and prolonged the flattening of the diurnal rhythm of NREM
sleep following acute stressor exposure. These data suggest that impaired recovery of
sleep/wake behavior following acute stress could contribute to the mechanisms by which
a history of prior repeated stress increases vulnerability to subsequent novel stressors and
stress-related disorders.

Keywords: REM, NREM, anxiety, diurnal rhythm, conditioning, classical, sleep, chronic stress

Disruptions in diurnal rhythms of sleep—wake behavior and

Although acute activation of the stress response evolved to enhance
chances of survival, excessive, chronic, or repeated activation of
the stress response can negatively impact central and peripheral
physiological systems (1-3) and is a significant risk factor for the
development of stress-related mental illness including depression,
anxiety, and post-traumatic stress disorder [PTSD; (4-6)]. One
way that repeated stressor exposure could facilitate psychiatric dis-
orders is by sensitizing responses to novel stressors. Indeed, indi-
viduals with PTSD display exaggerated startle (7-9), autonomic
(10, 11), and in some cases hypothalamic—pituitary—adrenal axis
(12, 13) responses to aversive stimuli. Similarly, rodents exposed
to repeated stressors can display exaggerated hormonal (14-16),
autonomic (17, 18) and neuronal (19, 20), responses to acute,
novel stressors. These exaggerated responses to novel stressors in
rodents can occur concordantly with the development of anxiety-
and depression-like behaviors (21, 22).

specific alterations in sleep architecture accompany stress-related
psychiatric disorders and could contribute to their development
(23-27). In fact, the Diagnostic and Statistical Manual for Mental
Disorders lists sleep disturbance as diagnostic criteria for sev-
eral types of anxiety disorders, and epidemiological studies reveal
that insomnia is a risk factor for depression (28). Sleep archi-
tecture can be characterized by measuring stages of sleep using
electroencephalogram (EEG). A typical night of sleep consists
of episodes of non-rapid eye movement (NREM) sleep, which
includes slow-wave sleep and rapid eye movement (REM) sleep.
Individuals suffering from panic disorder have disruptions in sleep
that include reduced percent (%) time spent in NREM sleep
(29, 30). Depressed patients generally display increased % REM,
sleep fragmentation, and reduced % NREM (31, 32). Disturbed
slow wave (33) and REM (34-37) sleep is also considered a hall-
mark symptom (38) and post-trauma predictor (39) of PTSD.
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In rodents, stressor exposure can disrupt REM and NREM sleep
and flatten diurnal rhythms of sleep/wake behavior [see Ref. (40,
41) for reviews]. Finally, manipulations of the sleep/wake cycle
can alleviate depression symptoms (42, 43). Together, these data
suggest that factors that increase vulnerability to sleep disruption
could contribute to the development of stress-related psychiatric
disorders.

Stressors that are unpredictable and uncontrollable are the most
potent in terms of their deleterious consequences on emotion
(44) and sleep (41). Rats exposed to a series of uncontrollable
tail shocks, but not an equal number and intensity of controllable
tail shocks, for example, display behaviors resembling anxiety and
depression including a reduction in social exploratory behavior
(45), an increase in fear conditioning (46), and a deficit in goal-
directed learning in a shuttle-box escape task (44). Exposure to this
same uncontrollable stressor can also flatten diurnal rhythms of
activity and physiology (47), and increase sleep fragmentation and
suppress REM (Thompson et al., unpublished). Similarly, repeated
uncontrollable foot shock stress reduces overall time spent in
REM in mice during the 20 h period following each uncontrollable
shock session or re-exposure to the shock context (48). Interest-
ingly, stress-buffering manipulations such as voluntary exercise
prevent both the anxiety- and depression-like behavioral (49-51)
and sleep-disrupting consequences of uncontrollable stress in rats.
Although it is clear that stress can impact sleep depending on the
nature of the stressor (41), whether a history of repeated stres-
sor exposure can sensitize sleep disruption in response to a novel,
acute uncontrollable stressor remains unknown.

In the current study, adult male F344 rats were exposed to con-
trol conditions or repeated contextual fear conditioning for 22 days
followed by exposure to no, mild (10), or severe (100) acute uncon-
trollable tail shock stress. Complex stressors that include exposure
to fear-eliciting stimuli can be a component of repeated stress
experienced by human beings. We have previously reported that
repeated exposure to fear conditioning can sensitize physiological
responses to acute uncontrollable stress and exacerbate uncon-
trollable stress-induced disruptions in diurnal rhythms of heart
rate (HR) and core body temperature (CBT) (18). The goal of
the current study was to determine whether repeated exposure to
conditioned fear can also prime the development of anxiety and
sleep disturbances following exposure to an acute uncontrollable
stressor.

MATERIALS AND METHODS

ANIMALS

A total of 141 adult, male F344 rats (Harlan Laboratories) weighing
200-230 g upon arrival were housed under controlled temperature
(22°C) and humidity. The animals were maintained on a 12:12h
light/dark cycle (lights on 7:00 a.m. to 7:00 p.m). All rats were sin-
gle housed in Nalgene Plexiglas cages (45 cmx 25.2 cmX 14.7 cm)
and were allowed to acclimate to the housing conditions for
1 week before start of experimental procedures. Rats had ad libi-
tum access to food and water and were weighed three times per
week. All experimental procedures were performed during the
inactive (light) phase of the light:dark cycle and animals were han-
dled during the 1 week acclimation period. Animal discomfort was
minimized during all procedures. Experimental protocols for these

studies were approved by the University of Colorado Animal Care
and Use Committee.

REPEATED FEAR

Exposure to repeated contextual fear was performed as previously
described in detail (18, 52) Briefly, rats were placed into a condi-
tioning chamber (46 cmx 20.7 cmx 20 cm) on day 0 for 5 min in
order to acquire a memory of the context, after which rats received
three, 2s, 1.5 mA foot shocks (1 min ITI). This initial contextual
fear conditioning occurred at 1000 h. Rats were returned to their
home cages immediately following initial conditioning and after
every subsequent re-exposure to the conditioned context. Starting
24 h following initial conditioning (day 1), rats were repeatedly
exposed to the conditioned context twice a day for 22 days: once in
the a.m. and once in the p.m. Each exposure was 20 min in dura-
tion and occurred between 8:00 and 12:00h (a.m. session) and
12:00 and 5:00 h (p.m. session). The time of each a.m. and p.m.
exposure was chosen randomly in order to reduce predictability.
Freezing, defined by the absence of movement except that required
for respiration, was scored during each re-exposure session using
a random sampling procedure, whereby rats were either scored as
freezing or not freezing every 10s. To prevent extinction of fear,
minimal numbers of re-instatement foot shocks were used to re-
instate contextual conditioned fear. When average freezing during
an a.m. session fell below 50%, all rats were administered a sin-
gle re-instatement foot shock (25, 1.5mA) at the end of the p.m.
re-exposure session.

INESCAPABLE TAIL SHOCK STRESS

After 22 days of no repeated fear or repeated fear exposure, rats
either remained in their home cages and were not exposed to acute
stress (0 tail shocks), or were exposed to 10 or 100 inescapable tail
shocks as previously described (18). On the day of exposure to
tail shock, rats assigned to the tail shock groups were transported
to a separate room, placed in Broome-style Plexiglas restraining
tubes (23.4 cm long and 7.0 cm in diameter), and exposed to 10
or 100, 55, 1.5 mA inescapable tail shocks. Shocks were delivered
at a variable-60 s ITT between 8:00 a.m. and 11:00 a.m. Rats were
immediately returned to their home cages following termination
of the appropriate number of shocks (10 or 100). Inescapable
tail shock was used as the acute novel stressor in these experi-
ments because it produces reliable behaviors in rodents resembling
human symptoms of stress-related psychiatric disorders (44, 45),
and we have previously reported that prior repeated fear stress
sensitizes physiological responses to tail shock stress (18).

BEHAVIORAL TESTING

Measures of juvenile social exploration and shock-elicited freezing
were obtained sequentially as previously described (53). Testing
for baseline juvenile social exploration occurred 1 week prior to
uncontrollable stress. During social exploration testing, each adult
experimental subject was placed into separate plastic cages iden-
tical to their home cages with bedding and a plastic, filter-top lid
between 7:00 a.m. and 8:00 a.m. After 1h, a 28-32-day-old male
juvenile was introduced to the cage for 3 min and exploratory
behaviors (sniffing, pinning, and allogrooming) were timed by
an observer blind to treatment. After the test, the juvenile was
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removed and the experimental rat was returned to the home
cage. Baseline testing was used to reduce neophobia to the social
exploration procedure.

One week after baseline testing, and either 1 or 4 days following
0, 10, or 100 tail shocks, rats were again tested for social exploratory
behaviors as described for the baseline test. Different juvenile rats
were used for the two social exploration tests, so that experimen-
tal rats were not exposed repeatedly to the same juvenile. Social
exploration occurred prior to shock-elicited freezing so that shock
administered during the fear test would not interfere with social
exploration behavior.

Following the completion of social exploration testing, rats
were transferred to novel, brightly lit chambers that differed in
size, lighting, odor, and background noise from the condition-
ing chambers used for repeated fear stress. Freezing behavior was
observed for 10 min immediately after placement of the rats into
the chambers. Rats then received two, 1s, foot shocks (0.7 mA,
1 min ITI) followed by a 20 min, post-shock freezing observation
period. Freezing immediately following shock presentation is a
measure of fear conditioned to cues present in the shuttle box (54).
Reduction in juvenile social exploration (45, 55) and enhanced
shock-elicited freezing (56, 57) represent rodent analogs of social-
and fear-related anxiety behaviors, respectively.

BIOTELEMETRY SURGERIES

F40-EET biotelemetry transmitters (Data Sciences International,
St. Paul, MN, USA) were implanted into animals used in Exper-
iment 3 as previously described (18, 47, 52). Following ketamine
(i.p. 75.0 mg/kg), and medetomidine (i.p. 0.5 mg/kg) anesthesia, a
midline incision was made approximately 5.0 cm in length on the
ventral abdominal wall. Biopotential leads were passed through
the ventral abdominal wall and then the transmitter was sutured
to the ventral abdominal wall. The EEG leads were placed as pre-
viously described in telemetry studies of mice (58, 59). Briefly,
insulated leads were passed subcutaneously to the base of the
skull, where they were attached to pan head stainless steel screws
(Plastics One Inc.), which served as EEG recording electrodes.
Screws were placed according to the Rat Brain Atlas in Stereotaxic
Coordinates by Paxinos and Watson (60) at anterior 2.0 mm; lat-
eral 2.5mm and posterior 5.5 mm; lateral 3.0 mm from Bregma
using standard stereotaxic methods (61). Screws and leads were
embedded in dental acrylic to ensure the integrity of the recording
signal. Immediately following surgery, rats were given meloxi-
cam (1.0 mg/kg s.c.) for analgesia after which they recovered on
a heating pad at 37°C until ambulatory. Once ambulatory, rats
were returned to their home cages and given one 2.0 mg rimadyl
tablet (Bio-Serv) and several fruity bites (Bio-Serv). Animals were
allowed to recover for 1 week before the start of repeated exposure
to conditioned fear.

BIOTELEMETRY DATA ACQUISITION AND ANALYSIS

The F40-EET transmitter (DSI) allows in vivo real-time measure-
ment of locomotor activity (LA), HR, CBT, and EEG in freely
moving animals. Biotelemetry recordings were acquired/analyzed
using Dataquest ART 4.3 Gold Acquisition/Analysis Software
(Data Sciences International, St. Paul, MN, USA), as previ-
ously described (18, 52). Analyses of the sleep/wake cycles were

performed using the automated Neuroscore 2.1.0 software (Data
Sciences International, St. Paul, MN, USA). The trace EEG sig-
nal was subjected to fast Fourier Transformation (FFT), yielding
spectra between 0.5 and 30 Hz in 0.5-Hz frequency bins. The
delta frequency band was defined at 0.5-4.5 Hz and the theta fre-
quency band was defined as 6.0-9.0 Hz, as previously described
(59). Arousal state was scored in 10-s epochs and classified as
NREM, REM, or wake on the basis of state-dependent changes
in multiple parameters, including the EEG, LA, HR, and body
temperature, as previously described (59, 62). Wakefulness was
defined on the basis of a low amplitude, mixed frequency EEG
(delta~rtheta) accompanied by body movements (i.e., activity),
and increases in body temperature. NREM sleep was identified by
increased absolute EEG amplitude with integrated values for the
delta frequency band greater than those for the theta frequency
and lack of body movements. Body temperature declines upon
entry into NREM sleep until it reaches a regulated asymptote.
REM was characterized by a low amplitude EEG with integrated
values for the delta frequency band less than those for the theta
frequency band. Any epochs containing artifact or electrical noise
were tagged and excluded from subsequent spectral analysis. All
sleep scoring was performed by an individual blind to treatment
condition of the animal.

EXPERIMENTAL DESIGN

Experiment 1

Experiment 1 was designed to test the hypothesis that prior
repeated fear stress sensitizes anxiety responses to novel acute
stressor exposure. Rats were randomly assigned to the following
groups: no repeated fear (home cage)/0 tail shocks (n=7); home
cage/10 tail shocks (n=8); home cage/100 tail shocks (n=38);
repeated fear/0 tail shocks (n=8); repeated fear/10 tail shocks
(n=8); repeated fear/100 tail shocks (n=7). All rats were tested
for anxiety-like behavior using social exploration and shock-
elicited freezing 24 h following tail shock exposure. Figure 1A
shows the sequence of events followed during Experiment 1.

Experiment 2

Experiment 2 explored whether acute stress-induced anxiety-like
behavior persisted longer following acute stress in rats previously
exposed to repeated fear compared to home cage rats. Rats pre-
viously exposed to home cage or repeated fear conditions were
exposed to 0 or 100 tail shocks and were then tested for anxiety-
like behaviors either 1 or 4 days later. Groups containing home cage
and repeated fear rats not exposed to tail shock (the 0 tail shock
groups) were split so that half of the rats were tested with the 1-
day group and the other half were tested with the 4-day group. No
time-dependent effects were noted between the 0 tail shock rats
tested at the 1 and 4-day time points, so the time points were com-
bined. Therefore, the home cage/0 tail shock and repeated fear/0
tail shock groups include rats tested at both the day 1 and day 4 time
points. The following groups were tested: Home cage/0 (n=38);
home cage/1 day after 100 tail shocks (n=8); home cage/4 days
after 100 tail shocks (n=38); repeated fear/0 (n=38); repeated
fear/1 day after 100 tail shocks (n=7); repeated fear/4 days after
100 tail shocks (n=38). A time line for the procedures used in
Experiment 2 can be found in Figure 1B.
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FIGURE 1 | Time lines depicting the series of events used in Experiment 1 (A), Experiment 2 (B), and Experiment 3 (C).
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uncontrollable shocks

Experiment 3

Rats implanted with F40-EET transmitters were exposed to home
cage or repeated fear conditions for 22 days, followed by 0, 10, or
100 tails shocks. Data were recorded starting 1 week after teleme-
try implantation and continued throughout the remainder of the
experiment. Body weight, freezing behavior during repeated fear
stress, HR, body temperature, and activity obtained from the rats
used in this experiment have been published previously (18). Here,
EEG and physiological data were analyzed starting at clock time
1:00 p.m. (~2 h following the termination of tail shocks) and con-
tinued for 3 days thereafter. We waited approximately 2 h following
the termination of tail shock stress in order to avoid the disruption
in the telemetry signal produced by moving the rats from the stress
induction room back to their home cages. Moreover, starting the
analyses at the same clock time for all animals eased analyses of the
data. Twelve of the initial 48 rats used in the study were dropped
from analyses due to loss or interference with the EEG signal, yield-
ing the following groups: home cage/0 tail shocks (1 =5); home
cage/10 tail shocks (n=7); home cage/100 tail shocks (n=6);
repeated fear/0 tail shocks (n=15); repeated fear/10 tail shocks
(n=7); repeated fear/100 tail shocks (n=6). A time line for the
procedures used in Experiment 3 can be found in Figure 1C.

STATISTICAL ANALYSIS

Body weight data were analyzed using repeated measures ANOVA.
Average time spent exploring during the 3 min social exploration
test and average % freezing during the 20 min post-shock freezing
period in Experiment 1 were analyzed using 2 (home cage, repeated
fear) x 3 (0, 10, 100 tail shocks) ANOVAs or, for Experiment 2, 2
(home cage, repeated fear) x 3 (no acute stress, 1 day after 100 tail

shocks, 4 days after 100 tail shocks) ANOVAs. Percent time spent
in REM, NREM, and wake during the remaining 6 h of the light
cycle starting approximately 2 h following termination of acute
stress were collapsed into 1h blocks and analyzed with 2 (home
cage, repeated fear) x 3 (0, 10, 100 tail shocks) repeated measures
ANOVA. Subsequent percent time spent in REM, NREM, and wake
were collapsed into 12 h blocks and compared with 2 x 3 ANOVAs.
Light and dark cycles were analyzed independently. Diurnal dif-
ferences of average % REM, % NREM, and % wake, calculated
by subtracting the average dark cycle value from the average light
cycle value, were compared using 2 x 3 ANOVAs. Fisher’s PLSD
post hoc analyses were used as appropriate. Group means were
considered different when p < 0.05.

RESULTS

FREEZING DATA AND BODY WEIGHT

Rats exposed to repeated conditioned fear stress for 22 days dis-
played freezing behavior upon each re-exposure to the conditioned
context (Figure 2A). Rats in both Experiments 1 and 2 required 6
foot shocks to maintain levels of freezing above 50%. Body weights
of rats used in Experiments 1 and 2 are shown in Figures 2B,C,
respectively. Both groups gained weight over time [Experiment 1,
F(8, 352) =467.1; p <0.0001; Experiment 2, F(8, 360) = 704.5;
p <0.0001], but rats exposed to repeated fear stress gained less
weight over time compared to rats exposed to home cage treat-
ment [Experiment 1, F(8, 352) =57.56; p < 0.0001; Experiment
2, F(8,360) =37.97; p < 0.0001]. Freezing and body weight data
from rats used in Experiment 3 have been published previously
(18) and thus are not shown.
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Experiments 1 and 2. (A) Freezing was scored before (pre) and after (post) freezing fell below 50%. The number of shocks administered is noted next to
administration of 3 foot shocks during contextual fear conditioning on day 0. each arrow. Rats in both Experiment 1 (B) and Experiment 2 (C) exposed to
Rats were re-exposed to the conditioned context twice a day, early (a.m.), or repeated fear stress gained less weight over time relative to home cage
late (p.m.) during the light cycle, for 22 days. Re-instatement shocks (denoted control rats. *p < 0.05 relative to home cage control.

PRIOR EXPOSURE TO REPEATED FEAR STRESS INCREASES ANXIETY AS
MEASURED BY SHOCK-ELICITED FREEZING

Twenty four hours following exposure to 0, 10, or 100 tail shocks,
rats used in Experiment 1 were tested for social exploratory behav-
ior and shock-elicited fear. Consistent with prior reports (50,
53, 55), exposure to acute stress reduced social exploration [F(2,
40) = 8.48; p=0.0008; Figure 3A] and increased shock-elicited
freezing [F(2, 40) =3.54; p=10.03; Figure 3B]. Only 100 tail
shocks reduced social exploration (p=0.02) and increased fear
(p=0.01). The reduction in social exploration (p = 0.07) and the
increase in fear (p=20.07) following 10 shocks failed to reach
significance. A history of repeated fear had no impact on social
exploratory behavior [F(1, 40) = 1.13; p > 0.05], thus acute stress
reduced social exploratory behavior equally regardless of history
of repeated fear. In contrast, rats exposed to repeated fear dis-
played more fear than rats exposed to home cage treatment [F(1,
40) = 3.82; p < 0.05]. These effects occurred in the absence of gross
changes in LA. Neither acute tail shock stress [F(2, 40) =1.97;
p > 0.05] nor repeated fear [F(1,40) = 1.62; p > 0.05] altered the
number of spontaneous cage crosses during social exploration
testing (data not shown).

In Experiment 2, rats exposed to repeated fear or home
cage treatments were tested for anxiety-like behavior either 1 or
4 days following 0 or 100 tail shocks. Results similar to those
observed in Experiment 1 were seen here. Exposure to acute
stress reduced social exploration [F(2, 41)=9.38; p=0.0004;
Figure 4A] and increased shock-elicited freezing [F(2,41) =4.75;
p=0.01; Figure 4B]. Regardless of history of prior repeated
fear exposure, a reduction in social exploratory behavior was
observed both 1 (p=0.003) and 4 (p=0.0002) days following
tail shock stress, whereas the increase in shock-elicited freezing
was only present when rats were tested 1 day following tail shock
(p=0.01). Although a history of repeated fear had no impact on
social exploration [F(1,41) =0.007; p > 0.05], exaggerated shock-
elicited freezing was again observed in rats exposed to repeated
fear stress [F(1,41) =9.52; p=0.004]. This exaggerated fear pro-
duced by repeated fear stress relative to home cage treatment was
temporary. Exaggerated fear produced by repeated fear stress was
present in rats not exposed to acute tail shock stress (p=0.01)
and 1 day (p = 0.02), but not 4 days (p > 0.05), following acute tail
shock stress. Again, neither acute tail shock stress [F(2,41) = 3.07;
p > 0.05] nor repeated fear [F(1,41) =0.16; p > 0.05] altered the
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FIGURE 3 | Effects of prior repeated fear stress on anxiety behavior
following mild or severe acute stress. Following 22 days of no repeated
fear (home cage) or repeated fear stress (repeated fear), rats were exposed
to no acute stress (0), mild (10 uncontrollable tail shocks; 10), or severe (100
uncontrollable tail shocks; 100) acute stress. Juvenile social exploration (A)
and shock-elicited freezing (B) were measured 24 h later in a novel
environment. *p < 0.05 relative to 0 groups; #main effect of repeated fear
stress (p < 0.05).

number of cage crosses during social exploration testing (data
not shown).

REPEATED FEAR PROLONGS REM AND NREM SLEEP LOSS
IMMEDIATELY FOLLOWING ACUTE STRESS

The % time spent in REM, NREM, and wake during the remain-
ing 6 h of the light cycle starting approximately 2 h following the
termination of acute tail shock stress are shown in Figure 5.
Acute stress reduced % REM (Figures 5A,B) and % NREM
(Figures 5C,D) in both home cage and repeated fear groups
during the first few hours following acute stress. The reduc-
tion in % REM and % NREM following acute stress persisted
longer in rats that had been previously exposed to repeated
fear stress compared to home cage treatment. This was espe-
cially true for % REM. In contrast to the effect of acute stress
in home cage rats, which only persisted for 2h, both 10 and
100 tail shocks suppressed % REM in repeatedly stressed rats
for 5h. These results were confirmed with repeated measures
ANOVA, which revealed a significant main effect of acute stress
[F(2, 30) =4.22; p=10.02] and significant interactions between
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FIGURE 4 | Effects of prior repeated fear stress on persistence of
anxiety behavior following severe acute stress. Following 22 days of no
repeated fear (home cage) or repeated fear stress (repeated fear), rats were
either exposed to no acute stress or to 100 uncontrollable tail shocks (acute
severe stress). Juvenile social exploration (A) and shock-elicited freezing (B)
were measured either 1 or 4 days later in a novel environment. *p < 0.05
relative to O groups; #main effect of repeated fear stress (p < 0.05).

acute stress and time (10, 150) =2.5; p=10.008) and acute stress,
time, and repeated fear [F(10, 150) =2.41; p =0.01] on % REM;
and significant main effects of repeated fear [F(1, 30) =5.45;
p=0.02], acute stress [F(2, 30) =5.6; p=0.02], and significant
interactions between repeated fear and time [F(5, 150) =2.68;
p=0.02] and acute stress and time [ F(10, 150) = 4.29; p < 0.0001]
on % NREM. The acute stress-induced reduction in REM and
NREM sleep was accompanied by a detectible increase in wake-
fulness (Figures 5E,F). ANOVA revealed significant main effects
of repeated fear stress [F(1, 30) = 7.32; p=0.01] and acute stress
[F(2,30)=6.9; p=0.005]; and a significant interaction between
acute stress and time [F(10, 150) = 3.08; p < 0.0001]. The home
cage and repeated fear groups not exposed to acute stress (the 0
groups) did not differ in any parameter measured. See graphs for
results of post hoc comparisons.

PRIOR EXPOSURE TO REPEATED FEAR IMPAIRS REM REBOUND
FOLLOWING ACUTE STRESS

The % REM, % NREM, and % wake during the 48 h follow-
ing the beginning of the first night cycle after acute stress are
shown in 12 h blocks in Figure 6. Consistent with REM rebound
following periods of REM sleep loss (63) and stress (64, 65),
acute stress increased % REM during the first [F(2, 30) = 14.8;
p <0.0001; Figure 6A] and second [F(2, 30)=3.97; p=0.03;
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FIGURE 5 | Effects of repeated fear stress on sleep/wake behavior during
the remainder of the light cycle following acute stressor exposure.
Following 22 days of no repeated fear (home cage) or repeated fear stress
(repeated fear), rats were exposed to no acute stress (0), mild (10
uncontrollable tail shocks; 10), or severe (100 uncontrollable tails shocks; 100)
acute stress. Percent time spent in rapid eye movement [REM; (A,B)] sleep,
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Clock Time (Hours)
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Acute Stress
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—a— Repeated Fear, Severe Acute Stress (100)

non-rapid eye movement [NREM; (C,D)] sleep, and wake (E,F) were
determined in the home cage during the remainder of the light cycle starting
approximately 2 h following the termination of acute tail shock stress.

*p < 0.05 relative to respective 10 and 100 groups; #p < 0.05 relative to home
cage/10 and home cage/100 groups; ¢p < 0.05 relative to home cage/0 group;
3p < 0.05 relative to respective 0 and 10 groups.

Figure 6C] 12h dark cycles following acute stress. The % REM
in the light cycle was not impacted by acute or repeated fear stress
(Figures 6B,D); however, the effect of acute stress on % REM in
the second light cycle following acute stress just missed signifi-
cance (p=0.06). Repeated fear impaired the REM rebound that
occurred in acute stress groups during the first dark cycle that fol-
lowed acute stress (Figure 6A). This was confirmed with ANOVA,
which revealed a significant main effect of repeated fear [F(1,
30) = 8.18; p=0.007] and a significant interaction between acute
stress and repeated fear [F(2, 30) =4.75; p=0.01; see Figure 6A
for results of post hoc tests]. At no time did the home cage and
repeated fear groups not exposed to acute stress differ in their
% REM. Neither repeated fear nor acute stress altered % NREM
(Figures 6E-H).

The increase in % REM following acute stress was paralleled by
a reduction in wakefulness (Figures 6I-L). Both acute stress [F(2,
30) =5.59; p =0.008] and repeated fear [F(1,31) =5.6; p =0.02]
increased % wake during the first dark cycle following acute stres-
sor exposure (Figure 6I). At no other time following acute stress
was % wake altered by acute or repeated fear stress. The % REM,
% NREM, and % wake in all groups resembled control values after
the second light cycle that followed acute stress, thus these data are
not shown.

PRIOR EXPOSURE TO REPEATED FEAR PROLONGS THE FLATTENING OF
THE DIURNAL RHYTHM OF NREM SLEEP FOLLOWING ACUTE STRESS
To determine the impact of repeated fear and acute uncontrollable
stress on the diurnal rhythms of sleep/wake behavior, the diurnal
difference (dark-light) of % REM, % NREM, and % wake were
compared between groups following acute stressor exposure. Con-
sistent with greater REM rebound in the light cycle observed in the
home cage rats following acute stress (Figure 6A), both repeated
fear [F(1,30) =5.67; p=0.02] and acute stress [F(2, 30) = 10.37;
p=0.0004] reduced the diurnal difference of % REM (Figure 7A).
The flattening of the diurnal rhythm of % REM sleep was present
during the first, but was gone by the second (Figure 7B), 24h
period following acute stress. Acute stress reduced the diurnal dif-
ference of % NREM sleep [F(2,30) = 14.3; p < 0.0001; Figure 7C]
and % wake [F(2, 30) = 18.77; p < 0.0001; Figure 7E] during the
first 24 h period following acute stress in both home cage and
repeated fear-exposed rats. During the second 24 h period follow-
ing acute stress, significant interactions between repeated fear and
acute stress revealed that the flattening of the diurnal rhythm of
both % NREM sleep [F(2,30) =4.88; p=0.01; Figure 7D] and %
wake [F(2,30) = 5.44; p = 0.009; Figure 7F] persisted longer fol-
lowing acute stress in rats previously exposed to repeated fear. See
Figure 7 for results of post hoc tests.
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FIGURE 6 | Effects of repeated fear and acute stress on diurnal pattern of
undisturbed home cage sleep/wake behavior. Following 22 days of no
repeated fear (home cage) or repeated fear stress (repeated fear), rats were
exposed to no acute stress (0), mild (10 uncontrollable tail shocks; 10), or
severe (100 uncontrollable tails shocks; 100) acute stress. Percent time spent
in rapid eye movement [REM; (A-D)] sleep, non-rapid eye movement [NREM;
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(E-H)] sleep, and wake (I-L) were determined in the home cage for 48
consecutive hours starting the dark cycle immediately following the day of
acute stressor exposure. Averaged dark and light cycle data are reported in
12 h blocks. *p < 0.05 relative to 0 groups (lines represent main effects of
acute stress); ¢p < 0.05 relative to all other groups. Dark bar represents 12 h
dark cycle; white bar represents 12 h light cycle.

DISCUSSION

Here, we report that prior exposure to a repeated emotional
stressor can increase anxiety-like behavior and induce pro-
longed sleep disruption following exposure to a subsequent
acute, novel stressor. These observations add to our prior
observations that repeated exposure to conditioned fear stress
can sensitize HR and CBT responses to acute severe stress
(18). Taken together, these data indicate that repeated expo-
sure to conditioned fear stress can produce behaviors in rodents
that resemble characteristics of stress-related psychiatric disor-
ders, including sensitized autonomic responses (18), enhanced
fear learning (Figures 3B and 4B), and prolonged stress-
induced flattening of biological rhythms including NREM sleep
(Figure 7D) following exposure to a novel, acute uncontrollable
stressor.

Exposure to severe (100 tail shocks), but not mild (10 tail
shocks), acute uncontrollable stress reduced social exploratory
behavior and increased freezing immediately following adminis-
tration of foot shocks during fear conditioning in a novel envi-
ronment (Figures 3 and 4). The observation that mild acute
stress was insufficient to elicit anxiety-like behavior is consis-
tent with prior work showing that greater than 50 uncontrollable
tail shocks are required to activate serotonin (5-HT) neurons
in the dorsal raphe nucleus (66); the putative mechanism by
which acute severe stress transiently enhances fear condition-
ing (67, 68) and reduces social exploration (45). Repeated fear

stress neither sensitized (Figure 3A) nor prolonged (Figure 4A)
the effect of acute uncontrollable stress on social exploration.
In contrast, a history of repeated fear stress enhanced shock-
elicited freezing, regardless of acute stressor exposure (Figures 3B
and 4B). These data indicate that like a history of acute stress
(50, 69, 70), prior exposure to repeated fear stress can enhance
the acquisition of a new fear memory. Similarly, clinical data
indicate that patients with PTSD respond in an exaggerated
manner to novel fear-eliciting stimuli and remember these
aversive stimuli better than trauma-exposed controls without
PTSD (10).

The fact that repeated fear stress increased anxiety-like behav-
ior as measured by shock-elicited freezing but not social avoidance
suggests that repeated fear stress impacts various anxiety-related
behaviors differently. It is unlikely that a history of foot shock dur-
ing repeated fear sensitized the anxiety response to subsequent foot
shock during anxiety testing, because repeated exposure to homo-
typic stimuli typically lead to habituation, not sensitization, of the
stress response to that stimuli (20, 71). Although the exaggerated
fear and social avoidance produced by acute uncontrollable stress
are thought to have similar mechanisms involving 5-HT and the
amygdala (55, 72), repeated fear stress might impact a neural sub-
strate capable of modulating fear- and not social-related anxiety
behaviors. Although the hippocampus is an attractive candidate
because of its involvement in contextual fear conditioning (73) and
sensitivity to repeated stress (74), enhanced fear learning produced
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FIGURE 7 | Effects of repeated fear and acute stress on diurnal
difference of sleep/wake behavior. Following 22 days of no repeated fear
(home cage) or repeated fear stress (repeated fear), rats were exposed to
no acute stress (0), mild (10 uncontrollable tail shocks; 10), or severe (100
uncontrollable tails shocks; 100) acute stress. Diurnal difference of % rapid
eye movement [REM; (A,B)] sleep, non-rapid eye movement [NREM;
(C.D)] sleep, and wake (E,F) were calculated by subtracting light cycle
values from dark cycle values of sleep parameters measured in the home
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cage for 48 h starting the dark (active) cycle immediately following acute
stressor exposure. The diurnal differences calculated from the first 24 h
period starting the first active (dark) cycle immediately following acute
stress are shown in the left panel (A,C,E). The diurnal differences
calculated from the second 24 h period following acute stress are shown
in the right panel (B,D,F). *p < 0.05 relative to respective 0 groups (lines
represent main effects of acute stress); ¢p < 0.05 relative to all other
groups.

by repeated fear stress was observed immediately following shock
administration during conditioning in a novel context, a time dur-
ing which freezing is independent of the hippocampus (75). The
prefrontal cortex is an important emotional control region that
is known to undergo structural remodeling following repeated
stress (76, 77) and can modulate fear expression (78). Thus, the
prefrontal cortex could be a structure through which repeated fear
acts to enhance fear-related anxiety-like behavior. Consistent with
this possibility are the observations of functional and structural
deficits in the PFC of patients suffering from PTSD and depression
(79-82).

Rats exposed to repeated conditioned fear had similar sleep
patterns to rats exposed to home cage treatment in the absence
of tail shock (the acute stress 0 groups), suggesting that repeated
exposure to conditioned fear may not by itself impact sleep. This is
surprising considering that both re-exposure to a cue (83) ora con-
text (84) previously associated with a foot shock has been reported
to reduce % REM sleep during the inactive cycle. One reason for
this discrepancy could be that the impact of fear conditioning on

sleep habituates with time. Indeed, Kant et al. (85) reported that
although total sleep time is initially reduced during repeated daily
exposure to foot shock stress in the home cage, total sleep time
returns to baseline levels by the 7th day of stress. This explanation
seems unlikely, however, considering that (1) the return to base-
line sleep time following repeated foot shock reported in Ref. (85)
was accompanied by a disruption of the normal diurnal rhythm of
sleep and no such diurnal disruption following repeated fear stress
was observed in the current study and (2) physiological and fear
responses to the conditioned context were maintained throughout
the duration of the study (18). Moreover, although extinction of
fear reduces the impact of re-exposure to a contextual conditioned
stimulus on REM sleep (84), fear extinction was prevented in the
current study by administration of foot shocks when average freez-
ing levels dropped below 50%. An alternative explanation could
be the strain of rat used in the study. Tang et al. (64) reported
that relative to Lewis and Wistar rats, which exhibit a reduction
in % REM following re-exposure to a conditioned context, F344
rats display no such reduction. In fact, F344 rats displayed the
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greatest fear response and an increase in % REM during the dark
cycle following both acquisition and expression of contextual fear
conditioning (86). The possibility remains, however, that repeated
fear did disrupt sleep, but that disrupted sleep had resolved by
the time analyses of sleep patterns began 24 h following the last
exposure to the contextual CS. Indeed, Moreau et al. (87) report
that changes in % REM sleep produced by several weeks of mild
stress disappeared progressively following termination of stress
(87).

In contrast to the lack of observed effect of repeated fear stress
on sleep, exposure to acute tail shock stress clearly impacted sleep.
Similar to prior reports (88), acute stress reduced both % REM
and % NREM sleep and increased % wake during the hours
immediately following acute stressor exposure. These data are
consistent with our prior work reporting that this same stressor
increases activity, HR, and CBT for several hours following stress
(18, 47). Compared to home cage rats exposed to acute stress,
rats previously exposed to repeated fear displayed a prolonged
reduction in % REM and % NREM sleep for hours following
stress. In fact, rats not exposed to repeated fear began to show
signs of REM recovery by 5h post-acute stress (Figure 5), a time
point during which % REM of rats exposed to repeated fear stress
was still suppressed. Similar to the effect of acute stress observed
in the current study, victims of acute traumatic injury display
increased wake time following trauma (39). Interestingly, those
trauma victims who also have disrupted REM sleep (increased
frequency but very short duration REM sleep bouts) were also
more likely to develop PTSD (39). Consistent with these clinical
data, acute stress impacted REM sleep of rats previously exposed to
repeated fear to a greater extent than home cage control rats, and
this suppressed REM sleep was associated with the most robust
shock-elicited freezing.

Rapid eye movement rebound [increased REM sleep after peri-
ods of REM suppression; (63)] has been reported to follow stres-
sor exposure (64) and has been argued to represent an adaptive
response to stress [for a review, see Ref. (65)]. Significant REM
rebound was observed in home cage rats during several dark peri-
ods following acute stressor exposure (Figures 5A and 6C). In
contrast, and despite the prolonged loss of REM sleep produced
by acute stress in the rats exposed to repeated fear, rats exposed
to repeated fear had impaired REM rebound (Figure 6A). Sup-
pressed REM rebound following acute stress in rats exposed to
repeated fear could thus represent a maladaptive response to acute
novel stress that could contribute to vulnerability to stress-related
disorders.

The mechanisms underlying REM rebound following stress
have been reviewed (65) and could involve serotonin (88), cor-
ticosterone (89), prolactin (65, 90), or the central nucleus of
the amygdala (91). Further work will be required to elucidate
the mechanisms by which repeated fear exposure impairs REM
rebound. It should be mentioned, however, that repeated fear
stress does not result in exaggerated corticosterone responses to
acute tail shock stress (18). Thus, differences in circulating corti-
costerone are unlikely to be involved in the observed suppression
of the REM rebound.

In addition to prolonging sleep disruption immediately follow-
ing acute stress and suppressing REM rebound, repeated fear stress

produced a protracted disruption in the diurnal rhythm of NREM
sleep elicited by acute stress. We have previously reported that prior
repeated fear stress prolongs the acute stress-induced disruption
of the diurnal rhythms of HR and CBT (18). Here, we extend
those observations to include disruptions in diurnal rhythms of
NREM. Although no differences in total % NREM were observed
following exposure to repeated or acute stress (Figure 6), pro-
longed damping of diurnal rhythms could itself be a precursor to
mood disorders (92, 93). Indeed, disruption of sleep/wake cycles,
such as occurs with seasonal affective disorders (94) and shift
work (95, 96), can trigger mood-related problems in vulnerable
individuals.

In conclusion, we present evidence that exposure to repeated
fear stress increases selective measures of anxiety-like behavior,
prolongs sleep disruption including REM and NREM suppres-
sion and NREM diurnal disruption, and impairs REM rebound
following exposure to an acute, novel stressor. Sensitization of
sleep disruption following acute stressors could contribute to
the mechanisms by which a history of repeated stress leads
to vulnerability to stress-related psychiatric disorders including
anxiety.
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Highly active antiretroviral therapy (HAART) has improved prognosis for people living with
HIV (PLWH) and dramatically reduced the incidence of AIDS. However, even when viral
load is controlled, PLWH develop psychiatric and neurological disorders more frequently
than those living without HIV. Adolescents with HIV are particularly susceptible to the
development of psychiatric illnesses and neurocognitive impairments. While both psy-
chiatric and neurocognitive disorders have been found to be exacerbated by stress, the
extent to which chronic stress and HIV-1 viral proteins interact to impact behavior and
relevant neuroinflammatory processes is unknown. Determination of the individual contri-
butions of stress and HIV to neuropsychiatric disorders is heavily confounded in humans.
In order to isolate the influence of HIV-1 proteins and chronic stress on behavior and
neuroinflammation, we employed the HIV-1 transgenic (Tg) rat model, which expresses
HIV-1 proteins with a gag and pol deletion, allowing for viral protein expression without
viral replication. This Tg line has been characterized as a model of HAART-controlled
HIV-1 infection due to the lack of viral replication but continued presence of HIV-1
proteins. We exposed male and female adolescent HIV-1 Tg rats to a mixed-modality
chronic stress paradigm consisting of isolation, social defeat and restraint, and assessed
behavior, cerebral vascularization, and neuroinflammatory endpoints. Stress, sex, and
presence of the HIV-1 transgene impacted weight gain in adolescent rats. Female HIV-1
Tg rats showed decreases in central tendency during the light cycle in the open field
regardless of stress exposure. Both male and female HIV-1 Tg rats exhibited decreased
investigative behavior in the novel object recognition task, but no memory impairments.
Adolescent stress had no effect on the tested behaviors. Microglia in female HIV-1 Tg
rats exhibited a hyper-ramified structure, and gene expression of complement factor B
was increased in the hippocampus. In addition, adolescent stress exposure increased
microglial branching and junctions in female wild-type rats without causing any additional
increase in HIV-1 rats. These data suggest that the presence of HIV-1 proteins during
development leads to alterations in behavioral and neuroinflammatory endpoints that are
not further impacted by concurrent chronic adolescent stress.
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INTRODUCTION

Following the advent of highly active antiretroviral therapy
(HAART) in the treatment of HIV-1 infection, the life expectancy
for people living with HIV (PLWH) has greatly increased (1).
However, with increasing life expectancy among PLWH, com-
plications not traditionally associated with HIV infection have
emerged (1). These comorbidities include increased incidence of
affective disorders, HIV-1-associated neurocognitive disorders
(HAND), and non-AIDS-associated dementia and can occur even
in individuals with HAART-controlled viral load. In fact, as many
as 52% of PLWH experience some form of neuropsychological
impairment (2). PLWH are at a greater risk of developing a mood
disorder (3), and individuals with HAND are less likely to adhere
to life-saving treatment regimens (4), increasing the risk of death
(5). As many as 60% of the adolescents living with HIV develop
psychiatric illnesses (6, 7) or neurocognitive impairments (8).
These adolescents are at high risk of unsafe behaviors (9), but
the mechanisms underlying this sensitivity to neuropsychiatric
disease are unknown. Furthermore, the risks may be particularly
high for HIV-infected females, given the established increased
risk for affective disorders in women over men even in the
absence of HIV (10, 11).

While stigma or distress associated with HIV-positive status
has been suggested to contribute to neurocognitive impairment
and the increased prevalence of mood disorders among PLWH,
recent studies suggest that these behavioral pathologies are also
mediated by biological mechanisms that extend beyond the direct
impact of psychosocial stress associated with being HIV-positive
(12-16). These studies have examined HIV-associated altera-
tions in behavior and their underlying biological mechanisms,
many of which involve neuroinflammatory processes. However,
due to the difficulty of disentangling the impact of HIV-1 viral
proteins and psychosocial stress in PLWH, the potential interac-
tion between chronic stress and HIV-1 viral proteins remains
incompletely understood. Using the HIV-1 transgenic (Tg) rat
model, we sought to examine the contributions of developmental
exposure to HIV-1 proteins and chronic adolescent stress in
order to better understand the extent to which HIV and stress
interact in adolescents with HIV.

The HIV-1 Tg rat expresses all but two of the genes contained
in the HIV-1 virus, which allows expression of functional viral
proteins without active viral replication (17). This non-replicating
HIV-1 Tgline in the rat has been characterized as a useful tool to
model comorbidities experienced by PLWH receiving HAART
(18) as well as a model for other childhood HIV-1-associated
disorders (19).

Here, we used the HIV-1 Tg rat to address the hypothesis
that chronic adolescent stress exacerbates behavioral and neu-
roinflammatory impairments in HIV-1 Tg rats compared to
wild-type (WT) controls in a sex-specific manner. We focused
on inflammatory endpoints due to their capacity to modulate
affective and cognitive behavior as well as the profound immune
alterations seen in HIV-1 infection. We assessed microglial
morphology in females as well as gene expression of comple-
ment factor B and lipocalin-2, two inflammatory proteins that
may also be involved in neuronal structure and the impairments

observed in PLWH, in non-stressed female rats. Collectively,
the data presented suggest that females are more susceptible
to the behavioral effects of HIV-1 protein expression during
development than males and that HIV-1 proteins mirror, but
do not interact with, the neuroinflammatory impact of chronic
adolescent stress in females.

MATERIALS AND METHODS

Animals

Wild-type and HIV-1 Tg male and female rats were bred on-site
from Tg male breeders and WT female Fisher 344/NHsd dams
purchased from Harlan Laboratories (Indianapolis, IN, USA).
The HIV-1 Tg rat, originally described by Reid et al. (17), was
derived from the Fisher 344/NHsd Sprague-Dawley line. HIV-1
Tg rats show clinical manifestations and pathology resembling
HIV, including respiratory problems, neurological changes,
cataracts, nephropathy, muscle atrophy, and altered affective-
type behavior (15, 17, 19, 20). The studies presented here were
completed by postnatal day (PND) 55 and thus occurred prior
to the onset of previously documented pathology. Offspring were
group-housed with siblings (2-3 rats per cage) after weaning.
Male and female rats were used for all behavioral analyses,
while female rats were used for histological and gene expres-
sion assessments. Animals were kept in an AAALAC-approved
temperature- and humidity-controlled vivarium and maintained
on areverse 14:10 light:dark cycle. Food and water were available
ad libitum. For these studies, litters were split among all groups
such that no more than two pups from a litter were in any one
group. This measure was taken in order to avoid litter effects.
Chronic mixed-modality adolescent stress took place from
PND37 to PND48; behavioral assessments were performed from
PND49 to PND53, and rats were euthanized between PND54
and PND55. All experiments were performed in accordance with
the Institutional Animal Care and Use Committee of Emory
University and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Chronic Mixed-Modality Stress

A subset of each cohort was submitted to chronic mixed-
modality adolescent stress (WT-male-control n = 8, WT-male-
stressed n = 9, WT-female-control n = 11, WT-female-stressed
n = 10, Tg-male-control n = 11, Tg-male-stressed n = 11,
Tg-female-control n = 10, and Tg-female-stressed n = 9). This
mixed-modality stress paradigm has been previously described
and shown to elicit both short-term and lasting behavioral and
physiological changes in Wistar rats (21-24). Consistent with
the previously established paradigm, animals receiving stress
were individually housed at PND36 and randomly exposed to
interspersed days of social defeat and restraint stress for 12 days
(PND37-PND48). Stressed animals were individually housed
throughout the duration of behavioral testing. Non-stressed
animals remained pair-housed throughout the entire study and
encountered daily handling and cage movement to control for the
stress paradigm. Rats were weighed on isolation day and twice
throughout stress.
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The 6 days of social defeat stress were performed during the
light phase of the light:dark cycle and took place in the home
cage of a mature, territorial, Long-Evans rat. All experimental
animals were paired with a same-sex resident Long-Evans rat,
and female resident Long-Evans rats were ovariectomized to
control for estrous cycle-dependent variations in aggressive
behavior. Each experimental animal was placed in the home
cage of the resident and separated by a barrier permeable to
sound and scent; after 2 min, the barrier was lifted. After the
experimental animal was aggressed by the resident up to five
times on the first day, three times on the second day, and once
each day thereafter, or after 5 min of interaction, the barrier
was replaced. This separation continued for 25 min, after which
point the experimental animal was returned to its home cage.
Pairings were randomly assigned daily to prevent stabilization
of a dominance hierarchy.

For the 6 days of restraint stress, animals were placed in a
clear acrylic rat restraint (Braintree Scientific, Inc., Braintree,
MA, USA) for 60 min during the light phase. These restraints
prevented head-to-tail turns but did not compress the rat.

Behavioral Testing

Behavioral testing took place from PND49 to PND53, after the
completion of the stress paradigm, and consisted of open-field
testing and novel object testing. The behavioral testing was com-
pleted in six cohorts across a 4-month span of time with all groups
represented equally in each cohort. The length of testing for any
one cohort was 5 days. Sample sizes are detailed in Table 1.

Open-field Testing

Measurement of locomotor activity and spatial preference during
the open-field test can be used as an assessment of both physi-
ological capacity as well as anxiety-like behavior (25). Animals
were assessed in the open field during the light phase under white
light (between 8:00 and 11:00 a.m.) on PND49 and during the
dark phase under red lighting (between 3:00 and 6:00 p.m.) on
PND50. For both tests, each rat was placed into a 90 cm X 90 cm
box and allowed to explore freely for 10 min, after which time

TABLE 1 | Sample sizes for each of the behavioral tests (open-field
and novel object recognition task), animal weight data, and molecular
analyses are detailed.

Test FWT FTg MWT MTg FWT FTg MWT MTg
NS NS NS NS S S S S

Novel object 9 7 8 9 10 4 8 11

Open field 11 10 7 i 10 9 8 9

Body weight 11 10 8 11 10 9 8 11

over stress

Terminal 11 10 8 9 9 9 6 11

weight

Microglial 3 3 N/A N/A 3 3 N/A N/A

analysis

Len2 gene 7 10 N/A N/A N/A  N/A N/A N/A

expression

Cfb gene 10 ihl N/A N/A N/A  N/A N/A N/A

expression

Animals used in behavior analysis were included in weight analysis. M, male; F, female;
NS, no stress; S, stress; WT, wild type; Tg, transgenic.

the rat was placed back in its home cage, and the open-field arena
was cleaned thoroughly with 70% ethanol. One rat was tested at a
time. All behaviors in both the light and dark phase testing were
recorded by a video camera that was connected to an automated
behavior analysis system and analyzed by research assistant blind
to experimental group (CleverSys, Inc., Reston, VA, USA). Four
animals (Tg-male-stressed n = 2, WT-male-control n = 1, and
WT-male-stressed n = 1) were excluded from open-field analysis
due to a procedural error.

Novel Object Testing

The novel object test is used to assess object recognition memory,
a task that is dependent on hippocampal function (26). Training
and testing occurred during the light phase between 8:00 a.m.
and 12:00 p.m., and two animals were tested simultaneously,
individually in separate chambers. The chamber used for the
open-field test was subdivided into two 90 cm X 45 cm arenas. On
PND51, rats were habituated to the smaller arena with a 10-min
exploration period. On PND52 and 53, rats were exposed to the
no-delay and the hour-delay tasks in a counterbalanced order.
In the no-delay task, the rat was placed into the arena with two
identical objects (“familiar objects”) and allowed to explore for
15 min. After this period, the rat was briefly returned to its home
cage; the objects and arena were quickly cleaned with 70% ethanol,
and one of the objects was replaced with a novel object. The rat
was returned to the arena and allowed to explore the objects for
5 min. All behaviors during this period were recorded by a video
camera that was connected to an automated behavior analysis
system and analyzed by a research assistant blind to experimental
group (CleverSys, Inc., Reston, VA, USA). The hour-delay task
was identical to the no-delay task but used different novel and
familiar objects, and the rat was returned to its home cage for
a 1-h delay before undergoing the 5-min recorded encounter.
Several rats were excluded from novel object behavioral analysis
due to a procedural error (WT-female-control n = 2, WT-male-
stressed n = 1, Tg-male-control n = 2, Tg-female-control n = 2,
and Tg-female-stressed n = 5). Difference in time spent sniffing
novel vs. familiar object was calculated by taking the absolute
value of the difference in time spent sniffing the novel and famil-
iar objects. One animal (Tg-female-control) was identified as an
outlier via Grubbs’ test (o = 0.05) and was removed from novel
object analysis.

Tissue Collection

OnPND54-55, allanimals used for behavioral tests and stereology
were euthanized with Euthasol® (a combination of pentobarbital
sodium and phenytoin sodium), perfused for 2 min with ice cold
saline, and then perfused with 4% paraformaldehyde for 10 min.
Estrous cycle was not monitored in females. Brains were removed
and postfixed in 4% paraformaldehyde and cryoprotected in 30%
sucrose for 24 h before freezing. Female WT (n = 11) and HIV-1
Tg (n=11) non-stressed animals that did not undergo behavioral
testing were euthanized via rapid decapitation for quantitative
real-time polymerase chain reaction (qQPCR) analysis. Brains
were flash frozen on dry-ice and stored at —80°C until later
analysis. In addition, adrenal glands, uteri, and testes were col-
lected, weighed, and normalized to terminal weights. Percentage
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weight change over stress was calculated by dividing the differ-
ence between day 10 stress weight and isolation weight by the
isolation weight. Normalized adrenal and reproductive weights
were calculated by dividing each rat’s adrenal or reproductive
weight (milligrams) by its terminal body weight (grams). All
weight analyses were performed with animals that underwent
behavioral testing.

Immunohistochemistry and Stereology
Brains from female rats were sectioned at 40 or 50 pm on a
cryostat.

IBA-1 Immunohistochemistry

Sections from female WT-control, WT-stress, Tg-control,
and Tg-stress (n = 3 per group) rats encompassing the entire
rostro—caudal axis of the brain were stained for ionized calcium-
binding adaptor molecule-1 (IBA-1) [four sections per animal,
section sampling fraction (ssf) = 1/12]. After washing in TBS,
sections were blocked in a 10 pg/ml avidin solution for 1 h at
4°C. Sections were washed again and then incubated in rabbit
IBA-1 (1:1000, 019-19741, WAKO, Richmond, VA, USA) in a
50 pg/ml biotin solution overnight at 4°C. Sections were then
washed and incubated in biotinylated goat anti-rabbit IgG (BA-
1000, Vector Labs, Burlingame, CA, USA) for 1 h at 4°C before
washing and incubating with the Vectastain Elite ABC kit (Vector
Labs, Burlingame, CA, USA). The stain was then visualized with
diaminobenzidine (SigmaFast 3,3’-diaminobenzidine tablets,
Sigma-Aldrich, St. Louis, MO, USA), and sections were counter-
stained in cresyl violet. The optical fractionator probe was used
to estimate the population of microglia in a single hemisphere of
the hippocampus.

Microglial Morphology Analysis

Right hippocampal regions from four sections (three from one
animal due to tissue integrity) from each animal were stitched
together at 40X magnification (Stereolnvestigator). Thirty cells
were chosen at random per section, converted to 8-bit, adjusted
for brightness, and cleaned with a Gaussian filter. Images were
then converted to binary and skeletonized in Image] (National
Institute of Health, version 1.49). The AnalyzeSkeleton plug-in
was used to assess the number of junctions and average branch
length for each microglia. Microglial properties (number of junc-
tions, number of branches, maximum and average branch length)
were averaged for each animal.

Cerebrovascular Imnmunohistochemistry

Sections from female rats were incubated with 1% H,O, for 20 min
at 4°C followed by blocking with normal goat serum (NGS)
(3%) (Vector Labs, Burlingame, CA, USA), Triton X-100 (0.5%)
(Sigma-Aldrich, St. Louis, MO, USA), and phosphate-buffered
saline (PBS). Sections were then incubated with primary antibody
mouse anti-rat endothelial cell antigen-1 [RECA-1 (0.5%) (Bio-
Rad Labs, Berkeley, CA, USA)] overnight at 4°C. The following
day, sections were incubated with biotinylated anti-mouse IgG
secondary antibody (0.5%) (Vector Labs, Burlingame, CA, USA).
Sections were then incubated with streptavidin-peroxidase-HRP.

The stain was visualized with diaminobenzidine. Sections were
mounted on slides, dried overnight, and coverslipped with
Permount (Fisher Scientific, Pittsburgh, PA, USA).

Blood Vessel Length and Density

To minimize bias, stereology was conducted by a single
experimenter blind to experimental conditions. To determine
the location of the prefrontal cortex (PFC) (WT n=3,Tgn=5),
amygdala (WT n =5, Tg n = 6), and hippocampus (WT n =5,
Tg n = 6) in each section, a rat atlas (27) was used as a guide
to trace contours under 2X bright-field illumination. Three sec-
tions were used per animal for analysis. After tracing contours,
sections were sampled under a 60X oil immersion objective.
Estimates were taken using the Stereo Investigator system with
the Spaceballs probe (MicroBrightField, Inc., Colchester, VT,
USA). The following parameters were used in the Spaceballs
probe for 40 and 50 pm sections analyzing the PFC: grid size
X = 230 pm, grid size Y = 315 pm, guard zone space = fixed
distance, Spaceball radius = 12 pm, and use hemisphere = true.
Additionally, the following parameters were used for sections
analyzing the hippocampus and amygdala: grid size X = 275 pum,
grid size Y =360 pm, guard zone space = fixed distance, Spaceball
radius = 12 pm, and use hemisphere = true. These parameters
resulted in a coefficient of error of <0.1.

Quantitative Real-Time Polymerase

Chain Reaction
The PFC and hippocampus were dissected from female WT
(n = 11) and HIV-1 Tg (n = 11) rats, and RNA was extracted
with the TRIzol method (Invitrogen) using the RNeasy Mini Kit
(Qiagen). RNA was reverse-transcribed using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). cDNA
was standardized using a Pico Green Assay (Invitrogen). TagMan
Gene Expression Mastermix and TagMan Gene Expression Assays
for Hprtl (Rn01527840_ml) and Cfb (Rn01526084_gl) were
used. qPCR was performed on the Applied Biosystems 7900HT
Sequence Detection System. Fold change in gene expression was
calculated according to the 2724 method using the HprtI house-
keeping gene. The targets were run in triplicate, and the cutoft for
coefhicient of variance (CV) was 4%. One WT animal was excluded
from Cfb analysis because its CV value exceeded the 4% cutoff.
Gene expression of Lcn2 (female WT n = 7, Tg n = 10) was
assessed using primers from Integrated DNA Technologies (San
Diego, CA, USA). Forward: GATTCGTCAGCTTTGCCAAGT
and reverse: CATTGGTCGGTGGGAACAG. Absolute Blue
qPCR SYBR Green ROX Mix (Thermo Scientific, Wilmington,
DE, USA) was used to perform qPCR. Hippocampal gene expres-
sion of Lcn2 was normalized to the geometric mean of Hprt and
B2m, whereas PFC expression of Lcn2 was normalized to the
geometric mean of B-actin, Hprtl, B2m, and Ldha.

Statistical Analysis

Three-way analysis of variance (ANOVA) in R (version 3.2.1)
was used to assess statistical significance in behavioral tests,
percentage weight gain, and normalized adrenal measures. The
analysis factors in three-way analysis of percentage weight gain
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and normalized adrenal weight were all between-subjects and
included sex, stress (control, adolescent stress), and genotype
(WT, HIV-1 Tg). The analysis factors in three-way analyses of
behavior were the between-subjects factors of stress (control,
adolescent stress) and genotype (WT, HIV-1 Tg) with the
repeated factor of time (light and dark in the open-field test or
no delay and hour delay in the novel object test). Because of the
added factor of time, sexes were assessed separately. If no main
effect was present, the non-significant factor was removed from
post hoc assessment leading to a t-test assessment. Two-way
ANOVAs in GraphPad Prism (version 6) were used to assess
group differences for reproductive weight, microglial population,
and microglial morphology. The factors in two-way analyses
were stress and genotype. Student’s ¢-test was performed to assess
statistical significance of number of microglial branches and
number of microglial junctions between the WT control group
and the Tg control group. A student’s t-test was used to assess
statistical significance for gene expression data. Each gene and

region was compared to its WT control. All tests were performed
with o = 0.05, and all significant main effects and interactions are
reported in the section “Results.”

RESULTS

Both Chronic Adolescent Stress and HIV-1
Proteins Reduced Weight Gain

Exposure to chronic adolescent stress reduced weight gain in
stressed animals [F(7) = 70.91, p < 0.01] (Figure 1A). Females
[Faz0=79.21,p <0.01] and HIV-1 Tgrats [F(, 7 = 5.80, p = 0.02]
also gained less weight during stress as compared to males and
WT rats. However, terminal weight was unchanged by stress
[Fues) = 1.72, p > 0.05]. HIV-1 Tg rats weighed less at collection
than WT rats [Fues = 150.88, p = 0.01]. Female rats weighed
less than males [F 65 = 199.81, p < 0.01] (Table 2). Normalized
adrenal weight was higher in females [F(1 65y = 44.60, p < 0.01] and
HIV-1 Tg rats [Fu6s = 6.53, p = 0.01] (Figure 1B). Normalized
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reproductive weight was analyzed separately between the sexes
due to the distinct differences in sex organs. Stress [F31) = 6.87,
p=0.01] and HIV-1 transgene [F 3 = 16.09, p < 0.01] increased
male reproductive weight (Figure 1C). Neither stress [F(134 = 2.05,
p > 0.05] nor HIV-1 genotype [Fuas = 0.12, p > 0.05] impacted
normalized reproductive weight in females (Figure 1D). Details
of statistical analyses are detailed in Table 3.

Female HIV-1 Tg Rats had Reduced
Central Tendency in the Open-field Maze

As expected for a nocturnal species, male [Fus) = 56.86,
p < 0.01] and female [F( 3 = 52.55, p < 0.01] rats, regardless
of stress exposure or genotype, traveled greater distance in the
open-field maze during the dark cycle than during the light
cycle. Stress did not independently impact locomotor activity
[Fu36 = 1.78, p > 0.05] or percentage time in center [F( 35 = 0.38,
p > 0.05] for female rats of either genotype. Post hoc assessment
demonstrated that female HIV-1 Tg rats exhibited decreased
locomotor activity compared to female WT rats in the light
cycle (t3s = 3.62, p < 0.001) (Figure 2A) and that female HIV-1
rats spent a decreased time in the center of the open-field maze
compared to female WT rats during the light cycle [¢( 35 = 2.35,
p =0.024] (Figure 2B). Male HIV-1 rats also exhibited decreased
locomotor activity compared to male WT rats in the light cycle
(t3=2.93, p < 0.01). Female [F13¢ = 29.35, p < 0.001] and male
[Fu31) = 24.46, p < 0.001] rats also spent an increased percentage
of time in the center of the open-field maze during the dark cycle,
as compared to percentage time in center during the light cycle

TABLE 2 | Terminal weight (in grams) of rats that were exposed to
chronic adolescent stress and behavioral testing.

Wild type HIV-1 transgenic
No stress Stress No stress Stress
Male 176.0+456g 168.0+7.32g 1357 +459¢g°> 1385+2.81¢g°
Female 1352 +234¢g* 129.9+3.12g 107.3+1.56¢g*® 103.1 + 3.04 g*°

Mean + SEM are shown. HIV-1 Tg rats weighed less than WT rats [F,e5 = 150.88,
p < 0.01]. Females weighed less than males [Fpe5 = 199.81, p < 0.01].

2Denotes a main effect of sex.

bdenotes a main effect of HIV-1 genotype.

(Figures 2B,D). HIV-1 transgene and time of day interacted
in males [Fisy = 13.23, p < 0.001] and females [F(13) = 8.68,
p < 0.01] to impact the locomotor activity of males in the open-
field maze. HIV-1 Tg genotype, stress, and sex [Fua) = 5.11,
p = 0.03] also interacted to impact the locomotor activity of
males (Figure 2C) in the open-field maze. However, post hoc
assessment did not attribute these main effects or interactions to
differences between any two specific groups. All main effects and
interactions are detailed in Table 4.

Female HIV-1 Tg Rats Exhibit
Decreased Performance in Novel
Object Recognition Task

The novel object recognition task was performed with no delay
or 1-h delay from exposure to familiar objects. Stress did not
impact total time sniffing object in males [F 3, = 0.31, p > 0.05]
or females [F(126) = 0.02, p > 0.05]. Time (no delay vs. hour delay)
[Faze) = 1.53, p > 0.05] had no impact on total time sniffing
objects in females (Figure 3A). Female HIV-1 Tg rats spent less
time sniffing all objects compared to WT females at each time
point [Fi.2) = 6.78, p = 0.02] (Figure 2A), and HIV-1 Tg females
exhibited a reduced difference in time sniffing the novel vs.
the familiar object compared to female WT rats [F.) = 5.39,
p = 0.03] (Figure 3B). Male HIV-1 Tg rats spent a reduced total
time sniffing all objects [F(132 = 7.5, p < 0.01] (Figure 3C). Stress,
genotype, and time interacted [F3) = 5.17, p = 0.03] to impact
the difference in time spent sniffing the novel vs. familiar object
in males (Figure 3D). This difference was not attributable to a
particular group difference.

HIV-1 Tg Rats Exhibit Enhanced

Ramification in Hippocampal Microglia

The estimated population of microglia in the hippocampus in
females was unchanged by stress [ F(1 sy=3.26, p > 0.05] or genotype
[Fus = 0.32, p > 0.05, Table 5]. Hippocampal microglia in HIV-1
Tg rats exhibited an increased number of branches [F(, 4 = 14.62,
p < 0.01], number of junctions [Fus = 13.94, p < 0.01], and
maximum branch length [Fs = 14.31, p < 0.01], but average
branch length was unchanged [F5) = 1.45, p > 0.05] compared to

TABLE 3 | F-statistics and p-values for all main effects and interactions are shown for weight analysis using a three-way ANOVA, between factors (sex,
HIV-1 genotype, time), or a two-way ANOVA, between factors (HIV-1 genotype and stress).

Sex HIV-1 Stress Sex x HIV-1 Sex x stress Stress x HIV-1 Sex x stress x
genotype genotype genotype HIV-1 genotype

Weight over stress (1A) Fii70=79.2, *Fi1.70 = 5.80, *Fu.79 = 70.91, Faz9 =211, Fi70 = 1.54, Fi1.70 = 0.16, Fi.79 = 0.09,

p <0.01 p =0.02 p < 0.01 p > 0.05 p > 0.05 p > 0.05 p > 0.05
Adrenal weight (1B) *Fi1.65) = 44.60, *Fia.69 = 6.53, F.65 = 3.66, Fiies = 0.02, Fi6s) = 0.04, Fiies = 1.66, Fi65 = 0.03,

p <0.01 p=0.01 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05
Male reproductive *Fany = 16.09, *Faa1 = 6.87, Fiiay = 0.25,
weight (1C) p < 0.01 p =0.01 p > 0.05
Female reproductive Fusy=0.12, Fa4 = 2.05, Fi.39 = 0.35,
weight (1D) p > 0.05 p>0.05 p > 0.05
Terminal weight *Fir6s) = 199.8, *Fi165) = 150.9, Fiies = 1.72, Fues =2.41, Fies = 0.27, Fiies) = 1.22, Fi16s) = 0.93,
(Table 2) p < 0.01 p < 0.01 p>0.05 p>0.05 p>0.05 p > 0.05 p > 0.05

*Indicates a significant main effect or interaction. Blank boxes indicate an absence of a particular factor from analysis. The figure or table number is included in parentheses following

the description of each metric. o« = 0.05.
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FIGURE 2 | HIV-1 Tg and WT rats were placed in an open-field maze during the rats’ light and dark cycles. The distance traveled and the percentage of
time the rats spent in the center of the maze were measured. HIV-1 Tg rats traveled a decreased distance compared to WT controls in the light cycle (A). Male (C)
and female (A) rats traveled an increased distance in the dark cycle compared to the light cycle. The percentage of time rats spent in the center was unaffected by
stress or transgene in males (D). Female Tg rats spent a decreased percentage of time in the center compared to WT female rats during the light cycle (B). Male (D)
and female (B) rats spent an increased percentage of the time in the center during the dark cycle. Data are presented as mean + SEM. & denotes the main effect of
time. *Denotes a main effect in a t-test collapsed across stress. o = 0.05.

TABLE 4 | F-statistics and p-values for all main effects and interactions are shown for behavior analysis using a three-way ANOVA between factors
(HIV-1 genotype, stress) and within factors (time).

HIV-1 Stress Time Stress x time HIV-1 Stress x HIV-1 Stress x HIV-1
genotype genotype X time genotype genotype X time
Female distance Fi39 = 0.78, Fiia9 = 1.78, *Fia.6 = 52.5, Fia9 = 0.10, *Fi1.36) = 8.68, Fi39 = 0.67, Fii.a9 = 0.26,
traveled (2A) p>0.05 p > 0.05 p <0.01 p > 0.05 p < 0.01 p>0.05 p > 0.05
Female percent time in Fi1.6 = 4.06, Fi1,36 = 0.38, *Fuae = 29.3, Fis6 < 0.01, Fi.6 = 0.03, Fiae < 0.01, Fi1,36 = 0.86,
center (2B) p>0.05 p > 0.05 p < 0.01 p>0.05 p>0.05 p>0.05 p > 0.05
Male distance traveled F1 31) = 0.66, F1 ,31) =0.08, F1 31) =56.9, F(xm) =1.78, *F(xm) =13.2, Fw 31) =0.87, P> F1 31) =511,
(2C) p>0.05 p > 0.05 p < 0.01 p > 0.05 p < 0.01 0.05 p=0.03
Male percent time in Fian = 0.06, Faen=1.53, *Fua = 24.5, Fian=0.72, Fiis1=0.08, Fian=0.01, Fuaan=0.42,
center (2D) p > 0.05 p > 0.05 p <0.01 p > 0.05 p > 0.05 p > 0.05 p > 0.05
Female total time *Fi1.26) = 6.78, Fi06 = 0.02, Fii.06 = 1.53, Fi.26 = 0.06, Fi06 = 0.61, Fi06 = 2.07, Fi106=0.13,
sniffing objects (3A) p =0.02 p > 0.05 p>0.05 p > 0.05 p>0.05 p > 0.05 p > 0.05
Female difference in *Fi1.2¢ = 5.39, Fia.2¢ = 0.90, Fi.06=1.25, Fi1.260=0.82, Fi1.26) = 0.45, Fi1.26) = 3.28, Fii.26 = 0.45,
sniffing time (3B) p=0.03 p > 0.05 p>0.05 p > 0.05 p>0.05 p > 0.05 p > 0.05
Male total time sniffing *Fi1.39 = 7.50, Fi39 = 0.31, Fia2 < 0.01, Fi132 = 0.05, Fia2 = 0.45, Fiig2 =0.02, Faay = 1.04,
objects (3C) p < 0.01 p > 0.05 p>0.05 p > 0.05 p>0.05 p > 0.05 p > 0.05
Male difference in Fi.32 = 0.53, Fi,32 = 0.64, Fu32 = 0.08, Fia =153, Fi32 < 0.01, Fi1,32 = 0.55, *Fua =5.17,
sniffing time (3D) p > 0.05 p > 0.05 p > 0.05 p > 0.05 p > 0.05 p>0.05 p =0.03

*Indicates a significant main effect or interaction. The figure or table number is included in parentheses following the description of each metric. a = 0.05.
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FIGURE 3 | Total time sniffing novel and familiar objects were measured in the novel object recognition task. This task was performed with no delay or
1-h delay following exposure to familiar objects. Female HIV-1 Tg rats spent less time sniffing all objects (A). Female Tg rats spent a reduced difference in time
sniffing the novel vs. familiar object compared to female WT control rats (B). Male HIV-1 Tg rats spent less time sniffing all objects (C), and genotype, stress, and
time interacted to impact the difference in time spent sniffing the novel vs. familiar object in males (D). Data are presented as mean + SEM. # denotes a main effect

TABLE 5 | The estimated population of IBA-1-stained microglia was
determined using the optical fractionator probe (Stereo Investigator).

Mean (estimated SEM
number of cells)
Wild type No stress 4.28 x 10" 5.29 x 10°
Stress 3.95 x 10" 1.91 x 10°
HIV-1 transgenic No stress 4.34 x 10° 5.72 x 10°
Stress 3.53 x 10 2.8x10°

A two-way ANOVA was used to determine the statistical significance. There were
no significant main effects of stress or HIV-1 genotype nor interactions to impact the
estimated population of microglia. Mean and SEM are shown. o = 0.05.

WT rats (Figure 4). An a priori t-test showed that stress increased
the number of branches (t; = 4.64, p = 0.01) and number of junc-
tions (t; = 4.46, p = 0.01) in WT-stressed rats compared to WT
controls. Representative images and skeletonized microglia are
shown in Figure 5.

Estimated blood vessel length in WT and HIV-1 Tg rats was
not significantly different in the PFC (#s = 0.2436, p = 0.8157),

hippocampus (ty = 1.667, p = 0.1298), or amygdala (t, = 0.2770,
p =0.7880). Blood vessel density was also unchanged in the PFC
(ts = 1.064, p > 0.05), hippocampus (t, = 1.007, p > 0.05), and
amygdala (t, = 1.044, p > 0.05) (Table 6).

Expression of Inflammatory Markers is

Increased in Female HIV-1 Tg Rats

Gene expression of complement factor B (Cfb) in the hippocam-
pus was higher in female HIV-1 Tg rats compared to WT rats
(tiy=2.87, p =0.01) (Figure 6B). Gene expression of lipocalin-2
(Len2) was unchanged in the hippocampus (f;5 = 1.18, p > 0.05)
but decreased in the PFC (t;5 = 2.40, p = 0.03) in female HIV-1
Tg rats compared to WT controls (Figure 6A). Statistical analysis
information is detailed in Table 7.

DISCUSSION

Collectively, the data presented here demonstrate that develop-
ment in the presence of HIV-1 proteins leads to anxiety-like
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rats exhibited enhanced ramification characterized by an increased number of branches (A), junctions (B), and maximum branch length (C). Stress did not impact
microglial morphology, and the average branch length was unchanged in any group (D). Data are presented as mean + SEM. *Denotes a main effect of HIV-1

behavior and ramification of microglia. The combination of
chronic adolescent stress with HIV-1 protein expression did not
further exacerbate the impact of HIV-1 proteins in females. While
the presence of HIV-1 proteins can alter male body morphology
and behavior, the impact on these metrics appears to be more
salient in adolescent females.

Although HIV-1 Tg female rats exhibited normal locomo-
tor behavior during the dark cycle, during the more anxiety-
provoking light cycle, female HIV-1 Tg rats exhibited decreased
locomotor activity in the open field and reduced central tendency
as compared to WT females. This context-specific change in loco-
motor activity suggests that the alterations in distance traveled
are not due to a physical impairment. This is consistent with a
previous study in adolescent female HIV-1 Tg rats in which a
trend toward decreased time in the center of an open-field maze
was observed (15). All rats, regardless of genotype, sex, or stress,
showed reduced central tendency in the light cycle compared to
the dark cycle, suggesting that all rats responded to the anxiety-
provoking stimulus of bright light.

Unlike previous reports from our group that demonstrated
an increase in anxiety-like behavior in female rats following

chronic adolescent stress (21, 22, 28), the current study did not
find a main effect of stress on central tendency in the open field.
This may be a reflection of strain-specific sensitivities to chronic
adolescent stress, as the previous reports from our group were
conducted in Wistar or Sprague-Dawley rats (21, 22, 28), and
the current study was conducted in Fisher rats as these are the
background strain of the HIV-1 Tg rat. While the timing of the
adolescent stress paradigm was consistent with previous studies
from our group that documented behavioral effects of chronic
adolescent stress (21), it is possible that, had the adolescent
stress paradigm continued throughout the behavioral testing
days, the behavioral effects could have been more robust. And
while the adolescent stress paradigm takes place during the
average age of pubertal onset, timing that may be particularly
disruptive to female behavior, no behavioral effects of adolescent
stress were observed in females or males. However, both chronic
adolescent stress and the presence of HIV-1 viral proteins
reduced adolescent weight gain (PND36-46). The fact that
chronic stress was able to alter physiological endpoints suggests
that although Fisher rats may not be as behaviorally sensitive to
chronic adolescent stress as Wistar and Sprague-Dawley rats,
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FIGURE 5 | HIV-1 transgenic and wild-type rats were exposed to chronic adolescent stress or left non-stressed during adolescence. Brains were
sectioned at 40 pm and stained for IBA-1 and visualized with diaminobenzidine. Representative images of the hippocampus for HIV-1 Tg, WT, stressed, and
non-stressed rats are shown (A). Images were adjusted for brightness and contrast. Scale bar = 50 um. IBA-1-stained microglia were then converted to 8-bit,
adjusted for brightness, and cleaned with a Gaussian filter. Images were converted to binary and skeletonized in Imaged. Representative images of non-stressed
WT, stressed WT, non-stressed Tg, and stressed Tg rats are shown (B).

TABLE 6 | Blood vessel length and density were estimated using the Spaceballs probe (Stereo Investigator).

Region Measure Genotype n Mean + SEM T statistic p-value
Hippocampus Length (pm) WT 5 5.653 x 10° + 439454 to = 1.667 0.1298
Tg 6 4.743 x 10° £ 339171
Density (um/pm?) WT 5 2.025 + 0.2465 to = 1.007 0.3401
Tg 6 1.774 £ 0.1019
PFC Length (um) WT 3 4.380 x 10° + 920262 te = 0.2436 0.8157
Tg 5 4.633 x 10° + 595337
Density (um/pm?) WT 3 2.551 +0.08156 ts = 1.064 0.3281
Tg 5 3.164 + 0.4294
Amygdala Length (um) WT 5 3.591 x 10° + 189420 te=0.2770 0.788
Tg 6 3.700 x 10° + 320519
Density (um/pm?) WT 5 1.280 + 0.07705 to=1.044 0.3237
Tg 6 1.402 + 0.08481

A student’s t-test was used to compare vessel length and density between WT and HIV-1 Tg rats in the hippocampus, PFC, and amygdala. Mean, SEM, and test statistics are
shown. HIV-1 Tg rats did not exhibit significantly different blood vessel length or density in any region. o = 0.05.
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TABLE 7 | F-statistics and p-values for all main effects and interactions
A Lcn2 are shown for microglia and gene expression analysis.
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D 4.0 T T Microglial junctions ~ *Fii.s = 13.94, Fie=2.98  Fug=2.59,
= (4B) p < 0.01 p>0.05 p>0.05
5 Microglial max *Fug = 14.31, Fg=0.29, Fig =0.02,
S 0.5- branch length (4C) p < 0.01 p>0.05 p>0.05
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o) * A two-way ANOVA was used for microglial morphology analysis (between-factors
2 HIV-1 genotype and stress). A student’s t-test was used to assess significance of gene
< 1.54 expression data.*Indicates a significant main effect or interaction. Blank boxes indicate
ﬁ an absence of a particular factor from analysis. The figure or table number is included
) in parentheses following the description of each metric. o« = 0.05.
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FIGURE 6 | Quantitative real-time PCR was performed to assess gene
expression of complement factor B and lipocalin-2. Lcn2 expression
was decreased in the prefrontal cortex but not hippocampus of HIV-1 Tg rats
(A). Cfb gene expression was increased in the hippocampus of HIV-1 Tg rats
(B). Data are presented as mean + SEM. *Denotes a main effect of HIV-1
transgene. a = 0.05.

chronic adolescent stress is a salient environmental stimuli in
the Fisher strain.

The novel object recognition task was performed to assess
object recognition memory. The test was performed with either
no delay or 1-h delay following exposure to the familiar objects.
The no-delay condition serves as a control for confounds of
differences in investigative behavior that could be driven by an
underlying difference in anxiety-like behavior. A non-zero differ-
ence in novel vs. familiar object investigation may be interpreted
as lack of memory impairment; that is, the animal differentiates
between the two objects and displays a preference for one. Both
female and male HIV-1 Tg rats spent a decreased amount of time
sniffing all objects in the no-delay paradigm as compared to WT
controls. Female HIV-1 Tg rats displayed a reduction in inves-
tigation of novel and familiar objects compared to WT females.
Though this reduction is present in both the no delay and 1-h
delay conditions, rats persisted in displaying a difference in time
spent exploring the novel vs. familiar objects, suggesting object

if this decreased investigation is a reflection of decreased motiva-
tion or increased anxiety-like behavior; however, an interpreta-
tion of increased anxiety-like behavior is consistent with the
anxiety-like behavior observed in the open-field test. Previous
studies have reported mixed results regarding memory impair-
ment in HIV-1 Tg rats. In the Morris Water Maze, HIV-1 Tg rats
exhibited decreased learning but no change in memory of the
hidden platform (29). Conversely, a study by Repunte-Canonigo
et al. observed impaired working memory in the T-maze (16).
Here, we had hypothesized that stress and HIV-1 proteins would
interact to impair memory, but these data suggest that neither
condition alone nor the combined impact of these factors is suf-
ficient to cause memory impairment in adolescent rats.

In order to collect tissue at the same age and without the stress
of estrous cycle tracking, samples from female rats could not be
collected at every stage of the estrous cycle. Both the behavioral
metrics (PND49-53) and the weight data were collected across
multiple days and therefore could not be tied to any one stage of
the estrous cycle. As we have reported previously (21, 22, 28), we
collected uterine weights at the completion of the study to deter-
mine whether systematic group differences in estrous cycle might
be present. Figure 1D demonstrates that uterine weights were
not systematically different among groups, and therefore, there
likely was not a group difference in estrous cycle stage. These data
confirm that reported differences in behavior and inflammatory
endpoints are likely not caused by different estrous cycle stages
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among groups; however, variations in estrous cycle stage may
contribute to variability within groups, though a previous report
suggests that differences in estrous cycle do not increase group
variability over what is observed in males (30).

Our current findings of anxiety-like behavioral alterations in
females are consistent with our previous demonstration of altered
affective-like behavior and stress responses in female HIV-1 Tg
rats (15, 31). In order to elucidate the mechanisms potentially
underlying these behavioral changes, we evaluated microglial and
vascular morphology in female HIV-1 Tg rats. The hippocampus
has been previously investigated in HIV-1 Tg rats due to its estab-
lished susceptibility to neuroinflammation and damage by HIV-1
viral protein exposure (32, 33), and we have previously reported
HIV-1 induced deficits in hippocampal neurogenesis (15). In the
present study, we first examined whether microglial activation,
indicative of neuroinflammation, was altered with stress or in
female HIV-1 Tg rats. The estimated population of IBA-1 posi-
tive microglia was unchanged with stress or exposure to HIV-1
transgene. While we did not observe differences in the number
of IBA-1 positive microglia, a previous study found increased
gene expression of Iba-1 in adult HIV-1 Tg rats, though they did
not specify the sex of the animals tested (16). Thus, there may be
potential sex- or age-dependent variations in microglial profiles
in the HIV-1 Tg rats.

For more in-depth assessment of microglia, we examined
microglial morphology and branching. Microglia in HIV-1 Tg
female rats exhibited a hyper-ramified structure, characterized by
increased number of junctions and branches. Hyper-ramification
has been hypothesized to be an intermediate stage in microglial
activation (34), and hyper-ramified microglia have been associ-
ated with impaired working memory following stress (35); how-
ever, detailed behavioral consequences of enhanced microglial
ramification are not well established (35). The enhanced micro-
glial ramification observed in the hippocampus of the adolescent
female HIV-1 Tg rats is likely a consequence of the presence of
HIV-1 viral proteins because this morphology is present even in
the absence of chronic stress exposure. However, it is premature
to conclude that these changes in microglial morphology are
behaviorally salient in this particular case. We observed similar
ramification following chronic adolescent stress in female adoles-
cent WT rats that did not co-occur with behavioral alterations.
Collectively, these data suggest that both development with
HIV-1 proteins and chronic adolescent stress are independently
capable of inducing ramified microglia in the female adolescent
hippocampus, but these two stimuli do not appear to interact at
the level of microglial ramification.

In addition to microglial morphology, we assessed vasculari-
zation of the hippocampus based on previous demonstrations of
altered vascularization following stress (36). There was no effect of
HIV-1 on vascularization of the hippocampus (Table 1). Because
of previous reports of alterations in the PFC of HIV-1 Tg rats (31)
and the potential for stress to impact vascularization in other brain
regions (36), we also assessed vascular endpoints in the PFC and
amygdala. Similar to the hippocampus, vascularization of neither
the PFC nor the amygdala was impacted by development in the
presence of HIV-1 proteins. When these vascularization data
are viewed in light of the alterations in microglial morphology

reported above as well as previously published demonstration of
reduced neurogenesis (15), they suggest that glial and neuronal
alterations are not secondary to a primary change in vascular
structure.

In order to determine if the inflammatory profile suggested by
microglial ramification extended to other metrics, we assessed
the expression of two inflammatory markers linked to HIV-1.
We have previously reported that Mcp-1 expression is elevated
in the hippocampus of HIV-1 Tg female rats, but assessments
of other portions of the innate immune system have not been
reported (15). We assessed expression of complement factor
B, a component of the alternative complement pathway in the
innate immune system. Activity in the complement cascade in
individuals with HIV-1 has previously been studied in context
of HIV-associated cognitive impairments; previous studies
found elevated protein expression of complement component 3
(C3) in patients diagnosed with HIV-associated dementia (37).
Complement activation has also been investigated as a mecha-
nism of neurodegeneration in patients with HIV-1 (38) as well as
in other central nervous system disorders (39). As demonstrated
in Figure 6, expression of Cfb was increased in the presence of
HIV-1 proteins in adolescent female rats. An increase in activation
of both the alternate and classical complement pathway in HIV
patients has been reported (40), and it has been hypothesized that
factor B is protective against HIV-1 infection (41). Interestingly,
here, we saw increased complement factor B in the absence of a
true infection as only the viral proteins are expressed, suggesting
that the proteins themselves are an inflammatory stimulus.

The complement system has effects on neuronal architecture
beyond the commonly appreciated inflammatory effects of this
system (42), and these non-traditional impacts of innate immune
system activation could contribute to impairments observed in
PLWH. With this in mind, we also examined gene expression of
lipocalin-2 (Lcn2), an acute phase protein that plays an important
role in dendritic spine remodeling and anxiety-like behavior
(43, 44), as dendritic damage has been cited as a contributor
to development of HAND (45, 46). Although Lcn2 expression
was unaltered in the hippocampus, it was reduced in the PFC of
HIV-1 Tg female rats. Region-specific alterations in gene expres-
sion have been reported previously in the HIV-1 Tg rat (31, 47).
Further investigating inflammatory markers for their potential to
effect stress- and HIV-1-induced changes in structural plasticity
may help elucidate the mechanisms underlying the behavioral
changes reported here.

Collectively, the current findings suggest that HIV-1 proteins
are a potent physiologic and behavioral modifier. These findings
reinforce the hypothesis that the biological impacts of HIV-1
viral protein exposure, rather than the psychosocial impacts of
diagnosis and disease management, may be responsible for HIV-
1-associated behavioral alterations. The use of a stress-based
animal model provided the tools necessary to isolate the impact
of psychosocial variables from biological influences of HIV-1 to
gain insight into the mechanisms potentially underlying psychi-
atric and cognitive dysfunction in PLWH. Future studies should
further elucidate specific mechanisms involved in HIV-1-related
behavioral changes. The data presented here, in combination
with previous reports (15), suggest that HIV-1 proteins disrupt
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behavior and lead to neuroinflammatory effects. However, the
behavioral and neuroinflammatory effects are not directly linked,
at least not by traditional mechanisms. Although HIV-1 is an
immune disorder and has profound inflammatory implications,
other systems may be more directly influential in behavioral
alterations, such as the hypothalamic-pituitary-adrenal axis (31),
neuronal morphology (42), or dopaminergic systems (13, 14).
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Cardiovascular disease (CVD) is the largest cause of mortality worldwide, and stress is
a significant contributor to the development of CVD. The relationship between acute
and chronic stress and CVD is well evidenced. Acute stress can lead to arrhythmias and
ischemic injury. However, recent evidence in rodent models suggests that acute stress
can decrease sensitivity to myocardial ischemia-reperfusion injury (IRI). Conversely,
chronic stress is arrhythmogenic and increases sensitivity to myocardial IRI. Few studies
have examined the impact of validated animal models of stress-related psychological
disorders on the ischemic heart. This review examines the work that has been completed
using rat models to study the effects of stress on myocardial sensitivity to ischemic injury.
Utilization of animal models of stress-related psychological disorders is critical in the pre-
vention and treatment of cardiovascular disorders in patients experiencing stress-related
psychiatric conditions.

Keywords: stress, cardiovascular, ischemia, anxiety, PTSD, rodent

INTRODUCTION

The goal of this review is to analyze recent literature utilizing rodent models to examine the impact of
psychological stress on sensitivity to myocardial ischemia-reperfusion injury (IRI) in the context of
the well-established relationship between stress, myocardial ischemic injury, and cardiovascular dis-
ease (CVD). Stress is a general adaptive response provoked by stimuli that disrupt homeostasis (1, 2).
The stress response activates systems responsible for mobilizing the energy and resources necessary
to overcome this homeostatic disturbance. The main systems activated include the hypothalamic-
pituitary-adrenal (HPA) axis and the sympathetic adrenomedullary (SAM) system (3, 4). Stress
results in the release of corticotropin-releasing hormone (CRH) from the paraventricular nucleus,
which then causes the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary.
ACTH acts on the adrenal cortex to synthesize and secrete the glucocorticoid (GC) hormone cor-
tisol (in humans) or corticosterone (in rodents) (3, 5). The hypothalamus also activates the adrenal
medulla via the sympathetic nervous system (SNS), which results in the release of the catecholamines
epinephrine and norepinephrine. ACTH, CRH, and GCs provide the negative feedback necessary
to dampen the stress response and return the body to homeostasis (4, 6). Cessation of the stress
response is important to prevent damage associated with a prolonged stress response (3, 4, 7). Acute
stress generally results in an adaptive response to homeostatic changes; the stress response becomes
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harmful if it persists chronically (8-11). Thus, stress research can
be roughly divided into research examining the effects of acute or
chronic stress (3, 4, 7, 9-11).

Physical or psychological stressors can result in the stress
response. Physical stressors disrupt the internal or external
environment of an organism and include stimuli such as anoxia,
heat, cold, or physical strain (exercise or injury). Psychological
stressors are stimuli that affect emotion and result in fear, anxiety,
or frustration (8-11). As previously discussed, anything disrupt-
ing homeostasis can be a stressor; however, this review focuses on
stressors with a psychological component.

Chronic stress can have damaging effects on the whole organ-
ism (4). Stress precipitates psychiatric disease, such as depression
and post-traumatic stress disorder (PTSD), and worsens physical
health outcomes, such as CVD (12, 13). Furthermore, patients
with psychiatric disorders have a higher incidence of CVD and
cardiovascular risk factors, such as atherosclerosis, hypertension,
and myocardial infarction (MI) (14-16). Patients with psychiatric
disorders experience worse outcomes in response to cardiovascu-
lar disorders (e.g., higher mortality). It is suggested that appropri-
ate monitoring for psychiatric disorders could improve outcomes
in patients with ischemic heart disease (8, 14, 17-21). Thus,
research directed at minimizing the negative impact of stress is
important (19, 21-25).

Stress and Cardiovascular Disease

Cardiovascular disease is the leading cause of mortality world-
wide (26, 27), and stress is a well-established contributor to the
development of CVD (3, 8, 20). Stress is relevant at all stages of
CVD; stress can increase exposure to risk factors for CVD (e.g.,
smoking), the long-term development of atherosclerosis, and the
triggering of cardiac events in people with CVD (28).

The most common form of CVD is ischemic heart disease (also
known as coronary artery disease), which includes disease states
such as angina, MI, and sudden cardiac death (SCD) (29, 30).
MI occurs when blood flow to a region of the heart stops. The
heart is an electromechanical pump; SCD most commonly occurs
in response to ventricular fibrillation, a disturbance in electrical
activity, as a result of acute coronary ischemia (31, 32). MI and
SCD can lead to cardiac arrest and death. Stress may acutely trig-
ger MI or SCD or worsen underling CVD leading to one of these
events (3). Thus, stress is closely related to ischemic heart disease.
Research investigating the relationship between stress and the
cardiovascular system is critical to improve patient outcomes in
CVD (20, 25, 28).

Myocardial Ischemia—Reperfusion Injury

Myocardial IRI refers to the damage created by the stoppage of
and the subsequent restoration of blood flow to the heart. Without
blood flow, an imbalance between oxygen supply and demand is
created which results directly in irreversible damage to cardiac
tissue, eventually resulting in apoptosis or necrosis; this oxygen
imbalance is referred to as ischemia. The duration of ischemia
and amount of tissue exposed to ischemia are well established as
the primary determinants of infarct size (IS), or the amount of
non-viable tissue following ischemia. The mechanisms by which
damage and protection occur in response to myocardial IRI has

been described in detail previously (33-39). Thus, myocardial IRI
is the primary mechanism by which cardiac tissue is damaged
in MI, SCD, cardiac bypass surgery, and organ transplantation
(40). Acute and chronic stress has an impact on myocardial IRI
(3, 41, 42). Because myocardial IRI plays a major role in the
morbidity and mortality associated with ischemic heart disease
and MI, direct study of this pathology is desirable (35, 43-46). To
better elucidate the mechanisms underlying CVD and ischemic
injury, researchers have utilized animal models.

The Utility of Animal Models in Stress

Biology and Cardiovascular Disease

Animal models are used extensively to study the relationship
between stress and CVD. Animal models are especially important
in studying stress biology, as they allow researchers to standardize
the conditions of stress. Furthermore, a high level of experimental
control and the potential to study causal neurobiological and
behavioral mechanisms (with easier access to tissue samples and
physiological manipulation) makes animal models advantageous
for studying cardiovascular function and stress (22, 47, 48). By
using validated methodology with translational relevance to
human patients, researchers can use animal models effectively to
examine underlying mechanisms and potential treatment options
in CVD and stress (22, 49).

The Langendorff Isolated Heart — An Experimental
Model of Ischemic Injury

Animal models have been developed to experimentally induce
and study acute ischemia both in vivo (50, 51) and ex vivo
(44, 52, 53). The Langendorff isolated heart preparation is one of
the most extensively used animal models for the study of heart
physiology and ischemia (53). In this model, crystalloid perfu-
sates (or blood) is delivered through a cannula inserted in the
ascending aorta. Retrograde flow closes the leaflets in the aortic
valve, leading to perfusion of the coronary vasculature (52, 53).
This model is commonly used to study myocardial IRI. This is
accomplished by occlusion of a coronary artery (typically the left
anterior descending artery), leading to regional ischemia, or by
turning off flow, leading to global ischemia. This model allows
the generation of data including IS, the recovery of contractile
function, and electrical activity in response to induced ischemia.
In regional ischemia, researchers use the IS relative to the area at
risk (AAR), or the area normally perfused by the clamped artery,
whereas global ischemia allows measurement of the total amount
of non-viable tissue [for a complete methodological review of the
Langendorff isolated heart, see Ref. (52)].

Notably, the LangendorfFisolated heart system studiesischemic
injury in the absence of normal humoral or neuronal stimulation,
potentially limiting the translation of experimental findings to the
clinical setting (52, 53). Furthermore, this model has additional
disadvantages, including a high coronary flow rate, limited supply
of high-energy phosphate, a reduced oxygen requirement, and a
degree of technical skill required to perform successfully (53-55).
These disadvantages have led to the development of alternative
methods to study cardiovascular injury; other potentially more
clinically relevant methods include altering the Langendorff
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procedure (54) or using in vivo models of cardiovascular injury
(56). Despite its disadvantages, the Langendorft isolated heart
system has proven invaluable to the study of myocardial IRI
(52,53). This model has been used effectively to identify potential
strategies and pharmacological agents to decrease the amount of
damage caused to the heart following MI (43, 53).

The Langendorff Isolated Heart Preparation in Rats

The Langendorff heart preparation is appropriate in mammalian
species. Although this preparation has been used rarely in large
animals or man (57-61), the most frequently used isolated
heart model is that of the rat. The rat model allows for relatively
low costs, easy handling, and uncomplicated equipment (53).
Furthermore, the consistency of limited collateral circulation
allows the study of regional ischemia in the rat. This provides
an advantage over models with significant collateralization
such as dog (62), guinea-pig (62, 63), and hamster models (63).
Furthermore, the rat’s consistent coronary structure makes it a
better model than, for example, rabbits, whose coronary struc-
ture varies significantly between animals (64). However, it is
important to recognize that the rat suffers distinct disadvantages
in cardiovascular study because of its short action potential dura-
tion, which lacks a plateau phase. This makes this animal a poor
choice for study of arrhythmogenesis and antiarrhythmic drugs
(60, 65-68). Similarly, dogs have been shown to have elevated
levels of troponin and creatine kinase, markers of cardiac damage,
in response to cardiac injury (69). However, rats have only shown
elevations in troponin, making them relatively poor candidates
to study drug-induced injury using these markers (69, 70). Thus,
one must remain mindful of the potential clinical relevance of
studies in the context of the species being utilized (52).

Both myocardial ischemic injury and cardiovascular
responses to stress have been described in detail in both human
patients and animal models; however, only several recent studies
have focused directly on the sensitivity to myocardial ischemic
injury in response following acute or chronic psychological stress
exposure.

ACUTE STRESS AND CARDIOVASCULAR
DISEASE

The association between acute stress and cardiac rhythm, acute
MI, SCD, and stress cardiomyopathy has been supported by
epidemiological studies (71-75). Cardiac rhythm changes in
response to acute stress has been evidenced by a marked increase
in tachyarrhythmia among patients with implanted cardioverter
defibrillators in the New York area of the USA during the attacks
on the World Trade Center on September 11,2001 (71). An asso-
ciation between intense emotional stress or anger and the trig-
gering of acute cardiac events, such as acute MI or SCD, has been
demonstrated by multiple studies demonstrating a significant
number of patients experiencing an emotional episode roughly
2 h before cardiac arrest (72-75). This increased incidence of MI
has been evidenced in individual patients following a significant
acute stressor, such as the loss of a loved one. Moreover, acute
cardiac event incidence is increased in geographical areas where

amajor trauma, such as an earthquake, serves as an acute stressor
(8, 20, 76). SCD and MIs are rare in patients with no underlying
coronary heart disease, whereas stress cardiomyopathy can occur
with no underlying disorder (77-79).

Acute Stress and Myocardial
Ischemic Injury

The association between intense emotional stress and ischemic
heart disease, specifically the incidence of SCD, has been
researched for over 50 years (80, 81). Acute psychological stress
in human patients leads to ischemia, stress cardiomyopathy, MI,
and SCD (8). Stress cardiomyopathy is induced by intense stress
that results in heart weakness without underlying pathology.
Thus, stress cardiomyopathy is a recently identified disease state
mirroring MI with symptoms, such as chest pain and ECG abnor-
malities, but without concomitant coronary spasm or ischemia-
induced enzymatic release (82, 83). Mental stress elicits regional
ischemic damage due to epicardial or microvascular constriction,
as evidenced by changes in regional perfusion. Interestingly, this
ischemia is not associated with the angina and ECG changes
that are associated with exercise-induced stress (84-89). This
transient myocardial ischemia and coronary artery constriction
have been shown to occur in patients with advanced coronary
artery disease in response to mental stress (89-91). Furthermore,
mental stress has been shown to lead to ECG alternans, a predic-
tor of ventricular arrhythmias and SCD (92-94).

Acute mental stress has been shown to alter the action poten-
tial duration of cardiac tissue in humans. Adrenergic stimulation
with isoprenaline and adrenaline increases the steepness of the
slope of action potential duration restitution; this suggests that
adrenergic stimulation can lead to electrical instability, which
could lead to ventricular fibrillation or arrhythmias (95). In an
elegant study, Child et al. showed that a mental challenge was
able to elicit this effect on action potential duration independent
of the respiration or heart rate changes that occur in response
to mental stress (96). Ventricular fibrillation has been shown to
occur in response to both regional myocardial ischemia and elec-
trical instability. Ventricular fibrillation leads to global cardiac
ischemia, which can lead to cardiac death (97, 98). The ability of
mental stress to cause cardiac ischemia and electrical instability in
the heart is supported by epidemiological studies. The underlying
risk factors inherent in clinical study complicate cardiovascular
research. As previously discussed, the standardization of stress
conditions makes animal models advantageous for investigating
the underlying pathology of disease, including CVD.

Experimental Acute Stress and

Cardiovascular Disease

Experimental work using animal models supports the effects of
acute psychological stress on the cardiovascular system seen in
human patients. Psychological stress has been shown to reduce
the ventricular fibrillation threshold in dog (42, 99-103) and
porcine models (104). Verrier and colleagues have demonstrated
the ability of acute stress to precipitate ventricular arrhythmias in
dogs exposed to anger and fear in both healthy hearts and hearts
exposed to coronary artery occlusion (99-103, 105-108). Acute
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stress was able to precipitate ventricular fibrillation and cardiac
arrest; albeit, these studies did not utilize dogs exposed to a single
acute stressor but rather an acute stress session following aver-
sive conditioning (99-101, 103). These researchers found that
behaviorally induced changes in vulnerability to fibrillation are
mediated by the direct effects of catecholamines on beta receptors
(109, 110). Further supporting the centrally mediated nature of
cardiac arrhythmias generated by acute stress, Skinner and Reed
were able to prevent an increase in ventricular fibrillation by
cryogenic blockage of the forebrain, posterior hypothalamus, or
fields of Forel (104). Thus, acute psychological stress has the ability
to generate and exacerbate ischemia and ventricular arrhythmia.

Stress-limiting endogenous systems have been identified with
the ability to abolish or reduce cardiac arrhythmias in response
to sympathetic stimulation, acute stress, or ischemic injury
(4, 7). The endogenous hormones utilized by these systems with
protective effects on the cardiovascular system include GABA
(111, 112), opioids (113), or vagal stimulation with cholinergic
agonists (114, 115). Furthermore, it has been suggested that
electrical instability does not necessarily disturb cardiac contrac-
tility (4, 116). Supporting the role of stress-limiting systems in
cardiovascular injury, recent work in rodents demonstrates that
acute stress may decrease damage in response to induced regional
ischemia, possibly as a compensatory mechanism.

Experimental Acute Stress and Myocardial
Ischemic Injury
Recent rodent studies looking at the effect of acute psychological
stressontheimpactofmyocardialischemicinjuryhavefoundacute
stress to be cardioprotective and reduce IS [see Table 1 (45, 117)].
The identified relevant studies utilized cold-restraint stress (117)
and forced swim stress (45) before using the Langendorff method
to induce regional ischemia. Acute swim stress and acute restraint
stress are validated psychological stressors that have been used
in combination with other stressors to model PTSD and depres-
sion (118-121). These stressors, individually or in combination,
have resulted in anxiety-like and fear-related behavior in rodents
as assessed by tests such as the elevated plus maze (EPM) and
contextual fear conditioning (CF) (119, 122, 123). The decreased
sensitivity to myocardial IRI provided by acute psychological
stress is supported by similar findings in studies utilizing acute
physiologic stressors, such as exercise or hyperthermia (124-128).
The existence of endogenous signaling pathways that protect the
heart from ischemic injury is well evidenced (46, 129-131).

Research has previously shown that short-term stress is accom-
panied by enhanced contractile function and resistance to hypoxia
in hearts isolated from stressed animals, while long-term stress
resulted in the opposite effect (4, 7). Additionally, acute stressors
seem to result in the redistribution of the immune system to the
site of inflammation, which could provide an adaptive response
to stress (137-139). Interestingly, opioid antagonists were able to
eliminate the cardioprotection afforded by cold-restraint stress,
supporting this stress-limiting system’s role in decreased sensitiv-
ity to ischemic damage (113, 117, 140).

Though acute psychological stress decreases the sensitivity of
ischemic damage in response to myocardial IRI, the work does not

necessarily contradict the previously discussed, well-established
effects of acute stress in both animal models and clinical research,
including triggering MI or independently leading to ischemic
damage (72-75, 100-103). While electrical instability of the
heart occurs in response to acute stress, it is possible that protec-
tive pathways exist to reduce the sensitivity to ischemic damage
(4, 7, 116, 140). Additionally, it is important to recognize that
while removing the additional stressors and underlying pathol-
ogy found in humans adds experimental control, it does diminish
the clinical translatability of this work (33, 52, 53). Furthermore,
while investigators look at the myocardial ischemic injury of all
rodents exposed to acute psychological stress, MI data in humans
in response to acute stressors typically only represent patients
who experienced an MI or symptoms of an MI (72-75). As a final
potential limitation, rodent models look at the same ischemic
injury in all subjects, whereas human patients can present with
very different ischemic damage due to underlying disease and the
possible collateralization of vessels over many years (135).
Contrasting the protective effects of acute stress, chronic stress
in rodent models has impacted sensitivity to myocardial ischemic
injury in rodent models by decreasing recovery of cardiac
contractility and increasing ischemic injury (10, 132, 133, 134).
The effect of chronic psychological stress is especially relevant
because of the numerous stressors facing human patients, which
have effects on cardiovascular outcomes (8, 14, 17-22, 141, 142).
Thus, diminishing the negative effects of chronic stress on the
heart has the ability to reduce cardiovascular morbidity and
mortality. Therefore, the effect of chronic stress on the cardiovas-
cular system has been an emerging area of research with several
recent studies looking directly at myocardial ischemic injury.

CHRONIC STRESS AND
CARDIOVASCULAR DISEASE

Chronic stress has been implicated to cause or worsen CVD
in human patients (20, 141-145). Chronic stress has been
linked to increased risk of ischemic heart disease (20, 28). The
INTERHEART case-control study showed that significant long-
term stress over the course of 12 months more than doubled
the risk of acute MI, even after adjusting for conventional risk
factors such as diabetes mellitus, hypertension, and smoking
(146). Prospective cohort studies have supported the effect of
long-term stress on risk of coronary heart disease. Studies have
linked coronary heart disease risk with work-related stressors,
specifically when an imbalance between effort and reward is
experienced (147-151). Furthermore, the effects of long-term
stress may persist long after the cessation of the chronic stressors.
Survivors of the siege of Leningrad were found to have increased
blood pressure and increased mortality from CVD, relative to
Russians who were not in the besieged city, over 50 years after
the event (152).

Chronic Stress and Cardiovascular Disease
Psychological conditions related to chronic stress and CVD
include depression, anxiety, and PTSD (3). As previously
discussed, psychiatric disorders can worsen outcomes in CVD.
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TABLE 1 | Studies examining myocardial ischemic injury in rodent models of psychological stress.

Subjects Stress protocol Reperfusion injury (RI) protocol Primary finding Reference

Acute psychological stress

Adult male Wistar rats Forced swim for 10 min 30 min ischemia Decreased infarct size Moghimian
RI'10 min after 60 min reperfusion (IS)/area at risk (AAR)% etal. (45)

Adult male Sprague-Dawley  Individual immobilization, placed in a cold room for 3 h at 4 + 0.3°C 30 min ischemia Decreased IS/AAR% Wuetal. (117)

rats

Rl immediately after

Chronic psychological stress

Adult male Sprague-Dawley
rats

Adult male Sprague-Dawley
rats

Adult male Wistar-Kyoto
(WKY) rats

Adult male spontaneously
hypertensive (SHR) rats

Adult male Wistar rats

Adult male Wistar rats

5-week-old male
Wistar-Kyoto (WKY) rats

5-week-old female
Wistar-Kyoto (WKY) rats

5-week-old female
spontaneously hypertensive
(SHR) rats

5-week-old male
spontaneously hypertensive
(SHR) rats

Adult male Sprague-Dawley
rats

Adult female
Sprague-Dawley rats

1-1.5 h daily restraint stress for 8-14 days
RI 24 h later

2 h daily restraint stress for 11-12 days
RI 24 h later

Crowding stress (living space 200 cm?/rat) for 8 weeks
RI unspecified

Crowding stress (living space 200 cm?/rat) for 8 weeks
RI unspecified

10 s electrical shock, 50 s rest for 1 h daily for 7 days
RI 24 h later

Witnessed rats receive but did not receive 10 s electrical shock, 50 s rest
for 1 h daily for 7 days (psychological shock)

RI 24 h later

Crowding stress (~70 cm? living space per 100g body mass) for 14 days
RI unspecified

Crowding stress (~70 cm? living space per 100 g body mass) for 14 days
RI unspecified

Crowding stress (~70 cm? living space per 100 g body mass) for 14 days
RI unspecified

Crowding stress (~70 cm? living space per 100 g body mass) for 14 days
RI unspecified

31 days chronic social instability (randomized paired housing)

1 h immobilized predator exposure on days 1 and 11

See Zoladz et al. (136) for complete PTSD paradigm RI 48 h later
31 days chronic social instability (randomized paired housing)

1 h immobilized predator exposure on days 1 and 11

See Zoladz et al. (136) for complete PTSD paradigm

RI 48 h after

120 min reperfusion

30 min ischemia
180 min reperfusion

30 min ischemia
180 min reperfusion

30 min ischemia

120 min reperfusion (reperfusion-induced tachyarrhythmias and
contractile function measured 40 min after reperfusion initiation)
30 min ischemia

120 min reperfusion (reperfusion-induced tachyarrhythmias and
contractile function measured 40 min after reperfusion initiation)
30 min ischemia

120 min reperfusion

30 min ischemia
120 min reperfusion

30 min ischemia

120 min reperfusion (reperfusion-induced tachyarrhythmias and
contractile function measured 40 min after reperfusion initiation)
30 min ischemia

120 min reperfusion (reperfusion-induced tachyarrhythmias and
contractile function measured 40 min after reperfusion initiation)
30 min ischemia

120 min reperfusion (reperfusion-induced tachyarrhythmias and
contractile function measured 40 min after reperfusion initiation)
30 min ischemia

120 min reperfusion (reperfusion-induced tachyarrhythmias and
contractile function measured 40 min after reperfusion initiation)
20 min ischemia

120 min reperfusion

20 min ischemia
120 min reperfusion

Increased IS/AAR%
Increased # of fatal
arrhythmias

Increased IS/AAR%
Increased # of fatal
arrhythmias

Decreased LVDP recovery
Increased duration of
ventricular tachycardia (VT)

Increased LVDP recovery
Decreased duration of VT

Increased IS/AAR%

Increased IS/AAR%

No significant difference
between stress and no
stress groups

Decreased VT duration

Increased VT duration

Increased VT duration

Increased IS/AAR%
Decreased RPP
Decreased + dP/dT

No significant effect

Scheuer and
Mifflin (132)

Scheuer and
Mifflin (132)

Ravingerova
et al. (133)

Ravingerova
etal. (133)

Rakhshan
etal. (10)

Rakhshan
etal. (10)

Ledvenyiova-
Farkasova
et al. (134)
Ledvenyiova-
Farkasova
etal. (134)
Ledvenyiova-
Farkasova
etal. (134)
Ledvenyiova-
Farkasova
etal. (134)
Rorabaugh
et al. (135)

Rorabaugh
et al. (135)
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However, this relationship may be bidirectional. For example,
it has been shown that coronary heart disease leads to a higher
incidence of depression, and depression leads to worse outcomes
in coronary heart disease (14, 15, 17, 49, 153). Furthermore,
the association between depression and coronary heart disease
occurs independent of comorbid risk factors such as high cho-
lesterol, hypertension, or obesity (13, 49, 154, 155). PTSD also
increases a patient’s risk for developing coronary heart disease.
This association is independent of comorbid depression, genetic
influences, and other confounding factors (156-158). The nega-
tive cardiovascular outcomes exhibited in both depression and
PTSD have been attributed to underlying dysfunction in the
autonomic nervous system and HPA axis (13, 22, 48, 49, 135).
However, precisely defining the contribution of long-term stress
to CVD is difficult due to potential confounding factors including
the aforementioned psychological disorders (28). Thus, animal
models provide an acceptable means to study chronic stress in the
controlled experimental setting (22).

Experimental Chronic Stress and

Cardiovascular Disease

Animal models support the negative effects of chronic stress on
the cardiovascular system evidenced by epidemiological studies.
Experimental studies have found exposure to chronic stress
results in enhanced development of atherosclerosis and plaque
destabilization (3, 159, 160). Chronic stress has also been shown
to lower the threshold for ventricular arrhythmias (103, 107-109,
161, 162). In a landmark study, Verrier and Lown conditioned
dogs to associate a sling with an aversive shock for 3 days. On days
4 and 5, these researchers found that coronary occlusion in dogs
re-exposed to the sling environment (in the absence of shock) led
to ventricular fibrillation, whereas dogs in a non-aversive cage
environment did not experience ventricular fibrillation. Research
has continued to focus on this ability of chronic psychological
stress to result in cardiac instability (101, 102, 107).

Researchers have used validated models of psychological dis-
orders to study the relationship between psychological disorders
and the cardiovascular system. For example, the relationship
between depression and CVD has been studied using chronic
stress models [e.g., chronic mild stress (CMS) and social isola-
tion] of depression in rodents. The CMS model of depression
involves exposure to mild and unpredictable stressors, including
changing cage mates, cage tilt, and periods of water or food
deprivation, for a period greater than 2 weeks (49, 153, 163).
These models of depression decrease rodent intake of a sweet
solution, suggestive of anhedonia. Rodents exposed to these
well-established animal models display depressive-like behavior,
and have a decreased threshold for arrhythmias and tissue fibrosis
(22, 49, 153, 163-167). Although animal models have been used
to study stress biology and cardiovascular outcomes, few studies
exist using validated models of psychological disorders to study
the effect of stress on sensitivity to myocardial ischemic injury.

Experimental Chronic Stress and Myocardial
Ischemic Injury

In several recent rodent studies, researchers have found greater
ISs, decreased cardiac output, and decreased recovery of

contractile function in response to chronic psychological stress
[see Table 1 (10, 132, 133, 134, 135)]. Chronic physiologic stress
has previously shown mixed results; both decreased (168) and
increased (169) sensitivity to myocardial ischemic injury have
been reported. Evidencing only negative effects of chronic stress
on myocardial ischemic injury, the impact of chronic psychologi-
cal stress represents an emerging area of research to minimize the
detrimental effect of chronic stress (135, 170). The disruptive
effect of chronic psychological stress exposure on myocardial
ischemic injury has been demonstrated using several different
chronic stressors, including chronic restraint stress (132), daily
foot shocks or witnessing rats receiving those foot shocks (10), or
crowding stress (133, 134).

These stressors are frequently utilized in modeling psy-
chological disorders that result from stress. Restraint stress
has been used as a psychological stressor in rats and has been
utilized in combination with other stressors to model PTSD
and depression (119, 122, 123, 136). Inescapable footshock is
used to model depressive symptoms in rodents. Rats exposed
to inescapable footshock have demonstrated anxiety-like
behavior on an EPM, impaired growth rates, decreased rear-
ing in an open field, and decreased locomotion (50, 171-173).
Crowding stress is a well-known and ethologically valid model
of psychological stress in rats which causes social competition
for resources, such as space, food, and water. Crowding stress
results in behavioral and physiologic data reflecting psycho-
logical stress (174-178). These chronic psychological stressors
resulted in disruption to the cardiovascular system follow-
ing induced myocardial ischemic injury, either by causing
increased IS and decreased contractile function recovery (10,
132) or only decreased contractile function recovery (133, 134).
These studies suggest that chronic stress not only increases the
likelihood of a MI or SCD but also exacerbates the damage in
response to ischemic injury.

A potential limitation of these studies is that researchers
did not take behavioral measures of stress prior to myocardial
ischemic injury. Although the methods of stress used to stress
these animals are validated as methods of inducing psychological
stress, individual susceptibility may play a role in the response of
the animal to a psychological stressor (10, 132, 133, 134). Stress
exposure may affect animals differently, and thus, measurement
of the stress response at the behavioral level is important. The only
known published study utilizing a model of a chronic psycho-
logical disorder where animals™ response to stress was validated
prior to myocardial ischemic injury is utilizing a predator-based
psychosocial model of PTSD (135).

A Predator-Based Psychosocial Model of PTSD and
Mpyocardial Ischemia-Reperfusion Injury

A predator-based psychosocial model of PTSD has been utilized
to study sensitivity to myocardial ischemic injury. This model
involves two 1-h cat exposures, during which rats are restrained
while they can see, smell, and hear a cat but cannot be physi-
cally harmed. The two exposures are separated by a period of
10 days. Starting on the day of the first cat exposure, rodents
experience chronic social instability by having their housing
partner changed daily for 31 days. After the 31-day paradigm,
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rats exhibit a fear memory associated with the cat exposures
(evidenced by freezing in response to conditioned context and
cues), heightened anxiety-like behavior on the EPM, an exagger-
ated startle response, and impaired memory for newly learned
information. Furthermore, rats exposed to this paradigm have
demonstrated physiological changes reflecting elevated SNS
activity and HPA axis abnormalities, including elevated heart rate
and blood pressure, decreased baseline corticosterone levels, and
enhanced negative feedback of the HPA axis (135, 136, 179-181).
Replicating and expanding on these results, researchers utilizing
this model have shown stressed rats exhibit decreased serotonin,
increased norepinephrine, and increased measures of oxidative
stress and inflammation in the brain, adrenal glands, and sys-
temic circulation (182, 183).

Recently, we found that, subsequent to this chronic psycho-
logical stress paradigm, male rats exposed to myocardial ischemic
injury exhibited greater ISs and decreased recovery of contractile
function [Figure 1 (135)]. The disruptive effect of this PTSD
paradigm on the heart is further strengthened by anxiety-like
behavior in rats on the EPM prior to myocardial ischemic injury.
These data suggest that the psychological stress induced by the
PTSD paradigm is having an effect directly on the heart, causing
the heart to be more susceptible to damage following a MI (135).
The ability of chronic stress to worsen the extent of ischemic
injury and decrease the recovery of cardiac contractility further
exacerbates the supported negative effects of stress in CVD,

which make rodents exposed to chronic stress more susceptible
to ventricular fibrillation and MI (13, 22, 48, 49, 135).

THE IMPORTANCE OF THE EFFECT OF
PSYCHOLOGICAL STRESS ON
MYOCARDIAL ISCHEMIA-REPERFUSION
INJURY

Shown presently, acute and chronic psychological stress affects
sensitivity to myocardial ischemic injury in opposite direc-
tions; acute psychological stress decreases, whereas chronic
psychological stress increases sensitivity to myocardial ischemic
injury (45, 117). It is possible that protective mechanisms exist in
response to an optimal level of acute stress, but these mechanisms
are eventually overcome by more intense levels of stress (4).
Physiologically, a possible explanation for this differential
effect is that acute psychological stress causes norepinephrine
release and acute alpha stimulation, which results in ischemic
preconditioning (184, 185). Chronic psychological stress may
result in chronic beta stimulation, worsening the ischemic injury
(186-190). The previously discussed advantages of the isolated rat
heart (66), the wide variety of validated psychological stressors in
rodents (119, 122, 123, 136, 174-178), and the existence of rodent
models of psychiatric disorders (49, 153, 181) add weight to the
presently discussed findings. However, it is important to qualify
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these findings by recognizing the methodological differences in
a limited amount of studies and the previously discussed weak-
nesses of translating the isolated rodent heart to humans.

Utilizing ethologically valid models of stress to further study the
effect of psychological stress on myocardial ischemic injury will
best translate to improving patient outcomes in the clinical setting
(22, 49). Additionally, further research investigating the effects of
stress on the cardiovascular system in females will be important in
translating findings to the clinical setting, as the current literature
is currently dominated by studies in male subjects (135).

CONCLUSION

The relationship between stress and CVD continues to receive
a substantial amount of attention. Here, we reviewed research
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Increasing evidence has shown that the pathophysiology of neuropsychiatric disor-
ders, including mood disorders, is associated with abnormal function and regulation
of the glutamatergic system. Consistently, preclinical studies on stress-based animal
models of pathology showed that glucocorticoids and stress exert crucial effects on
neuronal excitability and function, especially in cortical and limbic areas. In prefrontal
and frontal cortex, acute stress was shown to induce enhancement of glutamate
release/transmission dependent on activation of corticosterone receptors. Although the
mechanisms whereby stress affects glutamate transmission have not yet been fully under-
stood, it was shown that synaptic, non-genomic action of corticosterone is required to
increase the readily releasable pool of glutamate vesicles, but is not sufficient to enhance
transmission in prefrontal and frontal cortex. Slower, partly genomic mechanisms are
probably necessary for the enhancement of glutamate transmission induced by stress.
Combined evidence has suggested that the changes in glutamate release and transmis-
sion are responsible for the dendritic remodeling and morphological changes induced by
stress and it has been argued that sustained alterations of glutamate transmission may
play a key role in the long-term structural/functional changes associated with mood disor-
ders in patients. Intriguingly, modifications of the glutamatergic system induced by stress
in the prefrontal cortex seem to be biphasic. Indeed, while the fast response to stress sug-
gests an enhancement in the number of excitatory synapses, synaptic transmission and
working memory, long-term adaptive changes — including those consequent to chronic
stress — induce opposite effects. Better knowledge of the cellular effectors involved in
this biphasic effect of stress may be useful to understand the pathophysiology of stress-
related disorders, and open new paths for the development of therapeutic approaches.

Keywords: mood disorder, glutamate transmission, prefrontal cortex, behavioral stress, neuronal remodeling,
working memory

Introduction

Starting from the evidence of the antidepressant properties of drugs increasing the availability
of monoamines, the pathophysiology of mood and anxiety disorders has been linked for many
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years to alterations in monoaminergic transmission (1, 2). How-
ever, the monoaminergic hypothesis of depression is simplistic
and does not explain the delayed pharmacological effect of antide-
pressants and the high number of non-responding patients. The
more recent and well-accepted “neuroplasticity hypothesis” of
depression claims that concomitant changes in intracellular sig-
naling, neurotrophic mechanisms, neurogenesis, synaptic func-
tion and plasticity, and remodeling of neuronal cells/circuitry are
involved in pathophysiology and treatment of mood disorders
(3-5). These “neuroplastic” changes are hypothesized to lead
to disruption of homeostatic mechanisms, resulting in destabi-
lization and loss of synaptic connections in emotional/cognitive
circuitry. The hypothesis is supported by brain-imaging studies
in patients with mood and anxiety disorders, showing consistent
evidence of volume and connectivity reductions in cortical and
limbic brain regions, such as prefrontal cortex (PFC), hippocam-
pus, and amygdala (6-8). Interestingly, since most of the con-
nections between and within these brain areas are glutamatergic,
the maladaptive morphological changes described in the brain of
depressed subjects are accompanied by alterations in glutamate
levels, metabolism, and receptors, suggesting that the dysregula-
tion of glutamate neurotransmission plays an important role in
the pathophysiology of neuropsychiatric diseases.

In the present review, we focus on the functional alterations
in the glutamate system and in dendritic reorganization and
neuronal connectivity in the PFC [a brain region critical for
working memory, executive function, and extinction of learning,
Ref. (9)], reported in patients with mood disorders and induced
by stress in preclinical models. As discussed in the following
sections, while acute stress was shown to enhance rapidly the
function of the PFC at both cellular and behavioral levels, repeated
exposure to stress, as well as long-term effects of some types
of acute stressors, bring about atrophy and retraction of den-
drites, loss of synapses, reduction of synaptic transmission, and
consequent behavioral impairments. Understanding the mech-
anisms and the molecular effectors involved in this biphasic
action of stress is essential to the development of new diagnos-
tic and therapeutic strategies for stress-related neuropsychiatric
disorders.

Clinical Evidence of Glutamatergic and
Morphological Dysfunctions in Cortical
Areas of Patients with Mood Disorders

Glutamatergic Alterations in Brain of Depressed
Patients

Evidence collected from clinical studies showed alterations in the
levels of glutamate and of its metabolites in plasma, cerebrospinal
fluid, and selected brain areas of patients affected by mood and
anxiety disorders.

In particular, increased glutamate levels were measured both in
the plasma of depressed patients compared with healthy controls
(10) and in post-mortem frontal cortex (FC) and dorsolateral PEC
from depressed and bipolar patients, respectively (11). Moreover,
region-specific abnormalities in mRNA and protein expression
levels of ionotropic glutamate receptor subunits and of associ-
ated postsynaptic density proteins were measured in post-mortem

studies, suggesting compromised glutamate-mediated synaptic
neurotransmission in brain areas from depressed individu-
als (12, 13).

Invivo proton magnetic resonance spectroscopy (1LH-MRS) was
used to measure glutamate-related metabolites in the brain of
depressed patients. Despite some inconsistencies, a large num-
ber of studies provided evidence for reduction in Glx levels, a
composite measure of glutamate and glutamine, with a minor
contribution from GABA and other metabolites, in FC and
cingulate regions of depressed subjects in the midst of a cur-
rent depressive episode, and in non-responders patients (14—
23). In contrast, glutamate metabolite measures in the occipital
and parietal/occipital regions have been found to be elevated in
medication-free major depression patients (4, 19, 24). Apart from
technical limitations of 1H-MRS studies, these findings strongly
suggest that abnormalities in glutamate/glutamine/GABA cycling
are involved in the pathophysiology of mood and anxiety
disorders.

Volumetric and Morphological Changes in the
Cortex of Depressed Patients

A large number of clinical neuroimaging studies of depressed
patients have consistently shown regional volumetric changes
in brain areas where glutamate neurons and synapses predom-
inate (6-8, 25). In particular, significant volumetric reduction
has been found for cortical areas, where reduced gray matter
volume in the anterior cingulate cortex, PFC, and lateral and
medial orbitofrontal cortices were reported (26-28). Interestingly,
reduced volume of the caudal anterior cingulate cortex and altered
white matter integrity in the body of the corpus callosum were also
recently reported in untreated patients with first episode of major
depression (29).

In a separate study, decreased PFC gray matter volume and
density were measured in depressed patients compared to both
healthy controls subjects and remitted major depression disor-
der subjects (30). Interestingly, morphometric studies on PFC
of depressed subjects showed smaller size of neuronal bodies
and reduced neuronal and glial densities, thus suggesting that
volumetric changes are at least in part dependent on neuronal
abnormalities (25, 31-33). In line with this hypothesis, decreased
expression of synapse-related genes and loss of synapses have been
recently described in PFC of patients with mood disorders, con-
firming that synaptic dysfunction contributes to the volumetric
changes observed in depressed patients (34).

Indeed, although the reasons for morphological changes in
brain areas of depressed subjects have not yet been fully under-
stood, it has been proposed that atrophy and remodeling of
dendrites and reduction of synapses are major factors (4-6, 35).
In particular, since the brain areas where volumetric changes
were reported are prevalently glutamatergic (6-8, 25), it is con-
ceivable that glutamate synapses are particularly affected in the
pathology. The evidence for this hypothesis mainly comes from
preclinical stress-based models of mood and anxiety disorders.
Indeed, the morphological changes induced in brain areas of
chronically stressed animals were found to be accompanied by
dysfunctional glutamatergic synaptic plasticity and transmission
(see below).
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Glutamatergic and Morphological
Dysfunctions in Cortical Areas of
Preclinical Stress-Based Models of Mood
and Anxiety Disorders

Since behavioral stress is recognized as a major predisposing and
triggering factor for mood and anxiety disorders in humans, the
high majority of rodent models of depression are based on the
exposure to standardized acute and chronic stress protocols (36—
38). In this section, we report the structural/functional changes

induced by several protocols of chronic and acute stress in PFC
glutamate synapses and circuitry.

Morphological Changes and PFC-Dependent
Cognitive Impairment Induced by Chronic Stress
It has been widely documented that, after prolonged stress, pyra-
midal neurons in medial PFC undergo dendritic atrophy, reduc-
tion of synapses number and volumetric reductions, resembling
those observed in patients with mood and anxiety disorders
(Table 1). In particular, different protocols of chronic stress were

TABLE 1 | Effect of chronic stress on neuronal remodeling in the prefrontal cortex: animal studies.

Stress Morphological changes Reference

Restraint stress (21 days) Reduction in the number and length of apical dendritic branches in distal and higher-order branches (39)
in layer II/Ill pyramidal neurons

Social isolation (8 weeks) Reductions in dendritic spine density in layer Ill pyramidal neurons (40)

Restraint stress (21 days) Reduction in the total length and branch numbers of apical dendrites in layer II/Ill pyramidal neurons (41)
of infralimbic and prelimbic cortices

Restraint stress (7 days) Atrophy of distal branches and sparing of proximal branches in layer II-lll pyramidal neurons (42)

Restraint stress (3 and 6 weeks) Reduction in total apical dendritic length in layer II/Ill pyramidal neurons (43)

Forced swim (3 days) Retraction of terminal branches of apical, but not basilar, dendrites in infralimbic cortex pyramidal (44)
neurons

Restraint stress (21 days) Retraction of apical dendritic arbors in in layer II/Ill pyramidal neurons (45)

Chronic noise stress (30 days) Reduction in the number of apical dendrites in layer II/ll pyramidal neurons (46)

Restraint stress (21 days) Reduction in the total length and branch numbers of apical dendrites and of axospinous synapses 47)
number in layer II/lll pyramidal neurons of prelimbic cortices

Prenatal stress (7 days) followed by Reduction in spine densities, particularly on spines of the mushroom type in medial PFC (48)

chronic mild stress (3 weeks)

Restraint stress (14 days) Reduction in the total length of apical dendrites in prelimbic cortex pyramidal neurons (49, 50)

Restraint stress (21 days) Decrease in dendritic spine volume and surface area, mainly in the distal portion of apical dendritic 51)
fields; reduction in large spines and increase in small spines

Chronic unpredictable stress (21 days) Volumetric and dendritic atrophy in layer II/lll pyramidal neurons of infralimbic and prelimbic cortices (52)

Restraint stress (7 days) Reduction in the number and length of apical dendritic branches in layer II/lll pyramidal neurons of (53)
infralimbic and prelimbic cortices (selectively in male and not female mice)

Restraint stress (21 days) Reduction in apical dendritic length and in apical dendritic branch intersections in layer II/1ll (54)
pyramidal neurons

Restraint stress (10 days) Retraction of apical dendrites in infralimbic cortex pyramidal neurons (55)

Restraint stress (21 days) Reduction in apical dendritic length and in apical dendritic branch intersections in layer II/1ll (56)
pyramidal neurons of prelimbic cortex

Restraint stress (7 days) Retraction of apical dendrites in layer II/Ill pyramidal neurons (57)

Restraint stress (21 days) Reduction in the number and length of apical dendritic branches in prelimbic cortex pyramidal (58)
neurons

Prenatal stress (7 days) Reduction in dendritic complexity in prelimbic cortex pyramidal neurons (59)

Isolation (8-9 weeks) Reduction in dendritic complexity, spine density, and elongated terminal branches in layer II/1ll (60)
pyramidal neurons

Early life stress (maternal separation, Atrophy of basal dendritic tree and reduced spine density on both apical and basal dendrites in layer 61)

14 days) /11l pyramidal neurons

Prenatal stress (7 days) Decrease in the apical dendritic length of pyramidal neurons in the orbitofrontal cortex at postnatal (62)
day 14

Prenatal stress (7 days) Apical dendrite arbor simpilification in layer Ill pyramidal neurons (63)

Restraint stress (3 or 7 days) Atrophy of distal apical dendritic in layer V pyramidal neurons (64)

Restraint stress (21 days) Atrophy of apical dendritic tree and reduced spine density in layer V pyramidal neurons of infralimbic (65)
cortex

Chronic unpredictable stress (21 days) Reduction in spine density in both distal and proximal dendrites in layer V pyramidal neurons (66)
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reported to induce dendritic remodeling of pyramidal neurons
in layers II/III, where reductions in total apical dendritic length,
arborization, and spine density were consistently reported (39-
63). Recent studies also demonstrated a significant retraction
after chronic stress of layer V pyramidal neurons apical dendrites
within distal cortical layers (64-66).

Interestingly, a number of convergent studies reported that the
reduction of spine densities, apical dendritic length, and branch
points in medial PFC layer II/III pyramidal neurons, induced by
chronic stress in prenatal, early life or adult life, is accompanied by
behavioral impairments in tests for emotional/cognitive behavior
(52, 56, 58, 60-62, 66). Chronic restraint stress (21 days) was
shown to selectively impair attentional set-shifting task (a func-
tion mediated by medial PFC), together with retraction of apical
dendritic arbors in anterior cingulate cortex and extension in
lateral orbitofrontal cortex (45), and to worsen working memory
in the spatial delayed alternation T-maze task, in concomitance
with atrophy of apical dendrites in pyramidal neurons from layer
II/III of prelimbic cortex (54). It was also shown that the retraction
of apical dendrites of pyramidal neurons induced in PFC by
repeated stress is accompanied by alterations in fear conditioning
and extinction (44).

Together, all these lines of evidence are clearly in favor of
a correlation between chronic stress, dendritic remodeling, and
impaired PFC-dependent cognitive performance.

Although the mechanisms underlying the effects of chronic
stress on PFC are far from being fully elucidated, it was con-
sistently reported that chronic systemic injections of the stress
hormone corticosterone are able to reproduce, at least in part, the
structural and functional changes induced by stress in this brain
area. Chronic high-dose systemic injections of corticosterone were
shown to cause significant reduction of spines in PFC pyramidal
neurons of layer V and deficits in memory retention (67), and
to induce a significant redistribution of apical dendrites in lay-
ers II/III, with an increase in the number of proximal dendrites
and a reduction of distal dendrites (68). Repeated corticosterone
injections within infralimbic and prelimbic medial PFC were also
found to impair working memory and to improve memory consol-
idation, through a glucocorticoid receptor-dependent mechanism
(69). On the other hand, repeated corticotropin-releasing factor
infusion directly into the medial PFC increased general anxiety,
but did not affect cue-conditioned fear 10 days post infusion (70).
Moreover, some studies also reported an involvement in dendritic
remodeling of a number of intracellular signaling mediators and
receptors, including protein kinase C (54), glucocorticoid receptor
(71), NMDA receptors (57), AMPA receptors, postsynaptic den-
sity protein 95, o calcium/calmodulin-dependent protein kinase
IT (61), estrogen (63, 72), glutamate decarboxylase enzyme 64,
NCAM, synaptophysin and GABA(A) o 1 (73), catecholamines
(64, 74), and cannabinoid CB1 receptor (56).

Alterations in Synaptic Transmission and Related
Molecular Mechanisms Induced by Chronic
Stress in the Prefrontal Cortex

Together with morphological and behavioral changes, a number of
studies analyzed the effects of chronic stress on synaptic function,

i.e., presynaptic glutamate release and function/membrane inser-
tion of postsynaptic glutamate receptors.

An early paper correlated electrophysiological and morpho-
logical changes in medial PFC layer V pyramidal neurons, using
a combination of whole-cell recording and two-photon imaging
in rat medial PFC slices (64). The authors clearly showed that
repeated mild restraint stress, together with a decrease in distal
apical dendritic branch length and spine density, induced deficits
in apically targeted excitatory postsynaptic currents (EPSCs),
involving corticosterone-dependent mechanisms. Similarly, the
reduction of large mushroom spines of layer V pyramidal neu-
rons measured after chronic unpredictable stress was found to be
accompanied by a reduction in the amplitude and frequency of
serotonin- and hypocretin-induced EPSCs (66). More recently, a
reduction of both AMPA and NMDA receptor-dependent synap-
tic responses and spontaneous action potential firing in pyramidal
PEC cells were reported after 5-7 days of restraint or unpredictable
stress in young rats, in association with ubiquitin/proteasome-
mediated degradation of selective glutamate receptor subunits
(74, 75).

Moreover, sex differences were shown in PFC excitatory trans-
mission, glutamate receptor surface expression, and behavioral
response after repeated restraint stress (72). Indeed, chronic
stress-induced memory impairment together with decreased
AMPA and NMDA receptors surface expression, receptor-
dependent EPSCs, and miniature EPSCs, in medial PFC of male
rats selectively, with no effect in female rats. Looking for poten-
tial mechanisms underlying the contrasting effects of repeated
stress on PFC functions in female vs. male animals, the authors
demonstrated that estrogen both protects against the detrimen-
tal effects of repeated stress in females, and prevents the stress-
induced impairments when administered to males. This suggests
that the stress hormone corticosterone and estrogen interact in the
modulation of excitatory synaptic transmission in PFC neurons,
leading to a fine tuning of functional plasticity within this brain
area. In this context, it is interesting to notice that local brain
synthesis of estrogen from endogenous cholesterol, through the
action of neuronal aromatases, could play a role in the modulation
of neurotransmission in response to repeated stress. Indeed, it was
shown that the inhibition of aromatase in female rats resulted in
the loss of protection against neural and behavioral consequences
of chronic stress, thus suggesting that central estrogen production
is necessary for the protective action of estrogen (72).

In addition to neuronal structure, chronic stress was also
reported to induce impairments in synaptic plasticity (i.e., long-
term potentiation, LTP) in medial PFC (61, 65). The decrease of
spine density in both apical and basal dendrites and the atrophy
of the basal dendritic tree in medial PFC layer II/III pyramidal
neurons, induced by chronic early life stress (maternal separation)
in young rats, were found to be accompanied by attenuation
of LTP and changes in the expression of proteins involved in
LTP, including AMPA receptor subunits (61). Moreover, in a
different study, chronic restraint stress was found to inhibit D1
receptor-dependent LTP, while post-stress recovery fully reversed
the impairments in catecholaminergic-mediated synaptic plas-
ticity, suggesting that recovery may be related with circuitry
reestablishment (65).
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These studies strongly suggest that the structural remodeling
induced by chronic stress in PFC is accompanied by dysfunctions
in neurotransmission and plasticity.

Regarding the effects of chronic stress on glutamate levels and
presynaptic release, less information is available. Early evidence
was provided by microdialysis studies, which found selective
changes in the adaptation of extracellular glutamate in hippocam-
pus and PFC after application of a few consecutive stressors (76).
In a more recent study, it was found that glutamate release induced
by BDNF in slices of the PFC was attenuated in rats subjected to
chronic restraint stress, coupled with anxious/depressive pheno-
type and down-regulation of glucocorticoid receptors (71). More-
over, reduction in the levels of glutamate, glutamine, N-acetyl
aspartate, and taurine was reported in the PFC of social defeated
mice (77).

Together, these studies strongly suggest that dendritic atrophy
and volumetric reduction induced by chronic stress in PFC are
related with changes in glutamate transmission and plasticity and,
ultimately, may induce severe behavioral deficits.

Acute Stress Increases Glutamate Transmission
and Release in Prefrontal Cortex

Although the effects of chronic stress on glutamate release and
transmission remain largely unknown, compelling preclinical
studies have clearly shown that acute stress and glucocorti-
coids can deeply affect glutamatergic neurotransmission in the
PFC, inducing changes in glutamate release, glutamate recep-
tors, and glutamate clearance and metabolism [as a review, see
Ref. (78, 79)].

A study measuring changes in glutamate release in PFC, by
using enzyme-based microelectrode arrays coupled to ampero-
metric recording techniques, showed significant transient increase
of extracellular glutamate levels during tail pinch stress, which
was completely blocked by local application of tetrodotoxin, thus
suggesting increased exocytotic release of glutamate (80).

In rat PFC and FC, we have shown that acute stress rapidly
enhances glutamate release and transmission, an effect medi-
ated by corticosterone receptors. We applied one single 40 min
session of inescapable footshock (FS)-stress to rats, and then
purified synaptic terminals (synaptosomes) from PFC and FC
with Percoll gradients (81). Basal and depolarization-evoked glu-
tamate release was measured by using the technique of isolated
synaptosomes in superfusion, a method allowing to measure the
exocytotic release of neurotransmitters, preventing or limiting
reuptake by neurotransmitter transporters, or synaptic recep-
tors activation (78, 82). Acute FS-stress-induced rapid enhance-
ment of depolarization-evoked glutamate (not GABA) overflow
in PFC and FC, by increasing corticosterone levels, stimulation of
corticosterone receptors, and rapid accumulation of presynaptic
SNARE protein complexes, which mediate vesicle fusion (81).
Enhancement of glutamate release was confirmed by reduction
of paired-pulse facilitation and its calcium-dependence in PFC
of stressed rats. It was also shown that chronic antidepressants
prevent the enhancement of glutamate release, with a mechanism
downstream of corticosterone rise.

More recently, the synaptic effects of acute stress and corticos-
terone in PFC and FC were dissected, showing that the increase

of corticosterone induced by FS-stress is responsible for a rapid
(non-genomic) enhancement of trafficking of glutamate synaptic
vesicles into the so-called readily releasable pool (RRP), through
the activation of synaptic glucocorticoid/mineralocorticoid recep-
tors (83). Indeed, both acute stress and brief in vitro application
of corticosterone to purified PFC and FC synaptosomes were
shown to increase the RRP size of glutamate vesicles (assessed
in synaptosomes superfused with hypertonic sucrose). In line
with this evidence, FS-stress increased the number of synap-
tic vesicles docked onto presynaptic membranes of excitatory
perforated synapses, measured with electron microscopy stere-
ology in medial PFC (83, 84). Similarly, by using total internal
reflection fluorescence microscopy, we showed that application
in vitro of corticosterone to synaptosomes for up to 10 min rapidly
increased trafficking of FM1-43 labeled synaptic vesicles toward
the presynaptic membrane. The increase of vesicle mobilization
and RRP induced by both acute stress and in vitro corticosterone
application was demonstrated to be dependent on the activation
of synaptic corticosterone receptors and downstream increase of
site 1 (Ser9) synapsin I phosphorylation in presynaptic mem-
branes (83). Indeed, despite the molecular mechanism involved
in corticosterone-induced increase of vesicle mobilization is far to
be fully elucidated, the phosphorylation of synaptic membrane-
located synapsin I at site 1 was found to be necessary for the
enhancement of RRP.

However, while corticosterone rapidly primes synapses for
enhanced release, it does not likewise rapidly enhance gluta-
mate release and transmission. Indeed, acute application of cor-
ticosterone failed to reproduce the stress-induced increase of
depolarization-evoked release of glutamate in purified PFC and
FC synaptosomes, and to induce any change in intracellular EPSCs
amplitude or paired-pulse ratio in acute medial PFCslices (83, 85),
suggesting that the synaptic non-genomic action of corticosterone
is necessary but not sufficient to enhance glutamate release and
transmission [see Ref. (86); Figure 1]. In line with this hypothesis,
it was consistently reported that both acute stress and corticos-
terone induce delayed and long-lasting potentiation of glutamate
transmission in the PFC (see below).

The Increase of Glutamate Transmission and
Release in Prefrontal Cortex is Mediated by
Slower, Likely Genomic, Corticosterone Effect
Acute stressors of diverse types, including acute forced swim,
acute restraint, and elevated-platform stress, as well as acute
corticosterone treatment of rats, were shown to induce in PFC
pyramidal neurons a significant long-lasting potentiation, starting
1h after stress and sustained for up to 24h after cessation of
stress, of glutamatergic transmission and an increase of surface
NMDA and AMPA receptor subunits level, through the acti-
vation of glucocorticoid receptors (87). This was the first evi-
dence showing that corticosterone is necessary and sufficient for
increasing glutamate transmission in PFC, and also suggested
that the potentiation of glutamate transmission in this brain
area involves delayed mechanisms (no significant effect measured
until 1h after corticosterone elevation). Similarly, acute in vitro
treatment of both PFC neuronal cultures and acute PFC slices
was shown to induce synaptic potentiation at least 1h and up
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FIGURE 1 | Acute stress and corticosterone rapidly increase the
readily releasable pool of glutamate vesicles in prefrontal and frontal
cortex synaptic terminals through non-genomic mechanisms.

(A) PFC glutamate synaptic terminal in basal conditions, showing the readily
releasable pool (RRP) of vesicles anchored to the membrane and ready for
release and membrane-located mineralocorticoid and glucocorticoid
receptors (MR and GR, respectively). (B) The rise of corticosterone (CORT)
induced by acute stress causes a rapid increase of vesicle trafficking into the

NON-GENOMIC

GENOMIC ?

RRP. This requires binding of corticosterone to synaptic MR/GR and
non-genomic mechanisms involving phosphorylation of the presynaptic
protein synapsin I. The increase of RRP size non-genomically induced by
corticosterone primes the terminal but is not sufficient for the enhancement
of glutamate release and transmission induced by acute stress. (C) We
speculate that slower (>20 min), likely genomic effects are required to
promote the enhancement of glutamate release and transmission induced by
acute stress. See text for details. Adapted from Treccani et al. (86).

to 24h after corticosterone application (88, 89). These studies
also showed that the long-lasting potentiation of glutamatergic
transmission in PFC pyramidal neurons is likely caused by the
increase in the delivery of NMDA and AMPA receptors to the
synaptic membrane, in turn dependent on activation of glu-
cocorticoid receptors and glucocorticoid-inducible kinase/Rab4
signaling (88).

Although these studies suggest that the enhancement of glu-
tamate release and transmission induced by acute stress in PFC
is dependent on the transcriptional activation of immediate early
genes, other studies also suggested non-genomic, synaptic effects
of corticosterone. Indeed, it was shown that both acute stress and
incubation of medial PFC slices with corticosterone induces rapid
changes in neurotransmission, dependent on local synthesis of
endocannabinoids, thus suggesting that some of the short-term
effects of corticosterone may be partly mediated by the local
release of other mediators (56). In particular, the activation of
endocannabinoid signaling induced by corticosterone, inhibiting
GABA release onto layer V pyramidal neurons in the prelimbic
cortex, contributes to the long-negative feedback loop to inhibit
corticosterone secretion following cessation of stress.

Behavioral and Morphological Changes Induced
by Acute Stress

Although chronic stress has been widely shown to induce pro-
found structural remodeling of medial PFC and related behav-
ioral alterations (see Morphological Changes and PFC-Dependent
Cognitive Impairment Induced by Chronic Stress), less is known
about the effects of acute stress on PFC synaptic plasticity and
memory. Neurons in cortical and limbic areas are highly plastic
and undergo rapid activity-dependent morphological transforma-
tions, including modulation of neuronal excitability and connec-
tivity (90, 91). However, only a few recent studies focused on the
changes in structural remodeling and in PFC-dependent behav-
ioral performance induced by a single stressful event. Interestingly,
as described in detail below, the changes in synaptic plasticity and

memory seem to be time-dependent and biphasic, inducing a gen-
eral enhancement of transmission, plasticity, and performance in
the first hours after stress, followed by negative effects on learning,
memory, and their neural underpinnings, in the subsequent hours
and days.

In a recent study, we have shown that both acute FS-stress
and restraint stress induce marked effects on synaptic plasticity,
increasing the total number of asymmetric (i.e., excitatory) non-
perforated synapses in pyramidal neurons of prelimbic PFC lay-
ers II/IIT (84). FS-stress, a stress protocol inducing significantly
higher levels of corticosterone compared with restraint stress,
also increases the number of axo-shaft synapses, directly located
on dendritic shafts. Interestingly, these changes were partially
blocked by chronic antidepressant pretreatment, as previously
show for glutamate release and transmission (81), thus provid-
ing a parallel between the modulation of excitatory transmission
induced by antidepressants and changes in structural remodeling.
Moreover, our findings provide a first evidence that activity-
dependent synaptogenesis of small synapses can occur ex novo in
PEC, as early as 40 min after a severe stressful event, confirming
the remarkable dynamics of synapse structure in response to
stressful events in this brain area.

In line with these data, the plasticity enhancing effect induced
by acute forced swim stress and elevated-platform stress in PFC
glutamate transmission was associated with enhanced working
memory in the T-maze delayed alternation task when examined
4h or lday after stress, but not 2days after stress (87). The
enhancement of working memory, as for the increase in gluta-
mate transmission, was shown to be dependent on glucocorticoid
receptors and on the activation of glucocorticoid receptor and
glucocorticoid-inducible kinase dependent mechanisms (88).

Finally, in a separate study, acute forced swim stress was found
to induce a significant retraction of apical (not basal) branches,
measured 3 days after stress (44). However, the remodeling of
dendritic arbor was found to be selectively located in infralimbic,
but not prelimbic PFC, suggesting that pyramidal neurons within
infralimbic PFC are highly sensitive to forced swim stress.
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Conclusion

Compelling evidence strongly suggests that long-term changes in
brain areas and circuits, mediating complex cognitive and emo-
tional behaviors, represent the biological underpinnings of mood
and anxiety disorders. Stressful life events deeply affect brain
function and, especially when stress exposure is intense, chronic,
uncontrollable, or overwhelming, it represents a major risk factor
for many diseases, including neuropsychiatric disorders.

The stress response is a complex physiological process involving
hormonal, neurochemical, and metabolic mechanisms. Indeed,
although PFC was consistently reported to be a brain area par-
ticularly sensitive to stress, it is important to notice that stress
induces changes in connectivity and plasticity, not only within
PFEC but also in other areas, such as hippocampus and amyg-
dala, and between different areas [as a review, see Ref. (92)].
Intriguingly, the effects of stress seem to be region-specific.
Indeed, as for PFC, in hippocampus acute stress was shown to
deeply affect glutamatergic transmission in preclinical models.
However, differently from PFC, in hippocampus the activation
of synaptic corticosterone receptors, and particularly mineralo-
corticoid receptor, was found to be sufficient to induce rapid
enhancement of glutamate release and synaptic transmission,
through completely non-genomic mechanisms (93, 94). On the
other hand, opposite effects were noticed in amygdala, where
the enhancement of glutamate transmission induced by stress in
rodents is accompanied by increased dendritic complexity (95,
96). Moreover, PFC, hippocampus, and amygdala also critically
participate in orchestrating the hypothalamic-pituitary-adrenal
(HPA) axis response to stress, thus modulating the physiological
stress response (97). Understanding how these stress-related net-
works operate could be helpful in uncovering pathways mediating
pathological stress-related conditions.

As shown above, although the evidence is far from conclu-
sive, the acute and delayed (e.g., after repeated or chronic stress)
outcome on structural and functional features of the glutamate
system could be different and often opposite, at least in the
PFC. On one side, stressful events rapidly enhance glutamate
release and excitatory transmission and may facilitate plasticity
and PFC-dependent behavior, while chronic stress and long-
term effects of some acute stressors induce a reduction of exci-
tatory transmission, atrophy/remodeling of dendrites and loss
of synapses, accompanied by behavioral impairment. Therefore,
the structural and functional changes in excitatory circuitry may
follow a biphasic process, during which, at some unknown points,
the stress response turns from increased excitatory activation
into its opposite [Figure 2; see Ref. (78, 98, 99) for a discus-
sion]. Thus, upon severe acute stressful stimulation, HPA axis
response is triggered, as shown by elevated glucocorticoids levels,
in concert with strong induction of PFC function. This overall
marked potentiation, most likely promoted to face the initial
threat and facilitate induction of the memory of the stressor,
may subsequently produce progressive exhaustion of the system,
which in turn results into deep impairment of mPFC-mediated
function and neuroarchitecture. Therefore, the biphasic effect
of stress on synaptic transmission, morphology, and behavioral
performance may be considered a compensatory physiologically
adaptive response to environmental stressors. However, if the

and working memory performance

activation of synaptic transmission

time after
stress exposure

morphological changes in
neurons and circuitry

FIGURE 2 | Hypothetical scheme of structural/functional changes
induced by stress in the glutamate system: a biphasic process. Stress
and corticosterone were shown to induce enhancement of excitatory synaptic
transmission and increase in the number of spines and synapses, often
accompanied by cognitive enhancement, in the first several minutes and
hours. Later on, at least 24 h after application of the stressor, a phase of
inhibition follows, with reduction of synaptic transmission, dendritic atrophy
and remodeling, loss of spines and synapses and negative effects on
cognitive functions. See text for details. Adapted from Musazzi et al. (98).

stress response is inadequate or dysregulated, because the stressor
is prolonged or overcomes the coping capability of the system,
the structural/functional changes may disrupt homeostasis, thus
increasing the risk to develop a stress-related pathology (35, 99).

Understanding what regulates the turning point between a
physiological adaptive stress response and the beginning of mal-
adaptive remodeling will be crucial in the study of pathophys-
iology of neuropsychiatric stress-related disorders. In this con-
text, considering that a high majority of individuals, although
exposed to traumatic experiences during lifespan, do not develop
stress-related neuropsychiatric disorders, a better knowledge of
the molecular/cellular effectors regulating the individual suscep-
tibility to stress could be of great help to mitigate the detrimental
effects of external threats and/or to increase the resilience of
individuals to stressful events (100).
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Chronic, in particular chronic psychosocial, stress is a burden of modern societies and
known to be a risk factor for numerous somatic and affective disorders (in detail ref-
erenced below). However, based on the limited existence of appropriate, and clinically
relevant, animal models for studying the effects of chronic stress, the detailed behavioral,
physiological, neuronal, and immunological mechanisms linking stress and such disorders
are insufficiently understood. To date, most chronic stress studies in animals employ inter
mittent exposure to the same (homotypic) or to different (heterotypic) stressors of varying
duration and intensity. Such models are only of limited value, since they do not adequately
reflect the chronic and continuous situation that humans typically experience. Furthermore,
application of different physical or psychological stimuli renders comparisons to the mainly
psychosocial stressors faced by humans, as well as between the different stress studies
almost impossible. In contrast, rodent models of chronic psychosocial stress represent sit-
uations more akin to those faced by humans and consequently seem to hold more clinical
relevance. Our laboratory has developed a model in which mice are exposed to social stress
for 19 continuous days, namely the chronic subordinate colony housing (CSC) paradigm,
to help bridge this gap. The main aim of the current review article is to provide a detailed
summary of the behavioral, physiological, neuronal, and immunological consequences of
the CSC paradigm, and wherever possible relate the findings to other stress models and
to the human situation.

Keywords: chronic psychosocial stress, chronic subordinate colony housing, somatic and affective disorders,

decreased glucocorticoid signaling, hypocorticism

INTRODUCTION

THE STRESS CONCEPT

In the nineteenth century, the French physiologist Claude Bernard
(1813-1878) noticed that relative constancy of the internal envi-
ronment is critical for the functional integrity of an organism.
Later, in his “emergency concept”, Walter Cannon (1871-1945)
described the disruption of this internal equilibrium, thereafter
referred to as homeostasis (1), by fear- or rage-induced “fight or
flight” reactions. In 1936, it was Hans Selye (1907-1982), who
first defined stress, and the stress response, as “the non-specific
response of the body to any physical demand” (2), and made the
distinction between “stress” and the “stressor” (3). According to
him, “stressors” are defined as specific challenges that cause a
physiological “stress” response (3). Until now, an overwhelming
number of studies have focused on the physiological, in particular
neuroendocrine, and behavioral consequences of an acute stress
response, which are, in general, well understood.

Thus, it is commonly accepted that the physiological and behav-
ioral responses to acute stressors are adaptive, and important to
reinstate body homeostasis [(4—6); for review see (7, 8)]. While
physical stressors are, thereby, defined as external challenges to

homeostasis, psychological stressors are stated as the anticipa-
tion, justified or not, of a challenge to homeostasis (9). In con-
trast, repeated or chronic stressor exposure over several weeks or
months, and the prolonged attempt of the body to reinstate home-
ostasis during this time — a process referred to as allostasis [for
review see (5, 10)] — is thought to result in alterations of numer-
ous body and brain systems, finally resulting in a disease state
[(11, 12); for review see (5)]. However, although chronic stress-
induced alterations in neuroendocrine, emotional, and immune
parameters are likely to play a major role in the etiology of numer-
ous diseases including anxiety and depressive disorders, chronic
inflammatory disorders, or cancer [(13-21); for review see (22—
27)], the detailed underlying mechanisms are less well understood
due, at least in part, to the shortage of appropriate animal models.

Physiological responses to an acute stressor

In response to any acute stressor, two major stress systems become
activated, namely the autonomic nervous system, especially its
sympathetic (SNS) branch, and the hypothalamo—pituitary—
adrenocortical (HPA) axis. Stimulation of these emergency
systems, which differ in both their time course and processing,
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reflects the body’s attempt to deal with the immediate situation
and to restore homeostasis [for review see (5, 10)]. Activation of
the SNS occurs rapidly, within seconds, via exclusively neuronal
pathways originating in the thoracolumbal regions of the spinal
cord (splanchnic nerve), and results in the release of adrenaline
from chromaffin cells of the adrenal medulla into the blood. Ele-
vated adrenaline levels in the circulation act in synergy with an
increased sympathetic noradrenergic innervation of essentially all
organs in the body [referenced in (28, 29)]. As a result, cardio-
vascular and catabolic functions are promoted, and processes not
vital in the immediate situation, such as anabolic processes and
digestion, are inhibited.

In addition to the SNS, there is a slightly delayed activation
of the HPA axis in response to acute stressors. The stimulation
of the HPA axis is triggered by the secretion of corticotropin-
releasing hormone (CRH) and arginine vasopressin (AVP) from
parvocellular neurons of the paraventricular nucleus (PVN) of
the hypothalamus into the portal blood stream of the pituitary
stalk. CRH and AVP promote the synthesis and the secretion
of adrenocorticotropic hormone (ACTH) from anterior pituitary
corticotroph cells into the peripheral blood, which, in turn, stim-
ulates cortical cells of the adrenal gland to produce and secrete
glucocorticoids [GCs; cortisol in humans, corticosterone (CORT)
in rats and mice] into the circulation. Within minutes of activa-
tion, termination of an acute HPA axis response is achieved by
efficient negative feedback inhibition via GC acting at GC recep-
tors and mineralocorticoid receptors at several brain levels (30).
The degree and temporal dynamics of HPA axis activation are
strongly dependent on the quality, intensity, and duration of the
acute stressor (11, 31, 32). In addition, the acute neuroendocrine
stress response was shown to be dependent on the time of day (33—
35), age of an individual [(36); for review see (37)], reproductive
status of an individual [e.g., in the peripartum period (38-40)],
genetic background (41-45), and stressor exposure during life
history (46, 47).

Taken together, stressor-induced activation of the SNS and HPA
axis contribute to the restoration of the “internal equilibrium”
by rapid mobilization of metabolic resources (glucose, oxygen);
processes that are adaptive and essential for survival.

Behavioral responses to an acute stressor

In addition to, and facilitated by, the rapid activation of physio-
logical systems (SNS, HPA axis) in response to an acute stressor,
there is an instant behavioral response, such as arousal, anxi-
ety/fear, or aggression. This behavioral flexibility is regulated via
activation of a number of brain regions, including cortical areas,
limbic regions, and the brainstem (48-50). A region of particular
importance is the lateral septal area, which is thought to segre-
gate the autonomic, neuroendocrine, and behavioral responses
(51). In humans, the behavioral (emotional) response to acute
stressor exposure is an important measure of mental health. It
is mainly quantified retrospectively via questionnaires (52-54) or
by analyzing behavioral patterns known to be linked with distress
during, for instance, public speaking (55-57). In laboratory ani-
mal models, a variety of behavioral tests have been established in
order to quantify signs of arousal (e.g., measurement of homecage
activity/locomotion), fear and anxiety-/social anxiety-related

behavior [e.g., novelty-supressed feeding, shock pole burying, ele-
vated plus-maze (EPM) test, light—dark box (LDB) test, open
arm exposure test, open field test, social preference/avoidance test
(SPAT), elevated platform (EPF) exposure, resident-intruder test,
Vogel test, 4-plate test, marble burying, stress-induced hyperther-
mia, contextual/cued fear conditioning, acoustic startle], learning
deficits (e.g., Morris water maze, Y/T-maze, holeboard, Barnes
maze), anhedonia (e.g., sucrose preference test, progressive ratio
responding, psychostimulant-induced hyperactivity, female urine
sniffing test), memory skills (contextual-/cued fear conditioning),
aggression (resident-intruder test), and active versus passive stress
coping strategies [e.g., forced swim test (FST), tail suspension test
(TST), learned helplessness] [for reviews dealing with these, and
additional tests to assess such behaviors see (58—65)]. Similar to
the physiological stress response, the behavioral stress response is
strongly dependent on the time of day of stressor exposure (33),
quality, intensity, and duration of the stressor (66—70), as well as
the genetic and environmental background of the organism (41,
46,47, 71-74).

CHRONIC STRESS IN HUMANS

Mal-adaptive consequences of chronic stressor exposure

While the acute stressor-induced changes described in the sections
above are adaptive, chronic activation of the two stress systems
poses an acknowledged risk factor for numerous disorders, includ-
ing somatic disorders, like cardiovascular diseases [(75-79); for
review see (80)], chronic fatigue syndrome (81), fibromyalgia
(82), bronchial asthma (83, 84), atopic dermatitis [for review see
(85)], arthritis [(86); for review see (87)], inflammatory bowel
disease (IBD) [(13, 14, 16, 18, 20, 21); for review see (22, 25, 26)],
stomach ulcers (86), diarrhea and digestive problems (86, 88),
chronic pelvic and abdominal pain (86, 88), infections (86, 88-90),
headaches (86, 88), impaired wound healing (91-93), canceroge-
nesis [(17); for review see (27, 94)], as well as affective disorders,
like anxiety disorders and depression [(95-98); for review see (24,
58, 60, 99, 100)]. While the underlying etiology of these diseases
are not fully understood, due at least in part to a lack of ani-
mal models, chronic stress-induced dysregulation of almost all
psycho-neuro-immunological systems including the HPA axis, the
autonomic nervous system, the immune and cardiovascular sys-
tems, and emotional and cognitive brain circuits is highly likely
to contribute to the complex, and multifactorial, etiology of such
disorders. On closer inspection, one mechanism that appears to
be common throughout all of these diseases and chronic stress
models is altered GC signaling.

The link between chronic stress and impaired GC signaling

Raison and Miller defined decreased GC signaling as “any state
in which the potential of GC is inadequate to restrain relevant
stress-responsive systems”. Such inappropriate GC signaling can
be the result of decreased hormone bioavailability (hypocorti-
cism), attenuated GC sensitivity/enhanced GC resistance of target
cells, or the combination of both [for review see (101)]. Although
HPA axis hyperactivity (hypercorticism) has been generally linked
to prolonged, or chronic, stressor exposure, there is accumulat-
ing evidence for additional, even opposite alterations [for review
see (23)]. In this respect, chronic stress-induced hypocorticism

Frontiers in Psychiatry | Affective Disorders and Psychosomatic Research

February 2015 | Volume 6 | Article 18 | 77


http://www.frontiersin.org/Affective_Disorders_and_Psychosomatic_Research
http://www.frontiersin.org/Affective_Disorders_and_Psychosomatic_Research/archive

Langgartner et al.

Chronic subordinate colony housing

regained consideration after being more or less ignored up until
the beginning of the 2000s. For example, Friedman and colleagues
in the early 1970s described decreased plasma and urinary corti-
sol levels in parents of children suffering from neoplastic disease,
with a paradoxical decrease during periods of heightened stress
(102). Lower basal GC levels were further reported in high work
load employees (103) and patients suffering from post-traumatic
stress disorder [for review see (104)]. While elevated basal GC
levels have been repeatedly linked to stress-related disorders like
major depression [(105); for review see (100, 106)], the overall GC
signaling in these patients has been shown to be decreased both
invivo and in vitro as a consequence of GC insensitivity [for review
see (106, 107)]. Taken together, this growing body of evidence has
led to greater acceptance of the idea that chronic stress experiences
in adulthood result in an insufficient GC signaling.

In addition, chronic stress experienced early in life, like loss
of parents, emotional neglect, maltreatment, or abuse have also
been linked to a reduced GC signaling capacity in humans. In this
context, it has been shown that women maltreated during early life
exhibited lower basal and ACTH-induced plasma cortisol levels, an
effect that was probably mediated by adrenal dysregulation (108,
109). However, whether the reduction in the overall GC signal-
ing poses a central and causal mechanism by which chronic stress
causes the variety of somatic and affective disorders described
above is still unknown, but likely.

Many stress-related disorders are linked to a decrease in GC
signaling
Although a causal involvement still has to be proven, as stated
above, several chronic stress-related pathologies have been shown
to be concurrent with reduced GC signaling in a growing num-
ber of studies. For example, hypocorticism has been described in
patients suffering from burnout and chronic fatigue syndrome,
fibromyalgia, chronic pelvic pain, and geriatric depression [(105,
110-112; for review see (23)]. Low levels of plasma GC have
been further reported when suffering from inflammatory dis-
orders, including rheumatoid arthritis [for review see (113)] or
asthma (114). Inline with this, elevated levels of pro-inflammatory
cytokines have been reported in patients suffering from acute GC
deficiency after surgical removal of adrenal cortical tissue (115).
Moreover, it has recently been shown that obese women have lower
cortisol levels during pregnancy (116). Interestingly, based on
human and animal studies, it has been hypothesized that the onset
of IBD might be associated with hypo- rather than hypercorticism
[for review see (117, 118)]. This is further supported by a recent
finding showing an impaired HPA axis reactivity in 25% of Crohn’s
patients during exposure to the ultra-low dose ACTH test (119).
In addition, a positive correlation between plasma cortisol levels
and the time patients were off steroid treatment has recently been
described (120). Finally, Rodriguez and coworkers speculated that
a down-regulated cortisol response to intero- and exteroceptive
stressors might predispose patients suffering from irritable bowel
syndrome to chronic inflammatory conditions, such as asthma,
rheumatoid arthritis, or IBD (121).

Besides hypocorticism, GC resistance has been speculated to
contribute to the reduced GC signaling and the pro-inflammatory
immune shift in patients suffering from chronic stress-related

pathologies (122). As mentioned above, the disorder that best fits
this context is major depression [for review see (101)], as patients
show a reduced response to GC both in vivo and in vitro [for
review see (106, 107)], which is believed to be mediated, at least
in part, by decreased GC receptor expression and/or functionality
[(123—-125); for review see (107)] . GC resistance has further been
diagnosed in a subset of patients suffering from typically chronic
inflammatory disorders like ulcerative colitis and Morbus Crohn
[(126); for review see (127)], as well as rheumatoid arthritis (128).

To causally demonstrate that chronic psychosocial stress pro-
motes the development of, at least some, somatic and affective
disorders via a reduction in overall GC signaling, it is necessary to
have appropriate animal stress models, which mimic the human
situation in an adequate way. Thus, animal models are warranted
that are of chronic psychosocial nature, to show face validity, and
cause both somatic and affective disorders, as well as result in a
reduced GC signaling (ideally both hypocorticism and decreased
GC sensitivity), to provide predictive validity. Given that the vast
majority of somatic and affective disorders are multifactorial dis-
eases, for which the underlying etiological factors are only poorly
understood, most of the animal models fail to satisfy construct
validity. However, if insufficient GC signaling is indeed causally
involved in the development of many such diseases, animal models
resulting in either hypocorticism or a decreased GC sensitivity, or
both, could be considered primarily as models displaying construct
validity.

In the following paragraphs, we will in detail describe the
chronic subordinate colony housing (CSC) paradigm, which ful-
fills all the criteria outlined above and, thus, represents an ade-
quate and preclinically validated (face and predictive validity)
animal model to investigate the underlying mechanisms related
to chronic psychosocial stress-induced impaired GC signaling and
its involvement in somatic and affective disorders.

CHRONIC SUBORDINATE COLONY HOUSING
GENERAL DESCRIPTION AND EXPERIMENTAL DETAILS
The CSC paradigm combines chronic, psychological, and social
aspects of stress and, thus, represents a highly potent animal model
to mimic the type of health compromising stressors faced by
humans (high face validity). CSC further promotes development
of both somatic and affective disorders, results in a reduced GC
signaling (high predictive/construct validity) and, thus, provides a
powerful experimental tool to study the mechanisms underlying
several relevant stress-induced pathologies. Notably, given that the
CSC paradigm is simply based on the fact that male mice instinc-
tively establish a certain hierarchical structure within their colony,
it additionally resembles the natural way of life of a male mouse
in the wild [(129); for review see (9)]. However, before we detail
the physiological, immunological, and behavioral consequences of
the CSC paradigm unraveled to date, we will briefly introduce the
experimental details of this chronic psychosocial stress model.
During CSC (for details see Figure 1), experimental mice (CSC
mice) live in chronic subordination to a dominant resident mouse
for 19 consecutive days (130). In detail, four CSC mice are put
into the homecage of a larger male resident mouse on day 1 of
the CSC paradigm, resulting in immediate subordination of the
four intruder CSC mice. To avoid habituation, all four CSC mice
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resident ' (A)

FIGURE 1 | Schematic illustration of the experimental design of the
chronic subordinate colony housing (CSC) paradigm. After arrival, all
experimental male mice are housed singly for 1 week before they are
assigned to the single-housed control (SHC) or the CSC group in a weight
matched manner. In order to induce chronic psychosocial stress, CSC mice
are housed together with a larger dominant male for 19 consecutive days. In
detail, four experimental CSC mice are introduced into the homecage
(polycarbonate observation cage; 38 cm x 22 cm x 35cm) of resident A on

1 // I T N N AN TR NN TR TR N | T T TR T T T N time [days] »
! // Ll T T T T T T L] T T T T T | T T T T L] Ll
arrival
single 4¢s¢cd 4c¢scd 4c¢cscd
housing + + +

resident ' (B)

resident  (C)

day 1 of CSC, resulting in immediate subordination of the four intruder CSC
mice. The latter are then housed together with this dominant resident (A) for
eight consecutive days. On day 8, and again on day 15, of CSC, the four
experimental CSC mice are transferred into the homecages of resident B (day
8) and resident C (day 15) to avoid habituation. Before the CSC procedure, the
future dominant males are tested for their aggressive behavior. Males that
start to injure their opponents by excessive and harmful bites during testing
are not used.

are transferred into the homecage of a novel larger male resident
mouse on days 8 and 15.

All resident males are tested before CSC housing for their
aggressive behavior and males that injure their opponents by
excessive aggression (e.g., harmful bites) are not used. Notably,
although this procedure strongly reduces the number of bite
wounds delivered by the residents during CSC exposure, it does
not 100% prevent them. As a matter of routine, the subordi-
nate position of each CSC mouse is confirmed by behavioral
analysis of the first 30 min after setting up the CSC colonies on
days 1, 8, and 15 (131). Resident males reliably (>99% of CSC
colonies) obtain the dominant position by displaying offensive
behaviors toward the CSC mice, such as chasing, mounting, or
attacking their four cage mates (131). In contrast, CSC mice can
be considered as “subordinates” based on their defensive behav-
iors, including flight and submissive upright (131). So far, the
CSC model has reproducibly been shown to work in different
mouse strains, namely, C57BL/6 mice (130), BALB/c mice (132),
and CD1 mice (41). Moreover, CSC effects are independent from
the background of the residents, as the physiological, immuno-
logical, and behavioral consequences of the CSC paradigm are
comparable using either C57BL/6 (130) or the male offspring of
CD1 female mice [bred at the Max Planck Institute of Psychia-
try in Munich (Germany) for high anxiety-related behavior (HAB
mice)] and male C57BL/6 mice as dominant animals (133, 134).
Recent own unpublished data reveal that using male CD1 mice as
residents allows reliable reproduction of known CSC effects (see
Figure 2).

An important issue for the design of chronic psychosocial stress
paradigms is the choice of adequate same-aged controls, with sin-
gle housing [single-housed control (SHC) mice] or group housing
[group-housed control (GHC) mice] being widely used options.
For CSC experiments, we employ SHC mice based on own data
indicating that group housing per se poses a stressful condition
for male mice. Surprisingly, similar physiological and behavioral
alterations after 3 weeks of GHC or CSC were observed, leading
us to believe that the novel hierarchy formed by GHC mice is as
almost as stressful as being subordinated by a dominant resident.

For example, lower body weight gain and increased state anxiety
were found in both CSC and GHC compared with SHC mice
(135). In detail, the number and time of head dips and distance
traveled on the open arm of the EPM were reduced in both CSC
and GHC compared with SHC (135) mice; parameters related to
risk assessment, anxiety, exploratory (136), and locomotor behav-
ior (137), respectively. Given that isolation has been shown to lack
effects on stress-related immune and/or endocrine functions in
male mice by other stress laboratories (138, 139), single housing
seems to be the most appropriate non-stressful control condition
in non-sibling male mice. In line with this, Blanchard et al. [for
review see (140)] and Palanza [for review see (141)] proposed that
isolation is more stressful for female mice, while social grouping is
more stressful for male mice. In males, any kind of group housing
is likely to be accompanied by the establishment of subtle hierar-
chies with the result that in each cage dominant and more or less
subordinate cage mates can be found (135).

CSC-INDUCED CONSEQUENCES

Endocrine changes

Adrenal gland, pituitary, and acute stress reactivity. The CSC
paradigm has been shown to result in profound and reproducible
physiological changes, including a significant (41, 46, 130, 133,
142) and long-lasting (at least until day 8 after termination of
CSC) (70) enlargement of the adrenal glands. This increase in
absolute adrenal mass is mediated by cell hyperplasia (133), with-
out alterations in adrenal cholesterol delivery pathways [cortical
lipid droplets; protein expression of hormone-sensitive lipase, 3-
hydroxy-3-methylglutaryl coenzyme A reductase, and low-density
lipoprotein receptor, with the exception of the scavenger recep-
tor class B type 1 protein, which was increased following CSC
exposure (133)]. Notably, in an adrenocortical cell the CORT pre-
cursor molecule cholesterol can among others be derived from
(i) hormone-sensitive lipase-mediated hydrolyzation of choles-
teryl esters, stored in lipid droplets within the cytoplasm of
mostly zona fasciculata cells [for review see (143)], (ii) hormone-
sensitive lipase-mediated hydrolyzation of cholesteryl esters “selec-
tively” taken up from high-density lipoproteins and low-density
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FIGURE 2 | Effects of 19 days of CSC exposure on behavioral,
physiological, and immunological parameters. Dominant resident male
mice originated from the CD1 strain, CSC mice from the C57BL/6 strain.
CSC exposure resulted in increased anxiety-related behavior measured on
the elevated plus-maze [EPM; (A)] without affecting locomotor activity (data
not shown), decreased thymus weight (B), increased pituitary weight (C),
increased adrenal weight (D), reduced adrenal in vitro ACTH sensitivity (E),
unaffected basal morning plasma corticosterone [CORT; (F)], a tendency
toward increased basal morning plasma adrenocorticotropic hormone
[ACTH; (G)], increased histological damage in colonic tissue (H), and
increased number of viable mesenteric lymph node cells [mesLNC; (I)].
SHC (n=7-8); B CSC (n=7-8). Parametric data are represented as
mean + SEM. Non-parametric data are represented in box-plot diagrams.
Boxes signify the upper and lower quartiles, the median is represented as
solid line, and the mean as dashed line within each box. *P < 0.05,
**P<0.01, ***P < 0.001 versus respective SHC; *P < 0.05, #*P < 0.001
versus respective basal values.

lipoprotein via the scavenger receptor class B type 1 [(144, 145);
for review see (146—148)], (iii) lysosomal acid lipase-mediated
hydrolyzation of cholesteryl esters from low-density lipoprotein
taken up endocytotically via the low-density lipoprotein receptor
(149), and (iv) endogenous de novo synthesis from acetyl coen-
zyme A via the 3-hydroxy-3-methylglutaryl coenzyme A reductase
[for review see (150)]. Thus, given the elevated adrenal weight
following 19 days of CSC, the molecular and cellular changes
reported above in CSC versus SHC mice at the level of the adrenal
glands strongly suggest an enhanced adrenal availability and/or

mobilization capacity of the CORT precursor molecule choles-
terol and, consequently, an increased adrenal functionality in CSC
versus SHC mice. In line, analysis of plasma high-density lipopro-
tein cholesterol and low-density lipoprotein cholesterol revealed
increased levels of the latter in CSC versus SHC mice. Similarly, a
comparable or even increased relative expression of melanocortin
2 receptor protein and melanocortin 2 receptor accessory pro-
tein mRNA, as well as of steroidogenic acute regulatory protein
mRNA, side-chain cleavage enzyme mRNA, 11p-hydroxylase and
aldosterone-synthase mRNA — the latter enzymes are known to
be essential in the progress of CORT synthesis from its precur-
sor cholesterol [for review see (151, 152)] and to be controlled by
ACTH signaling [for review see (153, 154)] — support the idea of an
overall increased adrenal functionality following CSC exposure.

In confirmation of this hypothesis, mice exposed to 19 days of
CSC indeed show exaggerated plasma CORT concentrations, as
well as an increased adrenal CORT content, when killed 5 min fol-
lowing termination of a mild acute heterotypic stressor (EPF) at
the beginning of the light phase, despite the increase in plasma
ACTH concentrations not differing from EPF-exposed SHC mice
(142). Notably, when exposed to a more severe acute heterotypic
stressor, i.e., 6-min of forced swimming, CSC mice even show
an exaggerated ACTH response compared with SHC mice (155),
likely to further enhance HPA axis reactivity toward a novel and
severe enough heterotypic challenge in CSC mice. A facilitated
ACTH response to a novel heterotypic challenge is thereby in line
with other chronic stress studies [(156); for review see (157)].

In line with what we found at the adrenal level, the increased
capability of the CSC pituitary gland to produce and secret ACTH
is mediated at least partly by corticotroph cell hyperplasia (155).
Non-compromised functionality of those newly formed cells was
suggested by comparable relative pituitary pro-opiomelanocortin
protein expression between CSC and SHC mice (155). Interest-
ingly, the idea that during conditions of prolonged/chronic stress
AVP becomes the main pituitary ACTH secretagogue [for review
see (157)] is supported by unaltered relative pituitary AVP1b
receptor and decreased CRH receptor 1 protein expression in
CSC versus SHC mice (155). Taken together, these data suggest
that these newly formed corticotrophs shift their sensitivity from
CRH to AVP. Increased AVP output at the level of the PVN — as
suggested by other studies dealing with repeated/chronic stres-
sor exposure [for review see (157)] — does not appear to enhance
pituitary AVP stimulation and, thus, to contribute to the increased
ACTH drive in CSC mice, as the number of AVP positive parvo-
cellular PVN neurons is comparable between CSC and SHC mice
(155). In line, mRNA expression of AVP is even lower in the PVN
of CSC versus SHC mice (131), while CRH mRNA is not affected
(130). Furthermore, neuronal activation in the parvocellular PVN
(predominantly AVP and CRH neurons) is lower in CSC versus
SHC mice following acute heterotypic stressor exposure (open
arm; 5min) (135). Similarly, the contributing role of changes
in pituitary negative feedback inhibition to the increased ACTH
secretion in CSC mice seems to be negligible, as the dexametha-
sone suppression test indicated a fully functional feedback system
(155). Notably, the latter finding clearly indicates that a decrease
in pituitary cytoplasmic GC receptor protein expression, as seen in
CSC versus SHC mice (155), cannot generally be interpreted as an
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impairment of negative feedback function. This is of considerable
importance for the stress field in general, as in many published
studies this was common practice.

In addition to the above described data assessed on day 20 of
CSC (after 19 days of CSC), a time course analysis revealed that
relative adrenal mass was significantly increased in stressed mice
at all time-points assessed (24, 48h, days 7, 14, 20) during the
19 days of CSC exposure (130). A more recent study, confirm-
ing the increase in relative adrenal weight following 48 h of CSC,
extended these findings to demonstrate that even 10 h of CSC are
sufficient to cause such changes (134). However, in contrast to rel-
ative weight, absolute adrenal weight during this initial phase of
CSC was increased after 10 h, but not 48 h, of CSC exposure. Con-
sidering the reduction in body weight at both these time-points
(70, 132, 134), this clearly indicates that the increase in relative
adrenal weight observed following 48 h of CSC is exclusively due
to changes in body weight and not to changes at the adrenal level
per se. Given the reliable increase of absolute adrenal mass follow-
ing 19 days of CSC described earlier (41, 46, 130, 133, 142), these
data for the first time indicate that the adrenal glands of an organ-
ism exposed to chronic psychosocial stress enlarge during the very
initial phase of stressor exposure, normalize after about 48 h of
continuous challenge and, given the stressor still persists, start to
enlarge again.

Basal plasma CORT, ACTH and noradrenaline, and GC sig-
naling. Interestingly, these changes in absolute adrenal weight
during the initial phase of CSC seem to run in parallel with
the fluctuations of basal morning plasma CORT levels. Follow-
ing 10 h of CSC exposure, plasma morning CORT (132, 134, 158),
as well as absolute adrenal mass (134), are significantly increased,
whereas following 48 h both parameters return to baseline values.
Thus, it seems that reversing the early increase in adrenal mass in
CSC mice (10h) poses some kind of adaptive mechanism, con-
tributing, together with a reduction of stimulatory adrenal input
(ACTH) from the pituitary and a possibly increased CORT metab-
olism (134), to prevent the organism from prolonged exposure
to elevated plasma CORT concentrations. This is supported by
studies showing a positive correlation between plasma CORT and
adrenal weight under stress conditions in rats (159, 160). Chroni-
cally elevated CORT concentrations are known to have deleterious
health consequences [(161); for review see (162—164)] and to cause
increased anxiety- and depressive-like behavior in rats. Moreover,
as greater insights can be obtained from rodent studies, chroni-
cally high CORT levels have also been shown to affect the brain
serotonergic system (165), as well as to rapidly and dramatically
increase body weight gain, adiposity, plasma leptin, insulin, and
triglyceride levels, and also to decrease homecage locomotion
(166) when delivered via the drinking water. However, future stud-
ies are needed to clarify whether these early adaptive changes in
absolute adrenal weight during CSC exposure are mediated by
hyper-/hypotrophy or by hyperplasia/apoptosis of adrenal cells.
Interestingly, although absolute adrenal mass increases again
subsequent to the 48 h time point, plasma morning CORT con-
centrations on days 7, 14, 20 stay still comparable to those of
SHC mice (41, 46, 130, 142). This suggests a mechanism different
from the one involved during the initial phase of chronic stressor

exposure to prevent the deleterious consequences of hypercorti-
cism in the later phases of chronic stressor exposure. Given that
isolated adrenal cells (130), as well as adrenal explants (142), from
mice exposed to 19 days of CSC show a reduced in vitro CORT
release when treated with different ACTH doses, it is likely that this
is implemented via a reduced ACTH sensitivity of cortical adrenal
cells. Notably, adrenal ACTH sensitivity seems to be not only
diminished under in vitro conditions, as unaffected basal morn-
ing plasma CORT in 19-day CSC mice is paralleled by elevated
plasma ACTH in comparison with SHC mice (41, 155). Support
for this second mechanism to play a role only after prolonged stres-
sor exposure and not to contribute to the initial normalization of
plasma CORT is provided by our finding that adrenal in vitro
ACTH sensitivity of CSC mice was not different from SHC at the
10 and 48 h time point (134).

While the reduction in adrenal ACTH sensitivity in the pres-
ence of increased absolute adrenal mass and plasma ACTH seems
to ensure normal basal morning CORT concentrations, it is likely
to promote the basal evening hypocorticism detected in 19-day
CSC mice (130). SHC mice were able to show the expected (167,
168) diurnal rise in plasma GC concentrations at the begin-
ning of their active period, whereas CSC mice were not and,
thus, had lower plasma CORT concentrations than respective
SHC mice in the evening of day 20 of CSC (130). The resulting
decline in GC signaling was further amplified by a CSC-induced
reduction in GC sensitivity. The latter was described in both
lipopolysaccharide-stimulated splenocytes (130) and plate-bound
anti-CD3-stimulated T helper (Th) 2 cells from peripheral lymph
nodes (169) of 19-day CSC compared with SHC mice. Thus, given
the accumulating evidence that a reduction in GC signaling might
be involved in the development of somatic and affective disorders
linked with an inflammatory component [for review see (101,
170-172)], it is likely that adrenal changes seen during CSC expo-
sure, although preventing the negative consequences of prolonged
hypercorticism, contribute to the development of spontaneous
colitis (130, 158, 173), hepatic inflammation (174), increased
anxiety-related behavior (41, 46, 70, 130, 131, 135, 142, 173, 175),
hyperactivity (70), and the increased risk of inflammation-related
colorectal cancer (CRC) (176). In support, we previously showed
additive effects of early life stress (repeated maternal separation)
and CSC exposure on both the development of hypocorticism
and on the severity of a chemically induced colitis (46). To assess,
adrenalectomy with CORT replacement needs to be performed
to see what CSC-induced behavioral and physiological effects
remain.

Notably, as already discussed above in detail, this decreased
adrenal ACTH sensitivity is not preventing CSC mice from
showing an exaggerated CORT response to subsequent EPF
exposure, suggesting an additional, yet unknown, factor that is
enhanced in CSC mice during acute heterotypic stressor expo-
sure, unaffected by the diurnal rhythm, which rescues the atten-
uated adrenal ACTH responsiveness. For example, sympathetic
innervation of the adrenal medulla via the splanchnic nerve
is known to play a critical role in modulating adrenocortical
sensitivity to ACTH (177-179). Following activation, adrenal
medullary cells secrete neurotransmitters and neuropeptides such
as adrenaline/noradrenaline, neuropeptide Y, vasoactive intestinal
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peptide, or substance P, which may, in a paracrine manner [for
review see (180, 181)], influence adrenocortical CORT secretion.
Moreover, neuropeptides such as prolactin and oxytocin (OXT),
which are released during various types of acute stressor exposures
[(39,182); for review see (183)], act as direct CORT secretagogues
(184-186). Therefore, instead of rescuing ACTH signaling, it is also
possible that this unknown factor is a CORT secretagogue itself,
thereby simply replacing ACTH in the process of adrenal activa-
tion during heterotypic stressor exposure. However, future studies
are required to elucidate the identity of this currently unknown
determinant.

In contrast to the reduction of basal adrenal cortex function,
increased basal plasma noradrenaline concentrations following
CSC (130) indicate an over-activated adrenal medulla and, thus,
uncoupling the activity of the HPA axis and the SNS during
chronic psychosocial stressor exposure. As the concerted action
of steroid hormones and neurotransmitters of the SNS is crucial
for optimal immunosuppression, uncoupling of the HPA axis and
the SNS is likely to further promote pro-inflammatory processes
(187). Thus, future studies focusing on the role of the SNS in
CSC-induced pathology are warranted.

Summary. In summary, exposure to CSC initially (10-24h)
triggers a pronounced HPA axis response, resulting in increased
absolute adrenal mass and elevated basal morning plasma GC con-
centrations. Following 48 h of continuous CSC exposure, basal
morning GC concentrations return to basal levels again, medi-
ated most likely by a combination of decreased stimulatory input
from the pituitary, enhanced CORT metabolism, and restoration
of normal adrenal mass. Interestingly, during further stressor con-
tinuation, the recurrence of rising absolute adrenal mass is not
paralleled by increased (morning), but rather decreased (evening)
basal plasma GC concentrations, mediated at least partly via a
pronounced reduction in adrenal ACTH responsiveness.

Body weight changes

While decreased body weight gain has been reported in many stud-
ies investigating the effects of repeated/chronic stressor exposure
(67, 188—191), other studies have reported no alteration in body
weight development (192-195). In line, the effects of CSC expo-
sure on body weight development are not fully consistent, resulting
in either decreased (130, 131, 135, 169, 173, 176) or unaffected
body weight gain (41, 46, 70). Therefore, while CSC seems to reli-
ably diminish body weight gain during the initial phase of CSC
exposure (46,70, 131, 132, 134), this in some sets of mice normal-
izes over the final days of stressor exposure. Notably, CSC mice
further gained significantly more weight in the week after stressor
termination than unstressed SHC controls leading to a normal-
ization or even increased bodyweight of CSC versus SHC mice
(70). Similar findings have previously been reported following
subjection to the visible burrow system (196) and repeated social
defeat (194) and may represent a general phenomenon following
prolonged stressor exposure. This increase in body weight after
termination of chronic stress may be an adaptive mechanism for
ensuring sufficient resources in preparation for subsequent stress-
ful events. Together, these data emphasize the necessity to further
investigate the link between repeated/chronic stressor exposure

and changes in body weight and, suggest that caution should be
exhibited when interpreting a lack of reduced body weight gain as
a sign of a non-effective chronic stress paradigm.

Somatic disorders

In addition to the consequences on endocrine parameters and
body weight development, CSC represents an established model
to study the immunological consequences of chronic psychosocial
stress exposure. In agreement with other chronic social stress par-
adigms (188, 189, 197-201), CSC causes thymic involution, first
detected after 24 h (130), which is in line with the thymus atrophy
reported in rats following 24 h of resident-intruder confrontations
(189, 201).

Inflammation. Interestingly, and again in line with others (198,
202,203), CSC causes splenomegaly (41) and reduced in vitro GC
sensitivity in isolated and lipopolysaccharide-stimulated spleno-
cytes (130). Given that this is paralleled by pronounced immune
activation in the social disruption (SDR) paradigm (203-205),
it is very likely that the systemic immune status of CSC mice is
enhanced as well. GC resistance of IL-4 producing Th2 cells, a
reduced number of regulatory T cells, and an increased T cell
effector function, all detected in peripheral lymph nodes following
19 days of CSC exposure (169) support this idea. Moreover, CSC
mice show higher hepatic tumor necrosis factor alpha, monocyte
chemotactic protein 1, and heme oxygenase mRNA expression,
indicating noticeable oxidative stress and hepatic inflammation
(174),and develop a more severe colitis when subsequently treated
with dextran-sulfate sodium (DSS, 1%, 7 days) (46, 173). The latter
was indicated by increased body weight loss, inflammatory reduc-
tion of colon length, and histological damage score in CSC versus
SHC mice after 8 days of DSS treatment.

Interestingly, unlike SHC, CSC mice already on the second day
of DSS treatment demonstrate an increased cytokine secretion
from isolated and plate-bound anti-CD3-stimulated mesenteric
lymph node cells (173), suggesting chronic subordination itself to
trigger the development of a colonic inflammation. In support,
stimulated cytokine secretion from isolated mesenteric lymph
node cells is increased in non-DSS treated CSC mice 8 days fol-
lowing stressor termination (173). Finally, confirming chronic
subordination-induced spontaneous colitis, CSC mice display an
increased histological damage score in the colon — first detectable
after 14 days of CSC (130), number of colonic macrophages, den-
dritic, and Th cells (158), and cytokine secretion from in vitro
stimulated mesenteric lymph node (130) and lamina propria
mononuclear cells (158). Notably, comparable to the CSC par-
adigm, a modified version of the SDR paradigm (202-204, 206)
has recently been shown to also cause mild histological colonic
damage in male mice (195).

Based on the absent CORT increase in the plasma of CSC mice
on the second day of DSS treatment — despite increased in vitro
stimulated cytokine secretion from mesenteric lymph node cells
at this time — we recently hypothesized that CSC-induced adrenal
insufficiency contributes to the increased severity of DSS-induced
colitis [for review see (118)]. In contrast, increased cytokine secre-
tion from in vitro stimulated mesenteric lymph node cells of
SHC mice was first detected on the eighth day of DSS treatment,
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and immediately paralleled by high plasma CORT concentrations
(173). However, the adrenal hyper-reactivity toward heterotypic
stressors in CSC versus SHC mice clearly argues against a general
break down of adrenal functioning in CSC mice. Thus, it is rather
likely that cytokine levels secreted from mesenteric lymph node
cells in vivo during DSS treatment were not high enough to spill
over into the systemic circulation and, thereby, activate the HPA
axis until day 4 of DSS treatment in both CSC and SHC mice. In
turn, a more pronounced plasma CORT increase in CSC versus
SHC mice on day 8 of DSS treatment suggests elevated systemic
cytokine levels in both groups, and indicates HPA axis hyper-
reactivity in CSC mice also to occur in response to heterotypic
stressors of an inflammatory nature, given the assumption that
inflammation is severe enough to activate the HPA axis.

Support for decreased basal GC signaling — caused by basal
hypocorticism and/or GC resistance (130, 169) — to promote CSC-
induced aggravation of DSS-induced colitis is provided by the
finding that the combination of early-life stress (maternal sep-
aration, MS; 3 h/day, from postnatal day 1-14) and 19 days of
CSC during adulthood has additive effects on DSS-induced coli-
tis. In contrast to CSC mice, which are only unable to adequately
increase plasma CORT at the beginning of the dark/active phase,
mice exposed to both MS and CSC suffer from hypocorticism even
during the morning hours (46).

With respect to the mechanisms underlying the development
of CSC-induced spontaneous colitis, assessment of several func-
tional levels of the colon following the initial stress phase (10h
of CSC) revealed a pronounced, adrenal hormone-mediated,
local immune suppression in colonic tissue; probably allowing
luminal- and translocated-bacteria to proliferate without con-
straint (158). Immune suppression was indicated by a reduced
cytokine and immunoglobulin A secretion from isolated and
anti-CD3/IL-2-stimulated lamina propria mononuclear cells, a
decreased percentage of CD3% cells within all isolated lamina
propria mononuclear cells, a decreased pro-inflammatory colonic
cytokine mRNA expression, and a lower number of F4/80%
macrophages, CD11c* dendritic cells, CD3™ T cells,and CD4™ Th
cells in colonic tissue of CSC compared with SHC mice. Whether
or not this effect is mediated by cortical GC or medullary cate-
cholamines still needs further investigation. The early decrease in
colonic IgA secretion in combination with an obsolescent mucosa,
indicated by reduced epithelial cell proliferation and apoptosis,
additionally suggested the initiation of impaired epithelial barrier
functions (158). Inline, 10 h of CSC resulted in a reduced/deficient
mucus production of colonic epithelial cells. Surprisingly, and
in contrast to early CSC-induced immune suppression, our data
clearly indicated that the reduction in epithelial barrier functions
was not mediated by adrenal hormones. Given that intact local
immune and epithelial barrier functions are essential for the con-
trol of commensal flora, it was not surprising to detect an increased
bacterial load in colonic tissue and in stool samples from CSC mice
following 10h of stressor exposure. Furthermore, experiments
employing prolonged antibiotic treatment have revealed a causal
role of such bacterial translocation/proliferation during the initial
phase of CSC in the initiation/induction of colonic inflammation
(158). However, using adrenalectomized mice, we showed that the
immunosuppressive effects of high levels of adrenal hormones

during the initial CSC phase were required to develop a moder-
ate colitis into a full-blown form (158). Direct evidence showing
that the over-active immune system in the later stages of CSC,
i.e., when hypocorticism (46, 130) and GC resistance (130, 169)
have developed, targets this elevated presence of bacterial antigens
in the colonic tissue of CSC mice, leading to the observed colitis
(130, 158), still needs to be provided.

Inflammation-related colon carcinogenesis. Given that chronic
stress is an acknowledged risk factor for numerous disorders,
including IBD [(13, 14, 16, 18, 20, 21); for review see (22, 25,
26)] and cancer [(17); for review see (27)], and that CRC poses
one of the most serious complications in IBD patients [(207);
for review see (208, 209)], it is not surprising that CSC, besides
causing spontaneous colitis (130, 158), also increases the risk
for inflammation-related CRC. Combining a novel colitis-related
CRC mouse model — in which CRC is initiated with azoxymethane
and promoted by repeated cycles of DSS administration (210) —
with CSC exposure, revealed that CSC mice show accelerated
development of macroscopic suspect lesions, as well as a trend
toward an increased incidence of low- and/or high-grade colonic
dysplasia (176). Although only a small fraction of these polyps
may finally become malignant, there is evidence indicating that a
large majority of colorectal carcinomas develop from these ade-
nomatous polyps (211). Similarly, humans who develop severe
dysplasia in adenomas are considered to be at increased risk of
developing cancer (211). CSC mice further showed an increased
number of Ki-671 and a decreased number of TUNEL™ colonic
epithelial cells, indicating abnormal patterns of cell replication, as
detected in several clinical conditions associated with an increased
risk for colorectal malignancies [for review see (212)]. A reduc-
tion in epithelial cell apoptosis already following 10h of CSC
(158), thereby, indicates that this effect is fast in onset and,
hence, likely to be causally involved in CSC-induced promotion
of azoxymethane/DSS-induced CRC. The latter was further indi-
cated by increased colonic mRNA and/or protein expression of
liver receptor homolog-1, B-catenin, cyclooxygenase II, and tumor
necrosis factor alpha in CSC compared with SHC mice. Both liver
receptor homolog-1 (213) and B-catenin (214) are involved in the
control of intestinal cell renewal, and known to be involved in gas-
trointestinal tumor development (215-217). The same is true for
cyclooxygenase II, which modulates apoptosis, angiogenesis, and
tumor invasiveness [for review see (218)] and is over-expressed
in approximately 80% of CRC and 40% of colorectal adenomas
relative to normal mucosa (219). Tumor necrosis factor has been
shown to promote signaling via the B-catenin pathway, thereby
contributing to tumor development in the gastric mucosa (220).
Interestingly, a shift from protective Th cells to regulatory T
cells was recently hypothesized to mediate the increased suscep-
tibility of mice to UV-induced skin cancer following repeated
immobilization (6 h/day over 3 weeks) (12). Similarly, increased
regulatory T cell infiltration into the tumor bed, predicted reduced
survival in cancer-bearing patients [for review see (221)]. There-
fore, development of GC resistance in Th2-, but not Thl-, cell
subpopulations during 19 days of CSC (169), causing a poten-
tial down-regulation of tumor protective Thl immunity during
repeated post-CSC DSS cycles (heterotypic immune stressors; for
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details see before), might be involved in CSC-induced CRC pro-
gression. An increased number of colonic CD4" Th cells and
percentage of CD3™ mesenteric lymph node cells in CSC versus
SHC mice, but a decreased colonic interferon-y mRNA expression
coupled with an unaltered interferon-y secretion from stimu-
lated mesenteric lymph node cells support this hypothesis. An
increased colonic FoxP3 mRNA expression, as well as number
of CD3%/Foxp3* double-positive mesenteric lymph node cells,
following CSC further suggests enhanced immune regulation.
Together with the above described reduction in regulatory T cell
counts in peripheral lymph node tissue immediately following ter-
mination of CSC (169), these data either suggest tissue specificity
of CSC effects or that regulatory T cell numbers normalize and
even increase gradually following CSC, ameliorating CSC effects
on subsequent inflammatory episodes (repeated DSS treatment)
but promoting those on CRC development. Notably, body weight
development of CSC and SHC mice during second and third DSS
cycles is comparable, indicative of an equally severe colitis, whereas
three CSC but no SHC mice were dying off too severe colitis during
the first DSS cycle.

Affective disorders

Hyperactivity. Humans exposed to severe stressors are at
increased risk for developing affective disorders, including post-
traumatic stress disorder, which is characterized by pronounced
and long-lasting hyperarousal, among other symptoms [for review
see (222)]. Alink between stress and hyperactivity is also suggested
by studies revealing that prenatal stress in humans is associated
with attention deficits, hyperarousal, and hyperactivity during
childhood [(223); for review see (224)]. Poor school and social
functioning, behavioral problems, and parental conflicts, all rep-
resenting chronic psychosocial stressors, are further well-known
factors predicting persistence of childhood attention deficit hyper-
activity disorder into adolescence and adulthood (for review see
224). Moreover, bipolar disorder, which affects between 1-3% of
the population, is characterized by a cycling between depressive
episodes and periods of overactivity, termed mania. Given this
strong overactivity component, it is not surprising that the major-
ity of animal models used to study mania have focused on manip-
ulations leading to hyperactivity, e.g., psychostimulant-induced
hyperlocomotion [for review see (60,225, 226)]. In contrast, stud-
ies employing animal models of repeated/chronic stress more or
less consistently report a stress-induced reduction in locomotor
activity, both in the homecage (33, 227) and in a novel environ-
ment during behavioral testing (67, 188, 200, 228, 229). Notably,
while locomotor activity during behavioral testing (e.g., EPM)
should ideally be dissociated from the anxiety state of the ani-
mal, altered locomotion is a general confound in such tests. For
instance, reduced locomotion during EPM testing of rats follow-
ing a single cat exposure might also be interpreted as reduced
exploration due to increased levels of predator-induced anxiety-
related behavior (230). Moreover, highly-anxious rodents (rats
bred for high-anxiety-related behavior, HAB rats) show a gender-
independent decrease in the number of line crossings in the dark
compartment during LDB testing compared with their respec-
tive low anxious counterparts (rats bred for low-anxiety-related
behavior, LAB rats) (231). Given that genotype specific differences

in anxiety-related behavior between these breeding lines have been
convincingly shown in locomotion-independent (i.e., ultrasound
vocalization) anxiety tests, this indicates that reduced locomo-
tion may be one characteristic of anxious animals [for review see
(232)]. This is further indicated by the fact that locomotion in the
open field has been used not only as an index of general locomo-
tor activity or exploratory behavior but also as index of anxiety [as
referenced in (233)].

Assessment of homecage locomotion before, immediately after,
and 1week after CSC stressor exposure (70) confirmed the
expected increase in locomotor activity at the beginning of the
dark phase in both SHC and CSC mice prior to stress. While
this increase is not seen immediately following CSC exposure,
it is even more pronounced in CSC versus SHC mice 1week
later, indicating a long-lasting induction of dark phase hyperloco-
motion/hyperactivity. Thus, the CSC paradigm poses one of the
few animal models, which might help unraveling the mechanisms
underlying stress-promoted hyperactivity.

State anxiety. Chronic psychosocial stressors have also been
shown to reliably increase state anxiety in rodents (66, 67, 188,
200, 228, 229, 234) and to be a risk factor for anxiety disorders
in humans [for review see (58)]. In keeping, CSC results in a
profound and robust increase in state anxiety, which has been
confirmed in at least five independent behavioral tests. In detail,
exposure to 19 days of CSC reduces the time spent on the open
arms of an EPM (130, 131, 173), specifically their distal parts dur-
ing open arm exposure (135), as well as the time spent in the lit
compartment of a LDB (131, 175). Moreover, CSC mice enter the
central zone of an OF arena less often, explore novel objects less
intensely during a novel object test (46, 70), and spend less time in
the outer zone of a platform during EPF exposure (142). Impor-
tantly, in a recent study, we further described that CSC mice spent
less time on the open arms of an EPM 4 and 8 days after stressor
termination, indicating that the stressor-induced change in emo-
tionality is a long-lasting phenomenon (70). With regard to the
potential influence of the CSC-induced hyperlocomotion on the
interpretation of these tests, they were performed in the early light
phase, when home-cage locomotion is not affected. Moreover, no
difference in locomotion parameters, such as closed arm entries
or distance traveled, were observed between SHC and CSC mice.
Therefore, the anxiogenic effect of CSC is robust and long lasting.

Given the anxiogenic effect of CSC exposure and that individ-
uals vary in their response to chronic stressor exposure (234-237),
in a recent study, we tested whether the genetic predisposition
for high versus low anxiety-related behavior determines the vul-
nerability to CSC. Interestingly, and in line with our hypothesis,
HAB CD1 mice and CD1 mice not selected for anxiety-related
behavior (NAB) are equally vulnerable to the CSC-induced behav-
ioral, physiological, neuroendocrine, and immunological effects,
whereas CD1 mice bred for low-anxiety-related behavior (LAB)
are found to be stress resilient (41). The latter is indicated by the
fact that all stress-related parameters, including anxiety-related
behavior, are comparable between CSC and SHC mice in the LAB
group. In contrast, in both HAB and NAB genotypes, CSC results
in an increased adrenal weight, a reduced adrenal in vitro ACTH
responsiveness substantiated by a lower plasma CORT:ACTH
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ratio, and an enhanced pro-inflammatory cytokine secretion from
isolated and stimulated mesenteric lymph node cells compared
with respective SHC mice. Notably, the CSC-induced increase in
anxiety described before in C57BL/6 mice (as referenced above)
was only detectable in the NAB group, probably due to a ceiling
effect in the anxious HAB line.

Social anxiety. Social anxiety disorder with a lifetime prevalence
of 12.1% (238), is the “persistent fear of one or more situations
in which an individual is exposed to unfamiliar people or possible
scrutiny by others.” People suffering from social anxiety disorder
attempt to avoid social situations that they fear, which only lead to
a persistence of the disorder (239). CSC does not appear to result
in social anxiety, despite the profound increase in state anxiety. In
more detail, CSC mice spend a similar time investigating a novel
object (empty cage) and a social contact (cage with an unknown
conspecific) during the SPAT on day 20 of CSC, indicating if any-
thing a lack of social preference (70). Interestingly, they show less
investigation in both contexts, suggesting that anxiety of the novel
environment may be, atleast in part, involved. However, unlike fol-
lowing chronic social defeat, CSC mice do not show active social
avoidance, i.e., less time investigating the social context than the
non-social context (234, 240-242). Furthermore, when assessed
1 week after stressor termination, despite their still anxious-like
phenotype (less time investigating the empty cage), CSC mice pre-
fer to explore the novel conspecific (70). It is important to note
that these findings were obtained with non-familiar conspecifics,
and itis possible, if indeed not likely, that CSC mice exposed to one
of the residents that they faced during the CSC paradigm, would
show active social avoidance. For example, acute social defeat has
repeatedly been shown to lead to social avoidance, but only to
the aggressor [(243, 244); for review see (245)]. In agreement
with Kalueff and coworkers (246), the initial lack of social pref-
erence following CSC is likely to reflect a temporary social deficit
rather than depressive-like behavior (234, 240-242), particularly
as CSC mice do not display depression-related behavior in the
other tests (70).

Depressive-like behavior. In the literature, the majority of social
stress paradigms lead to both increased depression- and anxiety-
related behavior (67, 200, 228, 234, 240). This is perhaps not
surprising, as there is high co-morbidity between the two disor-
ders (247-250). However, in order to really dissect the mechanisms
underlying anxiety or depression, animal models are sorely war-
ranted, which specifically induce one phenotype. Importantly, the
CSC paradigm seems to represent such a model, given that it
does not lead to deficits in anhedonia (saccharine-preference) or
depressive-like behaviour in the FST or TST for at least 1 week fol-
lowing stressor-termination. The use of more than one behavioral
test is important, as, for example, GABAp receptor knockout mice
were shown to display depression-related behavior in the FST, but
not TST (251). Similarly, exposure to 10 days of social defeat did
not alter FST or TST behavior, but lead to an anhedonic pheno-
type as assessed using the SPAT (234). Therefore, together with
the SDR stress paradigm (252) and the social defeat/overcrowding
stress paradigm (70, 199), CSC represents one of the few ani-
mal models that increase levels of anxiety without simultaneously

increasing depression-related behavior. Of note, other depressive-
like symptoms, such as cognitive dysfunction (63), have not yet
been assessed following CSC.

Substance abuse disorders. Chronic psychosocial stress also rep-
resents a strong risk factor for the development of substance abuse
disorders, such as alcoholism. Moreover, since CSC exposure reli-
ably increases anxiety-related behavior (as referenced above), a
known risk factor for developing ethanol- (EtOH) dependence in
humans (253), we assessed whether CSC mice voluntarily con-
sume more EtOH. Here, we could show that 14-day CSC exposure
increases EtOH intake, as well as preference, without affecting taste
preference or total fluid intake (175). This increased consumption
is shown at all EtOH concentrations tested (2-8%), underlining
the potency of CSC as a chronic stressor. This is in line with human
studies, demonstrating a strong correlation between stressor expo-
sure and the amount of EtOH consumed. It was, for instance,
shown that individuals with increased numbers of stressful life
events consume more EtOH and exhibit more indicators of EtOH
dependence (254). In contrast, data gathered from rodent studies
are less consistent. While, for instance, 5 min of daily social defeat
over five consecutive days has the potential to increase EtOH con-
sumption in male Long—FEvans rats (255) and male C57BL/6 mice
(256), there are also studies failing to detect a link between social
stressor exposure and increased EtOH consumption [(257); for
review see (258)]. These inconsistencies led us to consider our
CSC model to be more relevant for the human situation, as it reli-
ably induces an increase in EtOH consumption for a wide range of
EtOH concentrations. At present, it is unclear whether CSC leads
to abuse of other substances, such as cocaine or nicotine, remains
to be determined in future studies.

Central mechanisms underlying the behavioral consequences
of CSC. With respect to the central mechanisms underlying
these CSC-induced behavioral consequences, we tested a possi-
ble involvement of the brain AVP, CRH, and OXT systems (130,
131, 155). These neuropeptides have all been linked with anxi-
ety and substance abuse [(259-261); for review see (262)] and,
thus, represent potential mediators of the CSC phenotype. While
the expression patterns of hypothalamic OXT mRNA, generally
known as an anxiolytic neuropeptide (38, 263-268), as well as
the anxiogenic neuropeptide CRH (100) are not altered during
CSC, the mRNA expression of the anxiogenic neuropeptide AVP
(71, 269) is even reduced in the PVN following 20 days of CSC
(131). Similarly, OXT mRNA expression in the PVN and supra
optic nucleus is not affected on day 15 of CSC exposure (270).
Immunohistochemistry further revealed unaffected numbers of
AVP expressing parvo- and magnocellular PVN neurons in SHC
and CSC mice (155), altogether making a substantial contribution
of CRH, AVP, and OXT in CSC-induced anxiogenesis and EtOH
preference, at least at the first glance, rather unlikely.

Recent findings strongly argue for a role of at least the oxytocin-
ergic system in CSC-induced anxiety. Chronic central infusion of
OXT (1 ng/h) via an osmotic minipump during 19-day CSC expo-
sure —besides thymus atrophy, adrenal hypertrophy, and decreased
adrenal in vitro ACTH sensitivity — further prevents CSC-induced
anxiogenesis (270). The fact that chronic central OXT infusion
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FIGURE 3 | Summary of the effects of chronic psychosocial stress in male
mice induced by 19 days of chronic subordinate colony housing (CSC) on
physiological, immunological, and behavioral parameters. Compared
with single-housed controls (SHC), CSC mice develop a decreased
glucocorticoid (GC) signaling, induced by a combination of hypocorticism and
GC resistance, and phenotypes characteristic of affective and somatic
disorders. Given that stressors that can lead to somatic and affective
disorders in humans are mainly chronic and psychosocial in nature, and result

in a decreased GC signaling, the CSC paradigm represents a promising animal
model to mimic stress-related pathologies in humans and to unravel the
underlying mechanisms. Abbreviations: ACTH, adrenocorticotropic hormone;
CORT, corticosterone; LPS, lipopolysaccharide; Th2, T helper 2; LN, lymph
node; EPM, elevated plus-maze; LDB, light-dark box; EPF, elevated platform;
OF, open field; SPAT, social preference/avoidance test; OA, open arm
exposure; FST, forced swim test; TST, tail suspension test; SPT, saccharine
preference test; EtOH, ethanol; DSS, dextran-sulfate sodium.

additionally prevents the CSC-induced reduction in OXT receptor
binding in the median raphe nucleus (270), a region in which OXT
signaling has been recently implicated in serotonin release and sub-
sequent anxiolytic effects (271), suggests a main role of the OXT
system in this midbrain region in CSC-induced anxiety. Moreover,
we have recent data showing that the same central OXT infusion
procedure attenuates CSC-induced EtOH preference (Peters et al.,
unpublished observations). Since the raphe is hypothesized to be
an important component of the circuitry involved in the rein-
forcing properties of drugs of abuse, including EtOH (272), and
OXT can reduce drug intake and withdrawal symptoms (273), this
region may be, at least in part, involved in CSC-induced heightened
EtOH preference.

Besides these local changes in OXT-R binding, CSC and SHC
mice show a different neuronal activity within various brain
regions implicated in anxiety — under both basal and acute novel
environment exposure conditions (135). For example, increased
basal neuronal activation in the nucleus accumbens, as seen in CSC
versus SHC, was shown in mice exposed to predator odor, which
displayed increased anxiety-related behavior in the LDB (274).
Furthermore, a decreased activation of the ventral and interme-
diate parts of the lateral septum, as seen in CSC mice following
open arm exposure (135), has been described after acute stress in
rats exposed to a learned-helplessness paradigm (275). Similarly,
increasing the activity of lateral septum neurons was found to
reduce feelings of fear and anxiety (276). Moreover, an increased
activation of the dorsomedial part of the periaqueductal grey, as
seen in open arm-exposed CSC versus SHC mice (135), has been

reported in HAB rats after acute air jet exposure (277). Although
acute stress-induced neuronal activation of the ventral hippocam-
pus, a region well known to promote certain aspects of anxiety [for
review see (278)], is not affected by CSC, given that cFOS activa-
tion in the hippocampal CA3 region is reduced in CSC versus
SHC mice following open arm exposure (135). The latter may be
explained by the well characterized effects of stress on retraction
of dendritic spines (279), which is mainly restricted to this subfield
(280). Of note, many of these changes occur in regions that form
part of the reward circuitry, but whether acute administration of
drugs of abuse (i.e., EtOH) would lead to differential activation
between SHC versus CSC mice remains to be determined.

Together, these findings indicate that although the CSC-
induced anxiety and substance abuse phenotype is pronounced,
reliable, and long lasting, the detailed mechanisms behind are still
poorly understood and await further investigation. Moreover, it
remains to be seen whether traditional antidepressants or anxiolyt-
ics can reverse the CSC-induced behavioral and/or physiological
phenotype. Furthermore, and more akin to the clinical situation,
it will be interesting to assess whether post-CSC treatment of
the mice can reverse the long-lasting behavioral and physiological
consequences of stressor exposure.

CONCLUSION

In this review, we have highlighted the fact that numerous somatic
and affective disorders, for which chronic psychosocial stress is
an accepted risk factor, are characterized by insufficient GC sig-
naling. Thus, hypocorticism and/or GC resistance are observed in
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many disorders and following chronic psychosocial stress. Con-
sequently, animal stress models, utilizing a chronic psychosocial
component, which result in a decreased GC signaling and con-
comitant somatic and affective pathologies are likely to hold more
translational relevance than other stress models. Indeed, chronic
psychosocial stress in mice induced by the CSC paradigm results
in both an anxiogenic and substance abuse phenotype, resem-
bling affective disorders, and an overall pro-inflammatory- and
cancer-prone phenotype, akin to somatic disorders. CSC further
causes basal evening hypocorticism and GC resistance, resembling
decreased GC signaling (see Figure 3).

Therefore, we are convinced that the CSC paradigm represents
an appropriate animal model for studying stress-related disor-
ders in which altered GC signaling is a core feature. Such detailed
knowledge will provide further insight into how such stress-related
HPA axis changes ultimately lead to somatic and affective dis-
orders, at both behavioral and mechanistic level. Such detailed
knowledge, in turn, will allow us to identify novel targets for the
treatment of a wide variety of somatic and affective disorders.
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The body is colonized by an enormous array of microbes that are collectively called the
microbiota. During quiescent periods, microbial communities within the gut are relatively
resistant to change. However, several factors that disrupt homeostasis can also significantly
change gut microbial community structure. One factor that has been shown to change the
composition of the gut microbiota is exposure to psychological stressors. Studies demon-
strate that the commensal microbiota are involved in stressorinduced immunomodulation,
but other biological effects are not yet known. This review discusses emerging evidence
that the microbiota can impact the brain and behavior and indicates that stressorinduced
alterations in the composition of gut microbial communities contribute to stressorinduced
behavioral changes. This review will also discuss the evidence that such effects are most
evident early in life, where both stress and the microbiota have been linked to birth
outcomes, such as prematurity, and neurodevelopment. When considered together, a par
adigm emerges in which stressorinduced alterations in commensal microbial populations
significantly impact parturition and infant neurodevelopment.

Keywords: microbiota, psychological stress, neurodevelopment, prematurity, neuroimmune, anxiety, depression

INTRODUCTION
The hypothesis that the origins of adult disease are developmental,
beginning in utero is called the “Barker hypothesis” after one of
its leading proponents and the author of a study demonstrating
increased risk of cardiovascular disease in infants born under-
weight (1). It states that adverse influences early in development,
such as poor nutrition or infection, result in permanent physio-
logical changes and in increased disease risk in adulthood. This
is an area of increasing research in many fields, including Psychi-
atry, Immunology, and Endocrinology, which are now exploring
whether development of diseases such as asthma, diabetes, and
anxiety contains a developmental, intrauterine element. Neurode-
velopment is exquisitely sensitive to perturbations in the maternal
milieu, including diet, infection, and stress, with potentially long-
lasting behavioral consequences. Disorders such as schizophrenia,
anxiety, depression, and autism have been found to be associ-
ated with in utero and early neonatal exposure to these stimuli
(2). Infants exposed to antenatal stress demonstrate increased
risk of developing a host of childhood and adult diseases. While
alterations in the hypothalamic—pituitary—adrenal (HPA) axis and
immune function have been the target of investigation as under-
lying mechanisms conferring increased risk, the microbiome is
an emerging candidate as a potential mediator of stress-induced
pathogenesis (Figure 1).

Every surface of the body naturally harbors unique microbial
communities comprised of archea, protists, viruses, and bacteria.

To date, bacteria residing on mucosal surfaces, including the oral
cavity, reproductive tract, and gastrointestinal tract, are the best
characterized. These bacteria form highly ordered microbial com-
munities as a result of ecological successions that select microbes
that are best adapted for their given niche. Although these micro-
bial communities are relatively resistant to change, it is recognized
that factors such as alterations in diet and the administration
of antibiotics can result in modifications in microbial commu-
nity structure. Studies from this laboratory, as well as others,
have demonstrated that psychosocial stressors can also impact
microbial community structure in the gut. This review will briefly
describe studies that have linked stressor-induced alterations in gut
microbial community structure to alterations in immune system
activity and behavioral responses. The potential impact of these
interactions on pregnancy outcome and on infant development
will also be discussed.

NEUROENDOCRINE-BACTERIAL INTERACTIONS

The field of psychoneuroimmunology has amply demonstrated
that the physiological response to different types of stressor signif-
icantly impacts immune system reactivity to antigenic challenge
[reviewed in Ref. (3)]. Primary mediators of the stress response,
including endogenous glucocorticoids such as cortisol in humans
and corticosterone in rodents, can affect immune system reac-
tivity by suppressing the expression and activity of key tran-
scription factors, such as NF-kB (4). Likewise, stressor-induced
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FIGURE 1 | Bidirectional interactions exist between the central
nervous system and the gut microbiota. During exposure to stressful
stimuli, the physiological stress response can lead to alterations in
gastrointestinal functioning, such as alterations to gastrointestinal motility
and the secretion of factors like gastric acid and bile. The physiological
stress response is also known to impact immune system activity. Both
alterations to gastrointestinal functioning and immune system activity can
significantly change the composition of the gut microbiota. These
alterations to the microbiota can feedback and impact gastrointestinal
functioning, immune system activity, as well as the physiological stress
response and stressorinduced behavioral states.

Stressor-Induced
Immunomodulation
-Cytokines
-Macrophages

activation of the sympathetic nervous system, resulting in the
release of endogenous catecholamine hormones (namely epi-
nephrine from the adrenal medulla, and norepinephrine from
adrenergic nerve terminals), can significantly increase or decrease
immune cell activity depending on the leukocyte subset and the
adrenergic receptor that is bound. As details of the importance
of neuroendocrine mediators for leukocyte reactivity emerged
(5), findings demonstrating that bacterial pathogens themselves
also respond to neuroendocrine hormones began to emerge
(6-12).

The growth of many types of bacteria, including both infec-
tious and commensal organisms can be significantly impacted by
neuroendocrine hormones. For example, the growth of commen-
sal and of pathogenic E. coli can be increased over 10,000-fold
by simply adding norepinephrine to a serum-based microbial
medium (8, 10, 12—14). It is now recognized that a wide variety
of neuroendocrine hormones can impact a vast array of bacte-
ria in culture [reviewed in Ref. (10, 13)], however, demonstrating
that direct neuroendocrine—bacterial interactions occur in vivo has
been more challenging.

One of the first studies assessing the effects of neuroendocrine
hormones on bacterial growth involved increasing norepinephrine

levels in vivo using 6-hydroxydopamine, which lyses sympathetic
nerve terminals. This resulted in an approximately 10,000-fold
increase in commensal E. coli levels in the cecum of mice (11).
The effects of norepinephrine on bacterial growth was also evi-
dent in an ileal loop model, where growing Salmonella enterica
with norepinephrine prior to inoculation into the ileal loop sig-
nificantly increased pathogen growth and associated disease (15).
Findings that neuroendocrine mediators associated with the stress
response could significantly impact bacterial growth led us to test
whether stressor exposure could significantly change the levels of
bacteria cultured from the intestines.

STRESSOR EXPOSURE AND THE COMMENSAL MICROBIOTA

Tannock and Savage demonstrated almost 40 years ago that mov-
ing mice into a cage lacking bedding, food, and water reduced the
number of lactobacilli that could be cultured from the gastroin-
testinal tract (16). While this suggested that the stress response
associated with new housing led to the differences, it was diffi-
cult to interpret these data due to the food and water deprivation.
Thus, infant rhesus monkeys, with ad libitum access to food and
water were exposed to a maternal separation stressor and the num-
ber of lactobacilli that could be cultured from the intestines was
assessed. Exposure to the stressor significantly reduced lactobacilli
levels, and the magnitude of the reduction was associated with
stress-indicative behaviors. In general, monkeys which showed the
greatest behavioral signs of distress also had the lowest levels of
lactobacilli (17).

Stressor-induced reductions in lactobacilli have also been iden-
tified in humans during the stress of school examinations (18) and
in murine studies utilizing prolonged restraint (19) or a short-
lasting social stressor (19). The biological importance of stressor-
induced alterations of the microbiota is not well understood. How-
ever, studies demonstrate that some aspects of stressor-induced
increases in immune system reactivity are dependent upon the
microbiota. For example, exposure to a social stressor, known
as social disruption (SDR), significantly increases IL-6 levels in
the blood and increases the reactivity of splenic macrophages to
microbial stimulation. These effects, however, did not appear in
germ-free (GF) mice or mice treated with antibiotics to reduce
the microbiota (20). Similarly, exposing rats to repeat tail shock
significantly increases cytokine levels in the blood; treatment with
antibiotics to reduce the microbiota attenuated stressor-induced
increases, but only for cytokines whose activation is dependent
upon the inflammasome (21, 22). When considered together,
these studies demonstrate the importance of the microbiota for
stressor-induced immunopotentiation, and suggest that microbial
products act as a danger signal to prime the immune system for
enhanced reactivity (23).

STRESS, THE MICROBIOME, AND PRETERM BIRTH

While it is becoming increasing evident that stressor-induced alter-
ations in the microbiota of adult animals can significantly impact
host physiology, these effects are transient and return to baseline
after termination of the stressor. However, the microbiota have
exaggerated and prolonged effects when perturbed during gesta-
tion or early in infancy. Interest in the connection between stress
and the human microbiome, and its impact specifically on female
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FIGURE 2 | Maternal stress can impact infant neurodevelopment
through both microbiota-dependent and -independent pathways. The
maternal physiological stress response can directly impact fetal
development and may be involved with epigenetic changes in the offspring.
In addition, the maternal physiological stress response may impact the
commensal microbiota. Infants may become colonized with altered
maternal microbes either in utero, through bacterial invasion of the amniotic
cavity, or during/after birth when maternal microbes are passed to the
infant. Either alterations in infant physiology (including epigenetic
modifications) or colonization with dysbiotic microbial communities may
lead to deficiencies in infant neurodevelopment.

reproduction and the developing fetus is evolving, but still in a
nascent stage (Figure 2).

Preterm birth (PTB) is the first critical juncture to look at in the
reproductive cycle when trying to discern the effects of stress and
the microbiome on women, as stress is a well-known risk factor
that affects the pillars of PTB: immune response/inflammation,
and the HPA axis (24). There is considerable debate about stress,
inflammation, cortisol, and PTB, and exact mechanisms are ripe
for evaluation. Microbial invasion of the amniotic cavity and the
associated host inflammatory response is a leading etiology of PTB
(25-28). The mechanisms by which micro-organisms gain access
to the decidua and amniotic cavity are not completely known, but
are thought to involve invasion from microbes locally (e.g., lower
gut or genital tract) or hematogenously (25). The ability of gen-
ital pathogens to invade the amnion and induce PTB has been
well studied. However, the source of hematogenous microbes and
their ability to invade the amniotic cavity remains unclear. Oral
microbes have been proposed as a key source of microbes passed
to the amniotic cavity via hematogenous transmission (29). This
is based on recent evidence that the placenta harbors a commen-
sal microbiome with a community structure that is more closely
reflective of oral microbial communities than microbial commu-
nities found elsewhere in the body (30). In addition, periodontal
diseases are often, but not always (31), related to increased risk of
PTB (32). Itis thought that during some cases of periodontal infec-
tion, oral pathogens, such as Fusobacterium nucleatum translocate
from the oral cavity into circulation where they eventually reach
and invade the pregnant uterus (32). Given the strong association
between stress and PTB, as well as oral microbiota and PTB, it is

important to consider the possibility that oral microbes play a crit-
ical role in linking the stress response to PTB. While it is known that
stressor exposure can change the composition of the gut micro-
biota, and the ability of microbes to translocate from the lumen of
the intestines to the interior of the body (19, 33-35), to date, it is
not known whether stressor exposure also impacts the composi-
tion of the oral microbiota, or their ability to translocate to other
organs. Moreover, the relationship between the various commen-
sal microbial communities and the intrauterine environment is
not well understood in part due to the lack of studies involving
laboratory animal models, and this is certainly an important area
of future studies.

STRESS, THE MICROBIOME, AND PARTURITION

With information suggesting that early-life exposures can be
formative for neurodevelopmental, allergic, and immunological
response later in life, attention can be turned to parturition for
potential influencing factors specifically with the microbiome. Two
studies suggest that the neonatal fecal microbiome is altered due to
cesarean section at day 1 of life, and continues up to 6 weeks of age
(36, 37). Meta-analysis suggests that a 20% increase in asthma rates
exists among babies born with cesarean section, although substan-
tial heterogeneity exists in the data (38). Breastfed babies have a dif-
ferent, more “beneficial” gut microbiota (39, 40), obtain different
prebiotic human milk oligosaccharides (41), and acquire mater-
nal intestinal bacteria from breast milk (42). In addition to having
different routes of delivery, it is interesting to note that babies
born via cesarean section are also born to mothers with higher
levels of stress. Cesarean section, especially unplanned cesarean
section, is perceived as severely stressful (43, 44) and can lead to
significant increases in glucorticoid and catecholamine neuroen-
docrine hormones (45, 46). Thus, while the mode of delivery is
undoubtedly important, delivery via cesarean section may have
additional effects on the baby due to the high physiological stress
response in the mother. For example, cesarean section is associated
with a different human milk microbiome, potentially as a result
of the stress of cesarean section. While never described before for
stress, it is recognized that overall health of the mother can impact
the milk microbiome; obese women’s breast milk microbiome has
been shown to be less diverse than healthy weight controls (47).
Thus, it is likely that stress and hormonal alterations impact breast
milk microbiome composition. Interestingly, early changes in the
human gut microbiome with perinatal antibiotics were found to
have an association with increased disease risks early in life (48).

NEONATAL MICROBIOME AND NEURODEVELOPMENT

There is accumulating evidence that the microbiome can influ-
ence behavior [Reviewed in Ref. (49)], supporting the concept of
a microbiome—gut-brain axis. While specific mechanisms under-
lying this influence remain unknown, the presence of the micro-
biome in the placenta and amnion suggest proximity and capacity
to influence the developing fetus. Studies examining the impact of
microbiome on the developing central nervous system (CNS) have
utilized GF mice that have decreased anxiety, as well as increased
motor activity compared to conventional mice. These behavioral
changes were accompanied by increased turnover of dopamine,
norepinephrine, and serotonin in the striatum, though not, it
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should be noted, in the hippocampus or frontal cortex. Levels
of brain-derived neurotrophic factor (BDNF), a protein with a
significant role in neurodevelopment, and the development of
depression and anxiety, were found to be reduced in the hip-
pocampus and amygdala. These are brain regions implicated in
the pathogenesis of anxiety, suggesting a mechanistic substrate for
the behavioral changes (50). Because BDNF has a significant role
in neurodevelopment, these findings have tantalizing implications
regarding the influence of stress, alterations in the microbiome,
neonatal colonization, and neurodevelopmental disorders.

Not all aspects of neurodevelopment are influenced by the
microbiota, and some components of microbial influences on
neurodevelopment are gender-specific. For example, GF mice
have also demonstrated significant deficits in social behavior (51),
some of which, specifically social avoidance, were reversed with
re-colonization post-weaning. However, social cognition did not
improve with re-colonization, suggesting that social cognition is
as amenable to microbial-based interventions.

The effects that the microbiota have on the developing CNS
appear to be gender-dependent. GF male mice have increased lev-
els of serotonin and its metabolites in their hippocampus, and
these did not normalize with introduction of a regular micro-
biome following weaning. Immunological and neuroendocrine
effects were also found, with GF mice demonstrating a blunted
immune response, based on TNF-a production, with a larger effect
in female mice. GF animals also had a stronger corticosterone
response in relation to stress, with female mice showing a smaller
response. Male GF mice showed decreased expression of BDNF;
however, female mice did not (52).

When considered together, data from laboratory animals indi-
cate that maternal microbes that are passed to the infant are
necessary for normal neurodevelopment. Disrupting these micro-
bial communities, or their passage to the infant, can in turn impact
neurodevelopment. Moreover, there are significant sex differences
in the impact of microbial colonization on neurodevelopment.
While it is not yet clear how this occurs, sex difference mech-
anisms in mice may be due to estrous cycle hormones and the
CNS serotonergic system, as the estrogen receptor (ER beta) has
a role in the hippocampal serotonin concentration. It is unclear
whether the estrogen and estrogen receptor have a larger impact,
or whether the microbiome has a larger impact on serotonin, and
further studies are needed.

NEONATAL MICROBIOME AND HEALTH OUTCOMES

Animal studies support the idea that alterations in neonatal life
and gut microbiome can have substantial impact on long-lasting
health. Rat offspring deprived of their mother showed increased
permeability of the colonic mucosa and a 10- to 100-fold increase
in bacterial adherence to colonic tissue and spleen translocation.
Of note, these changes were prevented by injecting rat pups with
a corticotropin-releasing hormone receptor antagonist daily dur-
ing maternal separation, suggesting that the HPA axis mediated
this effect (53). Further evidence of maternal influence on the
offspring is provided by the finding that, in rats, maternal diet
influenced offspring gut architecture (54) and high-fat diet in rat
mothers led to decreases in maltase and sucrase in offspring, while
E. coli introduced to rat mothers in pregnancy and lactation led

to increased offspring intestinal permeability, systemic inflamma-
tion, and obesity for this next generation (55). Furthermore, E coli
introduced in rat mothers led to changes in offspring weight and
gut microbiota (56). Maternal administration of antibiotics in the
prenatal period was associated with increased gut permeability and
systemic inflammation (54) as well as increased visceral sensitivity
(57). In rodents, maternal separation, a highly validated model of
early-life stress, also lead to an increase in visceral sensitivity, with
concomitant alterations in stress response and microbial com-
munity structure (58). A swine model for perinatal disturbance
was adopted with oral antibiotics to sows. Short- and long-term
changes were seen in paracellular permeability (59). Together,
these studies suggest that altering either the maternal or perinatal
flora has long-lasting implications on the gut of the offspring, as
well as immunological repercussions. Mechanisms for this change
are still being evaluated, but one potential route is that perinatal
changes in bacterial colonization alter gastrointestinal heat shock
protein expression with permanent implications on health (60).

HOW THE MICROBIOME MAY IMPACT
NEURODEVELOPMENT AND FUTURE DIRECTIONS

While clear lines of evidence exist supporting an effect of stress
on the microbiome, as well as the ability of stress to modulate
neurodevelopment and behavioral changes, a delineated mech-
anism of action by the microbiome upon the CNS is an area
of intense scrutiny and investigation (61-63). To date, the HPA
axis and alterations in the immune response have accumulated
the strongest evidence of associations with alterations in the
microbiome.

The immune system, in addition to being directly influenced
by stress, is a direct target of both microbiota and probiotic agents,
and also has bidirectional communication with the CNS, making
it an appealing candidate. The microbiome, through the innate
immune system, alters levels of both pro- and anti-inflammatory
cytokines, which are capable of directly impacting CNS function
(64, 65). Stress also has a clear impact on the HPA axis, which
is capable of regulating the inflammatory cascade, and growth
of microbiota, as discussed above. However, directly tethering this
phenomenon to the developing CNS is a more arduous task. While
studies reviewed above demonstrate alterations in important play-
ers in CNS development, such as BDNF, with alterations (or lack
of) microbiota, many steps in this process remain elusive.

Another potential mediator of the effect of stress on neurode-
velopment, via the microbiome, is epigenetic regulation (66). This
refers to heritable changes in gene expression not due to changes
in DNA sequence, and epigenetic modification is a process known
to be especially sensitive to early-life experiences. Thus, in utero
and early-life alterations in microbiome could potentially uti-
lize epigenetic processes to exert long-term behavioral changes,
such as those described following psychosocial stressors. Indeed,
a growing body of literature supports a major role of epigenetic
modification in the neurobiology of psychiatric disorders (67).
How might the microbiome influence epigenetics? Microbiotas
are involved in the breakdown of nutrients, and in that process
create metabolites with neuroactive properties, including amino
acids and monoamines (68). Moreover, they are a key source of
butyrate, which is a histone deacetylase (HDAC) inhibitor, a key
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step in transcriptional regulation. However, whether these sub-
stances are able to make a substantial impact on CNS function
itself, and how they would access the CNS from the periphery, is
open to debate and requires further examination.

As a whole, the ability of the microbiome to impact the devel-

oping CNS, and participate in the effect of psychosocial stress is an
exciting concept, because it is susceptible to targeting with pre-and
probiotics, which has vast implications for both neurodevelop-
ment and other health outcomes. While much work remains to be
done to elucidate mechanisms, this daunting task is imperative to
complete.
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Visceral pain is a global term used to describe pain originating from the internal organs,
which is distinct from somatic pain. It is a hallmark of functional gastrointestinal disorders
such as irritable-bowel syndrome (IBS). Currently, the treatment strategies targeting vis-
ceral pain are unsatisfactory, with development of novel therapeutics hindered by a lack
of detailed knowledge of the underlying mechanisms. Stress has long been implicated
in the pathophysiology of visceral pain in both preclinical and clinical studies. Here, we
discuss the complex etiology of visceral pain reviewing our current understanding in the
context of the role of stress, gender, gut microbiota alterations, and immune functioning.
Furthermore, we review the role of glutamate, GABA, and epigenetic mechanisms as pos-
sible therapeutic strategies for the treatment of visceral pain for which there is an unmet
medical need. Moreover, we discuss the most widely described rodent models used to
model visceral pain in the preclinical setting. The theory behind, and application of, animal
models is key for both the understanding of underlying mechanisms and design of future
therapeutic interventions. Taken together, it is apparent that stress-induced visceral pain
and its psychiatric comorbidities, as typified by IBS, has a multifaceted etiology. Moreover,
treatment strategies still lag far behind when compared to other pain modalities. The devel-
opment of novel, effective, and specific therapeutics for the treatment of visceral pain has
never been more pertinent.

Keywords: visceral pain, stress, psychological, animal models, irritable-bowel syndrome, colorectal distension,

microbiota-gut-brain axis

INTRODUCTION

Visceral pain is a severe form of pain that can be debilitating for the
patient. Moreover, it affects a significant proportion of the pop-
ulation with up to 25% of people reporting visceral pain at any
one time. Development of novel therapeutics is hindered by a lack
of detailed knowledge of the underlying mechanisms, however
progress is being made in this regard. The use of animal models
has proved crucial in the advancement of our knowledge of what
really is going on in visceral pain. This review aims to highlight the
current state of play in the context of both preclinical and clinical
research in the area of visceral pain. This review covers a broad
range of research and as such in-depth details of studies is not
included but is cited appropriately throughout. This review will
summarize what is already known in the field and elude to future
avenues yet to be explored in visceral pain research.

VISCERAL PAIN

Visceral pain is by definition, pain sensed as arising from the inter-
nal organs of the body (1). The pain may be described as sickening,
deep, squeezing, and dull. Moreover, some organs are more sensi-
tive to visceral pain than others (2). Diseases or disorders effecting
certain organs such as the liver, lungs, or kidneys are commonly
not associated with any overt symptoms of pain per se but mainly
symptoms that are due to altered functioning of the organ itself.

Conversely, other organs are far more sensitive to damage and can
elicit excruciating pain. These organs include the stomach, bladder,
and ureters (2, 3).

There are multiple etiologies for pain sensed in the internal
organs, including: inflammation (acute and chronic), disruption
of normal mechanical processes, neoplasms (benign or malig-
nant), alterations in neurotransmission from the viscera, and
ischemia (4-8).

Interestingly, visceral pain is intriguing in that pain is com-
monly felt in sites distant from the location of the organ itself.
This referred pain, as it is known, is a key feature of visceral pain
and is used by many clinicians in the diagnosis of certain diseases
(1, 3). The pattern of pain sensation in referred pain can be similar
across multiple organs and disease types, i.e., disorders of the gut,
bladder, and other viscera are sensed as global abdominal pain,
pelvic pain, or back pain, with specific localization very difficult to
identify (3, 9, 10).

Visceral pain is the most common form of pain reported in
the clinic and is the most common form of pain produced by
disease (1). Although visceral pain is experienced by 25% of the
population at any one time (11), in many cases it is insufficiently
treated as it still remains to be considered as just a symptom of
an underlying disease and not a disease in its own right. Over the
last decades, the unsatisfactory treatment of visceral pain has led
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to an immense economic and personal cost, with patients experi-
encing a reduced quality of life and increased work absenteeism
with escalating healthcare costs (12, 13). However, more recent
literature suggests that novel pharmaco-therapeutic targets such
as linaclotide (14) and p-opioid receptor agonists and antag-
onists, selective k-opioid receptor agonists, anti-inflammatory
drugs, serotonergic agents, bile acid modulators, and intestinal
bile acid transporters are performing well in clinical trials (15).
To build momentum on these advances in clinical treatments,
we must strive to enhance our understanding of the underly-
ing mechanisms of visceral pain to aid future development of
novel therapeutics. To fully appreciate the complexity of visceral
pain processing, we must first understand the characteristics and
neurobiology of this pain modality.

CHARACTERISTICS OF VISCERAL PAIN

As mentioned earlier, visceral pain perception and psychological
processing is divergent to that of somatic pain (1). Importantly,
there are clear distinctions which set visceral pain aside from all
other pain modalities. These clinical features are crucial for the
understanding of this complex physiological process. The charac-
teristics of visceral pain were first outlined by Cervero and Laird (1)
and have advanced our appreciation of this complex phenomenon.
These characteristics are summarized in Table 1.

TYPES OF VISCERAL PAIN
Visceral pain is the pain associated with a wide variety of disorders
including gallstones, acute pancreatitis, acute appendicitis, diverti-
culitis, painful functional bowel syndromes such as irritable-bowel
syndrome (IBS) and functional dyspepsia (FD), inflammatory
bowel disease (IBD), gastroesophageal reflux disease (GERD),
interstitial cystitis/bladder pain syndrome (IC/BPS), male chronic
pelvic pain syndrome, and gynecological pain [endometriosis,
vulvodynia, menstrual pain, polycystic ovary syndrome (PCOS)]
(16—20). Moreover, and less commonly known is that visceral pain
also encompasses chronic chest pain and colic (21, 22).
Appreciating this wide array of disorders has allowed us to
understand the complex nature of the pathophysiology of vis-
ceral pain but have also induced considerable hurdles when aim-
ing to fully understand the distinct subset of molecular mech-
anisms which underpin this phenomenon. For the remainder
of this review, we will specifically discuss gastrointestinal (GI)
visceral pain.

NEUROANATOMY OF VISCERAL PAIN

Knowing that the clinical characteristics of visceral pain are dis-
tinct from that of somatic pain, it implies that the neurobiology
must also be distinct between these modalities. Indeed this appears
to be the case with numerous groups reporting both anatomical
and physiological differences (23-26).

Pathways for visceral sensation are diffusely organized both
peripherally and centrally. Communication of sensory informa-
tion from the GI tract to the central nervous system (CNS) occurs
via vagal, pelvic, and splanchnic nerve pathways (27-29). Vagal
afferents innervate the GI tract from the esophagus to the trans-
verse colon (8). Pelvic nerves innervate the remaining parts of
the colon and rectum (8). A smaller group of afferents called the

Table 1 | Characteristics of visceral pain [adapted from Cervero and
Laird (1)].

Characteristics of visceral pain

1. Not all viscera have sensory innervation

2. It is not linked to visceral injury

3. Itis referred to other locations

4. It is diffuse and poorly localized

5. It is accompanied by motor and autonomic reflexes

T
h
o
r
Stomach Upper GI a
‘ G c
P i
Jgrt c
e i i
a'vr’ - u
Small intestine_§ Mid GI oy
3 : Piad O . N 5
Large intestine
a
¥
B N— s
Lower GI a
S
r
a
|

FIGURE 1 | Spinal innervation of the gastrointestinal tract. The upper Gl
tract (including esophagus and stomach) is innervated with thoracic and
lumbar afferents. The mid Gl tract composed of the small intestine is
innervated by both thoracic and lumbar afferents. The mid to lower Gl tract
including the large intestine is innervated by lower lumbar afferents and
upper sacral afferents. The pelvic region is innervated by sacral afferents.

splanchnic afferents whose cell bodies arise from the thoracolum-
bar region of the spinal cord innervate the whole GI tract (27),
Figure 1.

More specifically, primary afferent nerve fibers innervating the
viscera, project into the CNS via three pathways: (1) the vagus
nerve and its branches; (2) sympathetic pathways; and (3) the
pelvic nerve (parasympathetic pathways) and its branches (26).
Primary afferents signaling to the CNS reside primarily in the
vagal nodose ganglion, which project to the nucleus tractus soli-
tarius (NTS) located within the medulla of the brainstem (8), and
in the T2-L2 and S1-5 dorsal root ganglia (30).

Visceral primary afferents have been demonstrated to enter the
spinal cord and form synapses with dorsal horn neurons ipsilateral
and contralateral to the site of entry. The result is extensive, diffuse
CNS activation (31, 32). These axons form the postsynaptic dor-
sal column pathway. Interestingly, the dorsal column in itself has
been shown to relay visceral nociceptive information and is now
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thought of as a visceral pain pathway in its own right. Numer-
ous clinical studies have shown that lesioning the fibers of the
dorsal columns significantly relieves pain and decreases analgesic
requirements in patients suffering from cancer originating in the
visceral organs (33, 34).

Visceral afferents terminate in laminae I, I gyter), V-VII and X
in the spinal cord. Laminae I and V form part of the spinothala-
mic tract, laminae VII and X constitute part of the dorsal column
pathway (35, 36).

Second-order processing of visceral stimuli occurs at spinal
segments and brainstem sites receiving primary afferent input.
Figure 2 depicts the principal visceral afferent pathways project-
ing to the spinal cord, and then ascending to the thalamus and
midbrain. These are the spinothalamic, spinoreticular, and spin-
omesencephalic tracts (37, 38). The spinothalamic tract transmits
sensory information from the spinal cord to the reticular forma-
tion in the brainstem and terminates in the thalamus (medial
and posterior) at which point the thalamocortical fibers project
to the primary somatosensory cortex (38). This tract is responsi-
ble for sensory discrimination and localization of painful stimuli
and thus the reflexive, affective, and motivational properties of
noxious stimulation (38, 39).

The brain regions innervated by these pathways, more com-
monly known as the pain matrix, which are activated in response to

colorectal stimulation include the prefrontal cortex (dorsolateral),
the insula, the thalamus, the amygdala, and the anterior cingu-
late cortex (ACC) (38). The ACC is a critical component in the
pain matrix and is functionally divided into two discrete regions,
the perigenual ACC and the midcingulate cortex (MCC), with the
former involved in affect and the latter in behavioral response
modification (38, 40). Moreover, the amygdala, in particular, the
central nucleus of the amygdala (CeA), is a critical region in the
limbic system and the pain matrix. The CeA integrates many
signals for the processing of painful stimuli. It receives input
from the brainstem, as well as more complex information from
the thalamus and the cerebral cortex. Moreover, it has also been
shown to have direct synaptic interactions with locus coeruleus
(LC) neurons (41), highlighting a clear role of stress pathways
in the development of visceral pain. Furthermore, the amygdala
is also known to receive afferents from the spinal cord through
the spino-(trigemino-)parabrachio-amygdaloid pathway (42). It
is also involved in the descending pain pathway and is involved in
the emotional, affective, and cognitive functions of pain process-
ing. Numerous preclinical studies have shown the important role
of the amygdala in pain processing (43-52).

This multicomponent integration of nociceptive information
explains the variability in the experience and reporting of vis-
ceral pain (37, 53) and thus the difficulty in development of

Descending visceral pathway

Ascending visceral pathway

oy,

AN,

Colon

Ag;::r-u—

FIGURE 2 | Ascending and descending pathways mediating visceral pain
sensation. The ascending pathway for visceral pain perception from the
periphery through the dorsal root ganglia via the dorsal reticular nucleus to
the primary somatosensory cortex, insula, pregenual anterior cingulate cortex

Primary somatosensory cortex

Colon

(pACC), and the midcingulate cortex (MCC). The descending pathway is
mediated via signals from the ACC, thalamus, and amygdala to the
periaqueductal gray (PAG), locus coeruleus, and raphe nucleus, returning via
the rostral ventral medulla to the colon.
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effective pharmacological treatments. Interestingly, diffuse nox-
ious inhibitory controls (DNIC) are a phenomenon more com-
monly referred to as “pain inhibiting pain” whereby a painful
stimulus is applied to a part of the body, distant from the actual
site of pain, thus inhibiting neurones within the dorsal horn of the
spinal cord that are actively responding to chronic (unexplained)
pain as seen in visceral hypersensitivity (54). DNIC is frequently
used to quantify the central pain sensitization in chronic pain
patients such as in the case of IBS (55-58). IBS patients consistently
show a deficit in DNIC which correlates with symptom severity.
These findings elude to the hypothesis that chronic pain patients
are not only hyper-sensitive to pain but they also demonstrate
reduced DNIC, possibly because of dysfunction of endogenous
pain inhibition systems (55).

BIOCHEMICAL MEDIATORS OF VISCERAL PAIN

Neurotransmitters, cytokines, and other mediators such as pep-
tides and neuropeptides are thought to mediate visceral nocicep-
tive signals from the periphery to the central pathways. Indeed,
mediators released during peripheral inflammation and injury,
are thought to influence spinal nociceptors resulting in increased
nociceptive activity and central sensitization (27). For example, the
inflammation and irritation associated with bladder infections is
believed to cause the release of glutamate that sensitizes visceral
primary afferents (59). Moreover, glutamatergic signaling in par-
ticular, metabotropic glutamate (mGlu) receptors and glutamate
reuptake are fast becoming attractive areas of research in the con-
text of visceral pain (60, 61). However, there are a whole host of
other mediators and receptors that are involved in visceral pain
processing including; neurotransmitter receptors [acetylcholine
nicotinic receptors (62), cannabinoid receptors (63), opioid recep-
tors (64, 65), GABAa, GABAg, and GABA( receptors (66, 67),
glutamate (ionotropic) receptors (68), glutamate (metabotropic)
receptors (69, 70), glucocorticoid receptors (47, 71)], inflam-
matory receptors (bradykinin receptors, cholecystokinin recep-
tors, cytokine receptors, leukotriene receptors, prostanoid recep-
tors, tachykinin receptors, nitric oxide signaling, cyclooxygenase,
lipoxygenase) (72, 73) and ion channel receptors [transient recep-
tor potential vanilloid (TRPV) (74), purinergic (P2X) receptors
(75), voltage-gated calcium channels (Cay), voltage-gated potas-
sium (Ky) channels, voltage-gated sodium (Nay) channels] (76).
Due to the vast array of mediators and pathways, a clear patho-
physiology of visceral pain remains to be elucidated thus hindering
drug development.

TREATMENT OF VISCERAL PAIN

Although most visceral pain disorders are not life-threatening
(non-cancer pain), they have a considerable negative impact on the
quality of lives of patients with increased psychological distress,
increased work absenteeism and both sleep and sexual dysfunc-
tion (77, 78). There are currently no pharmacological treatments
on the market specifically for visceral pain. This leads to persis-
tent bouts of discomfort and possible debilitation for the patient
but also results in recurring visits to clinicians, associated with a
significant economic burden on both the patient and healthcare
services (12). Many patients are treated with multiple drug combi-
nations to no avail. This void of effective analgesics in the context

of visceral pain is frustrating for all parties involved. The drive to
develop new analgesics has started right back to the basic mol-
ecular mechanisms of which very little is known (60, 79). Basic
science and animal models have proved crucial in this effort for
future developments of novel visceral analgesics.

In the clinical setting, treatment of visceral pain is extremely
difficult. This is due to its complex nature, in that individuals
can have many different triggering factors of their visceral pain
and with no known cause, effective treatment strategies are dif-
ficult to identify. Treatment can differ from patient to patient
and indeed treatment of the same patient over time may also
change. As a result of this, a wide variety of pharmacological
tools are used including a variety of analgesics [opioids (80),
non-steroidal anti-inflammatory drugs (NSAIDS) (81), benzodi-
azepines (82)] and others (antibiotics, laxatives, serotonin mod-
ulators) (83, 84). Moreover, patients may also be treated with
antispasmodics, particularly in the case of GI visceral pain and
anti-depressants as well as others (84). Due to this heteroge-
neous pharmacological treatment profile, there are numerous and
serious side effects including constipation, sedation, vomiting, tol-
erance, dependence, and addiction. However, none of the above
are specific for the treatment of visceral pain per se, and mainly
target some other features associated with chronic pain in general.
However, in recent years, promising findings are emerging from
both preclinical and clinical research which are nicely reviewed in
Ref. (15, 83, 85, 86).

As with all chronic/severe pain disorders, opioids form the
core of pain management for visceral pain conditions. However,
as mentioned earlier, this class of analgesics are associated with
the most serious side effects particularly over chronic use ranging
from constipation (87) to analgesic tolerance (88-90) and noci-
ceptive sensitization (91). More worryingly is the development
of opioid-induced hyperalgesia after periods of prolonged opioid
use (92-94).

Over the counter analgesics are routinely used by patients suf-
fering with visceral pain. These include NSAIDS (aspirin, ibupro-
fen) and paracetamol. Again as with the case of most pharmaco-
logical agents used in the treatment of visceral pain, these agents
do not specifically target visceral pain and only provide mild pain
relief. Moreover, as these compounds are available over the counter
they can be abused by consumers and carry a host of side effects
not least GI bleeding, increased stomach acid, liver disease, liver
failure, and even death in some cases (95).

Serotonergic compounds such as tegaserod (5-HT4 agonist)
and alosetron (5-HT3 antagonist) (96—102) have been the main
route of treatment for a range of visceral pain conditions, in par-
ticular IBS. However, tegaserod has since been removed from
the market due to significant cardiovascular effects as outlined
by the FDA. Alosetron was also withdrawn from the market in
2000 due to life-threatening adverse GI effects, however, in 2002,
it was reintroduced but its availability and use were dramatically
restricted.

Recent evidence from preclinical studies has pointed to a role
of the transient receptor potential (TRP) channel family in the
pathophysiology of visceral pain, which may lead to future devel-
opment of novel therapeutics (103, 104). Moreover, both preclin-
ical and clinical data have shown analgesic efficacy of pregabalin
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and gabapentin in acute and chronic visceral pain conditions, act-
ing both at spinal and supra-spinal levels in particular at the level
of the rostral ventromedial medulla (RVM) (60, 105-108). Fur-
thermore, the efficacy of mGlu receptors and also glial glutamate
transporters have revealed themselves to be very promising targets
(59, 61,70, 109-115).

As mentioned previously, there is an unmet need for effective
pharmacological therapeutics in the context of visceral pain. How-
ever, there are still major challenges to be met, not least in the fact
that we still lack a clear understanding of the etiopathogenesis of
visceral pain disorders.

COMORBIDITIES OF VISCERAL PAIN

Psychiatric disturbances are the most frequent comorbidity of
visceral pain (116—125). In particular, anxiety and depression
are the most commonly reported comorbidities. This complex
link between visceral sensation and psychological perceptions are
mediated via the brain—gut axis.

Moreover, stress-related changes in bowel habit can attest to the
fact that the brain can influence gut function and sensation (126).
Several clinical studies have suggested that psychosocial comor-
bidity is a major contributor to the severity and impact on quality
of life of visceral pain disorders such as IBS and somatic pain disor-
ders such as fibromyalgia (127-131). These findings are reinforced
by a considerable volume of experimental research that links stress,
anxiety, and depression to altered GI sensory and motor function
as well as altered pain processing (8, 132—138). Indeed, successful
management of patients with visceral pain disorders requires care-
ful attention to these psychosocial factors, often in consultation
with mental health professionals.

PATHOPHYSIOLOGY OF VISCERAL PAIN

The etiology of visceral pain is most likely multi-factorial involv-
ing biological, psychological, and social factors leading many to
describe visceral pain as a biopsychosocial disorder. Due to the
array of comorbidities associated with visceral pain, it is clear
that both the brain and viscera play significant roles through the
brain—gut axis (139-142). Moreover, the emerging role of the gut
microbiota on brain signaling has now led to the concept of the
microbiota—brain—gut axis (143—145). Numerous other pathways
and systems feed into this complex network of communication,
including the stress axis and immune system. The role of the
amygdala in IBS has been extensively reviewed in the context of
brain—gut axis communication (146) and numerous clinical and
preclinical trials have also highlighted an important contribution
of the amygdala to visceral pain processing and IBS (52, 147, 148).
Here, we discuss the pathophysiology of visceral pain in terms of
signaling along the microbiota—brain—gut axis, the hypothalamic—
pituitary—adrenal (HPA) axis, and the immune system. Many other
factors such as gender, genetics, and epigenetics are implicated in
these pathways which not only exacerbate visceral hyperalgesia but
may also be predisposing factors for the development of visceral
hypersensitivity in later life. Furthermore, we also discuss possi-
ble future targets for visceral analgesia including the modulation
of mGlu receptors in addition to glial glutamate transporters and
histone deacetylation.

STRESS
Stress was first described by Hans Selye almost 80 years ago, and
is defined as an acute threat to the homeostasis of an organism
(149). Stressors can be in the form of physical threats such as an
adverse event, or psychological stressor, such as anticipation of a
threat. Exposure to these stressors will elicit a sequence of phys-
iological, emotional, and behavioral reactions that allow one to
cope adequately with the situation (150—152). Behavioral effects of
the stress response include increased awareness, improved cogni-
tion, and altered pain sensitivity. Physiological adaptations include
increased cardiovascular function, enhanced respiratory rate, and
altered metabolism, along with inhibition of feeding, digestion,
growth, reproduction, and immunity (153, 154).

The complexity of the sequence of responses to stress involves
a range of systems including endocrine, nervous, and immune
systems. The efficiency of this response ensures that the correct
behavioral and physiological changes occur so that the individual
responds appropriately to the stressor presented and improves the
individual’s chance of survival (155, 156). Understandably, due
to the considerable complexity of the stress response, a host of
regulatory mechanisms are at play to ensure the stress response
is tightly regulated and does not become pathogenic to the host.
These regulatory mechanisms are present at all levels of the stress
response but particularly so at the neuronal and endocrine level
which function to tightly regulate this adaptive process (157).
However, the body can also elicit maladaptive changes in brain
structure and function in response to chronic and uncontrollable
stressors, thus, leaving long-lasting signatures on global wellbeing
(158-160).

Dysregulation of the stress response has been associated with
a plethora of disorders and diseases including chronic and vis-
ceral pain, autoimmune diseases, hypertension, affective disor-
ders, and major depression (8, 161). Deciphering the pathogen-
esis of such disorders and their aberrant regulatory mechanisms
will aid future therapeutic strategies for treatment and prophy-
laxis of stress-related disorders including stress-induced visceral
hypersensitivity (154).

THE HYPOTHALAMIC-PITUITARY-ADRENAL AXIS

The HPA axis is the main stress axis in mammals and its anatomical
structures are located both in the CNS and in the periphery. The
major components of the stress axis are localized in the paraven-
tricular nucleus (PVN) of the hypothalamus, the pituitary gland
(anterior lobe), and the adrenal gland (154). In response to stress,
corticotrophin-releasing hormone (CRH) is released and travels
to the anterior pituitary gland where binding of CRH to CRH
receptors (CRHR1 and CRHR2) leads to the release of adreno-
corticotropic hormone (ACTH) into systemic circulation. ACTH
targets the adrenal cortex to produce and secrete glucocorticoids
(154). Glucocorticoids are the main effector molecules of the stress
response and regulate the physiological adaptations through bind-
ing to their intracellular receptors (162, 163). Dysregulation of the
HPA axis via inadequate or excessive activation, is thought to con-
tribute to the development of a wide array of pathologies (154,
162, 164). Indeed CRH and its receptors have been extensively
investigated in the context of stress and visceral pain (165-177).
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Taken together, it is apparent that stringent regulation of the HPA
axis is essential to a normal adaptive and efficient stress response.

STRESS AND IRRITABLE-BOWEL SYNDROME
The association between stress and psychiatric disorders, is well
known, however, what exact molecular changes occur to under-
pin this increased vulnerability to disease is on-going (145, 178).
Psychiatric disorders in addition to stressful life events are predis-
posing factors for the development of functional gastrointestinal
disorders (FGIDs) such as IBS. IBS is one of the most common
FGIDs with an estimated prevalence of 10-20% (179). Symp-
toms include abdominal pain, altered stool consistency and fre-
quency, bloating, and distension. The pathophysiology of IBS has
implicated stress as one the most significant risk factors for the
development of the disorder (180-183). Stress at different stages
throughout life, and especially early in life, can have deleterious
effects on both psychological wellbeing and GI function of the
host (Figure 5). Figure 5 depicts the roles of stress (vulnerabil-
ity, trigger, perpetuating) in IBS pathophysiology at critical points
throughout life.

Over the last decade, there has been an abundance of reports
implicating stress in the onset or exacerbation of symptoms of IBS

(182, 184—186). Moreover, in a preclinical setting, animal models
of IBS are predominantly stress-based models (187) aimed at elu-
cidating biomarkers of this complex biopsychosocial disorder. If
we look at stress throughout our life, some critical developmen-
tal windows such as early life and adolescence are associated with
the development of a wide variety of disorders, not least visceral
pain disorders such as IBS. Stress, particularly during early life can
manifest in many different forms including physical trauma, loss
of a parent, abuse (physical/sexual), all of which have been associ-
ated with an increased risk of developing FGIDs later in life (188,
189). Furthermore, acute stressors such as sexual abuse, rape, trau-
matic event (near fatal event), and warfare are also risk factors for
the development of IBS (122). Individuals responses to stress vary,
a phenomenon thought to be based both on genetic and epige-
netic mechanisms (180). The area of stress susceptibility and stress
resilience is of interest across all areas of psychiatry (190, 191) and
also in the context of comorbidities such as chronic pain disorders
(192). Chronic stress may alter individual’s responses and play a
strong role in symptom exacerbation. For example, psychosocial
stressors in the form of sustained, threatening life events have been
associated with onset and symptom exacerbation in IBS (181, 182,
193—195). Moreover, chronic stress has also been shown to induce
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FIGURE 3 | Routes of communication along the microbiota—
brain-gut axis. Several pathways have been proposed to understand
the communication between the intestinal microbiota and brain
function, some of which have been summarized in this figure. These
include neuroendocrine (hypothalamic—pituitary—adrenal axis), immune
system (neuromodulating cytokines), enteric nervous system,
autonomic nervous systems (vagus nerve), and spinal afferents.
5-hydroxytryptamine (5-HT) is produced by enterochromaffin cells in the
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Gl tract. Gut microbes produce tryptophan-related metabolites, gut
hormones, short chain fatty acids (SCFAs), and neurometabolites GABA,
noradrenaline, and dopamine potentially modulating CNS function.
Stress can influence the microbial composition of the intestine through
the release of stress hormones (corticosterone/cortisol) or sympathetic
neurotransmitters that in turn can influence gut physiology and alter the
microflora balance. DC, dendritic cell; EC, enteroendocrine cells; ECC,
enterochromaffin cells.
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adaptive changes in neuronal circuitry at the level of the CRH
receptor 1 expression in the PVN of the rat hypothalamus, with
reduced CRHR1 expression in comparison to acutely stressed rats
after repeated homotypic stress exposures (196).

Differing coping strategies employed by patients, have also been
shown to have a profound effect on symptom severity due in
part to adaptation to stress (197-200). These studies highlight
the high degree of catastrophizing or maladaptive coping within
IBS groups. Indeed, positive coping strategies were shown to have
positive effects on perceived stress levels and symptoms, however
biomarkers such as cortisol remained unchanged. Furthermore,
other functional somatic syndromes such as fibromyalgia are also
known to exacerbate IBS symptoms (201, 202).

Psychological stressors are not the only risk factor for the
development of IBS, but also physical stressors such as infec-
tion. Recent evidence from a systematic review and meta-analysis
demonstrated that there was a sixfold increase in the risk of
developing IBS after GI infection. Moreover, this enhanced risk
remained elevated for at least 2-3 years post-infection (203, 204).
The vicious cycle that stress plays in terms of vulnerability,
trigger and perpetuation is most notable in patients who have
developed IBS and associate particular situations, surroundings,
or scenarios as provoking factors. This type of fear condition-
ing plays a key role in triggering stress responses to situations
and contexts that by themselves are not threatening or stress-
ful (205). In the context of IBS patients, this forward drive of
conditioned fear-responses to both physical stimuli (infection)
or contextual stimuli (location of stressful event) may be a sig-
nificant factor in symptom chronicity (182). Using this knowl-
edge and applying it to animal models will be discussed in later
sections (206).

MICROBIOTA AND VISCERAL PAIN

THE MICROBIOTA-BRAIN-GUT AXIS

The bidirectional signaling network that exists between the GI
tract and the brain is vital for maintaining homeostasis and is reg-
ulated at the neural [both central and enteric nervous systems
(ENS)], hormonal, and immunological levels. Perturbation of
these systems results in alterations in the stress response and over-
all behavior (143, 207). The high rate of psychiatric comorbidities
with GI disorders and vice versa (208—210) are further evidence of
the importance of this network of communication. The brain—gut
axis is by no means a new discovery however its role in many dis-
orders outside of gastroenterology has become an area of intense
research. Moreover, advances in biomedical research have allowed
us to elucidate the role of the gut microbiota community in sig-
naling along this axis, which is now more commonly referred
to as the microbiota—brain—gut axis (Figure 3). The impact of
the microbiota—brain—gut axis has become a rapidly advanc-
ing research topic encompassing broad domains of biomedical
research including neuroscience, psychiatry, gastroenterology, and
microbiology.

The classical construct of the brain—gut axis, describes the
way in which complex bidirectional signals can transmit between
the CNS and the GI tract. This axis is critical for preserv-
ing gut homeostasis, dysregulation of which has been impli-
cated in an array of disorders and disease states including gut

inflammation, chronic abdominal pain syndromes, and eating dis-
orders (143—145, 210-217). The brain—gut axis is responsible for
some of our most basic functions such as facilitating the central
regulation of digestive function. Indeed, the role of this axis is a
well-developed concept in the area of food intake and satiety (218,
219) and more recently obesity (220, 221).

Moreover, the role of the microbiota—brain—gut axis in the stress
response via modulation of the HPA axis has been investigated by
numerous independent research groups (222-228). Furthermore,
many forms of psychological stress have been shown to alter the gut
microbiota fingerprint with many prebiotics and probiotics show-
ing beneficial effects against the negative impact of stress. Thus, it is
now acknowledged that the gut microbiota themselves are critical
mediators of information along this bidirectional communication
network (145,207,211, 213,229, 230).

Indeed, in IBS patient cohorts, numerous independent research
groups have shown distinct gut microbiota populations when
compared to healthy controls (231-236). This was recently
reviewed by Mayer and colleagues (237). Moreover, probiotic
interventions appear to be beneficial to IBS patients (238).

Manipulation of the gut microbiota through the use of pro-
biotic and prebiotics treatments have shown that by augmenting
so-called “good bacteria” such as Bifidobacteria and Lactobacil-
lus, in the gut, visceral hypersensitivity can be reversed in pre-
clinical models. A mixture of eight probiotic bacteria strains
(VSL#3) was shown to have protective effects against development
of visceral hypersensitivity in the neonatal maternal separation
model. Moreover, TPH1, tryptophan hydroxylase 1, the gene for
the enzyme responsible for synthesizing serotonin, a key neuro-
transmitter involved in IBS treatment, was markedly up-regulated
by neonatal maternal separation and this effect was reversed by
VSL#3 intervention (239). Moreover, the same cocktail of probi-
otics was shown to prevent visceral hypersensitivity induced by
inflammation via intra-colonic instillation of 4% acetic acid when
given prophylactically (240). Bifidobacterium species particularly,
Bifidobacterium infantis 35624 has been shown to be particu-
larly effective at ameliorating visceral hyperalgesia in both stress-
induced visceral hypersensitivity and colitis (241-243). Moreover,
Lactobacillus species have also displayed efficacy in visceral pain
models (244-247).

Furthermore, antibiotic-induced visceral hypersensitivity again
underpins a role of the gut microbiota in the pathophysiology of
visceral pain (244, 248). Interestingly, rifaximin, a semisynthetic,
non-absorbable antibiotic that demonstrates no clinically relevant
bacterial resistance has also shown positive effects in the treatment
of IBS (249-257). These findings may seem contradictory, how-
ever, rifaximin is particularly efficacious in cases of small bowel
bacterial overgrowth found in IBS patients. These findings add to
the growing literature that microbiota dysfunction may be a key
player in the pathophysiology of IBS and may lead to future novel
therapeutic interventions.

IMMUNE SYSTEM AND VISCERAL PAIN

The immune system and thus inflammation have long been asso-
ciated with psychiatric disorders, in particular, depression (258—
260) and chronic pain disorders (261). Depression is a common
comorbidity of visceral pain, as discussed earlier, so it is not
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surprising that a common mechanism such as neuroinflamma-
tion may be at play. The immune system is a critical component of
the microbiota—brain—gut axis and plays vital roles in maintaining
homeostasis in the nervous systems and GI tract (262). Moreover,
direct communication occurs between the immune system and
the HPA axis, autonomic nervous system (ANS) and ENS (263—
267). These integrated pathways are all known to be involved in
the pathophysiology of visceral pain, and thus it is not unforeseen
that the immune system plays a key role in the development of
visceral hypersensitivity.

MICROGLIA AND VISCERAL PAIN

Microglia represent the first line of defense for the CNS, acting as a
sensor for pathological events (268). The process of central sensi-
tization and the subsequent changes in synaptic plasticity has long
been thought to play a major role in nociceptive processes both in
the context of chronic pain as well as acute, in both somatic and vis-
ceral modalities (269, 270). In the last decade, the role of microglia,
both spinal and supra-spinal, has become an area of interest in
the context of nociception (271-273). In animal models of both
inflammatory and neuropathic pain, activation of microglia is a
key step in the onset and maintenance of hypersensitivity and
allodynia (274-279).

The role of spinal microglia in visceral pain has only recently
been addressed and reviewed nicely by Lu (269). Saab and col-
leagues were first to report increased activated microglia in a
rat model of chronic visceral hyperalgesia, namely the neonatal
colon irritation model (280). Moreover, minocycline, a second-
generation tetracycline compound known to interrupt microglia
activation and its associated pro-inflammatory response, reversed
the visceral hypersensitivity in adulthood (269, 280).

Furthermore, enhanced microglia activation was reported in
the hippocampus, in a model of trinitrobenzene sulfonic acid
(TNBS)-induced colitis, concomitant with increased tumor necro-
sis factor-a (281). However, this study did not assess nociceptive
behavior, but one could predict visceral hyperalgesia as observed
by others in the TNBS-model (282). More recently, it was shown
that the activation of spinal microglia plays a critical role in the ini-
tiation and maintenance of visceral hypersensitivity in the TNBS-
induced chronic pancreatitis (CP) rat model (283). Intrathecal
injection of minocycline attenuated visceral hypersensitivity and
phospho-p38 levels in CP rats.

In other non-inflammatory models of visceral hyperalgesia,
it has also been shown that chronic psychological stress leads
to microglia activation in the lumbar spinal cord (284). More-
over, this stress-induced increase in activated microglia could be
blocked by SB203580, a p38 inhibitor or minocycline. Other com-
pounds known to alter the microglia phenotype such as FKN, a
microglia activator, was shown to induce visceral hypersensitiv-
ity in naive rats when administered spinally, an effect which was
blocked by minocycline (269), thus adding further evidence to
support the role of spinal microglia in mediating stress-induced
visceral hypersensitivity (269). Taken together, these studies sug-
gest that microglia may play an important role in the pathogenesis
of visceral pain.

However, it is also pertinent to note that exact role of inflamma-
tion and indeed micro-inflammation still remains controversial in

the context of IBS. Indeed, no effect of anti-inflammatory drugs
has been shown in IBS such as prednisolone (285).

TOLL-LIKE RECEPTORS AS NOVEL THERAPEUTIC TARGETS FOR
VISCERAL ANALGESIA

Toll-like receptors (TLRs) are a family of pattern-recognition
receptors of the innate immune system (Figure 4). There are 10
human TLRs and 12 mouse TLRs (286). TLR signaling consists
of at least two distinct pathways: (1) the MyD88-dependent path-
way, which leads to a pro-inflammatory phenotype, and (2) the
MyD88-independent pathway, which leads to the production of
interferon-p and the maturation of dendritic cells. The MyD88-
dependent pathway is common to all TLRs, except TLR3 (287).
TLRs are important players in the maintenance of mucosal and
commensal homeostasis within the gut via innate host defense
mechanisms. Intestinal dysbiosis and inflammation underlie sev-
eral disease states affecting the GI tract such as IBS and IBD (288,
289). Indeed, reports have shown the involvement of peripheral
TLR4 in patients suffering from IBS (290, 291) and in animal mod-
els of visceral pain (289,292, 293). Moreover, the presence of TLR4
in the ENS and in the dorsal root ganglia indicate a role for TLR4
in the transmission of sensory information from the GI tract (294,
295). Furthermore, TLR4 is also expressed within the CNS, pre-
dominately in microglia (296), which have been discussed above
and their role in visceral pain. Moreover, it is now emerging as
a possible therapeutic target for neuropathic pain (297). Taken
together, these findings suggest TLR4 as a promising novel target
for the treatment of visceral pain.

Interaction of TLRs and Opioid Receptors

In recent years, it has been shown using in vivo, in vitro, and in sil-
ico techniques that members of each structural class of opioids
(K, &, 8) activate TLR4 (298). Moreover, opioid antagonists such
as naloxone and naltrexone non-stereoselectively block TLR4 sig-
naling (299, 300). Modulation of TLR4 expression/function by
acute blockade of TLR4, genetic knockout of TLR4, or blockade
of TLR4 downstream signaling each lead to a potentiation of the
magnitude and duration of opioid analgesia (301). These effects
are thought to be mediated at both spinal and supra-spinal sites
(299). Given the breadth of opioids now documented to interact
with TLR4, many off-target opioid effects previously attributed
to unilateral opioid action at classical neuronal opioid receptors
might in fact result, at least in part, from the duality of opioid
actions at TLR4 (301).

GENDER AND VISCERAL PAIN

Sex differences in pain sensitivity has been a topic of debate
for many years and was recently reviewed by Mogil (302). More
recently, gender differences in visceral pain and in particular IBS
have been reviewed in Ref. (303) and indeed the contribution
of sex hormones (304). Moreover, we can now appreciate that
gender differences are also apparent in analgesic response (305).
Many forms of visceral pain due to their nature are especially
prevalent in women, i.e., pain associated with reproductive func-
tion (menstruation pains, pain of child birth, or postmenopausal
pelvic pain). IBS is a disorder predominated by females (female to
male ratio ~ 2:1) which is in parallel with women also being more
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susceptible to stress-related disorders (306, 307). Indeed, many
studies have reported sex differences in the stress response itself
and stress-induced pain modulation (8, 308). However, in the case
of animal studies, the picture is not as clear. This is due in part to a
bias for using male rodents in most preclinical studies addressing
the role of stress modulation on visceral hypersensitivity (134, 135,
289,309-311).

Sex/gender can influence the brain—gut axis, at an array of sites
which logically will effect subsequent clinical outcomes includ-
ing response to behavioral and drug therapies in patients suf-
fering with visceral hypersensitivity (312). A plethora of factors
including mood, stress, gender role, hormones, as well as inflam-
matory mediators modulate the brain—gut axis (313). As a result,
the explanation for gender-related differences in visceral pain is
likely multi-factorial involving environmental, psychological, and
biological (sex) influences (312, 314, 315).

Studying gender differences in any context comes with signifi-
cant difficulties, not least in the context of visceral pain disorders.
Due to the greater number of women who are diagnosed with
these disorders, there is often insufficient power to detect differ-
ences in the etiologic factors and treatment response by gender
or sex. For example, several studies examining the effectiveness of
cognitive behavioral therapy in reducing symptom distress have
included only women (316, 317) or were disproportionately com-
posed of women (318). In particular, the smaller number of men in
drug trials leaves many studies underpowered to examine gender
differences (313).

The variability in reproductive hormones such as estrogen and
progesterone, across the menstrual cycle as well as significantly
reduced ovarian function during and after menopause may explain
changes in GI motility and visceral sensitivity (319). This has been
reported in several studies documenting the impact of menstrual
cycle on GI symptom reporting including visceral pain (320-323).

The most consistent finding is that, many women with and without
FGIDs experience an increase in GI symptoms including visceral
pain during the late luteal and menses phases of the cycle relative
to other cycle phases (313, 323-325). To add to the complexity,
is the addition of pharmacological agents known to impact on
the menstrual cycle and associated functions, such as oral con-
traceptive use and hormone replacement therapy. Moreover, the
presence of other reproductive organ problems unique to women
such as dysmenorrhea can also confound such studies.

It has been well established that adult females have higher basal
and stress levels of ACTH and corticosterone than do males (326—
330). Moreover, there is convergent lines of evidence reporting
that gonadal hormones, specifically the estrogens, are important
regulators of the HPA axis. Indeed, estrogen receptors o and f
themselves have been shown to increase CRH expression (8, 331,
332). Females have higher CRH, ACTH, and corticosterone levels
during proestrus (333), the phase of the cycle in which estra-
diol levels are highest, than during other phases of the estrous
cycle (334-336). Fluctuations in gonadal hormones specifically,
estradiol, during the menstrual cycle can also lead to changes in
the neurotransmitter systems, in particular, the serotonergic and
glutamatergic systems. Interactions between these systems have
implications in the etiology and treatment of stress-related dis-
orders and pain circuitry (142, 307, 337-340). Moreover, gonadal
hormones have been shown to significantly affect visceral sensitiv-
ity in animal models, however some conflicting results have also
shown no effect again highlighting the complexity of sex differ-
ences in pain processing both in a preclinical and clinical setting
(173, 341-344). Interestingly, the gender of the experimenter was
also shown to have a role in pain responses in preclinical models
(345). Taken together, it is clear that the role of gender and/or
sex in the pathophysiology of visceral pain remains a complex
phenomenon which requires further investigation.
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GLUTAMATE AND VISCERAL PAIN

IONOTROPIC GLUTAMATE RECEPTORS AND VISCERAL PAIN
N-Methyl-D-aspartate (NMDA) receptors are not only known for
their important role in excitatory synaptic transmission but also
for their role in pain (346). Glutamate found in vagal and spinal
afferents contributes to nociceptive signaling via NMDA and non-
NMDA receptors (347). Though evidence for direct links between
glutamate and visceral nociception is lacking, NMDA receptor
antagonists have been shown to reduce the response of vagal
and pelvic afferents in the colon and other viscera to mechanical
stimuli (348). A study by Coutinho and colleagues (349) inves-
tigated the role of glutamate receptors in the RVM in visceral
hyperalgesia using a colonic irritation model. They found that acti-
vation of NMDA receptors by colonic inflammation facilitated vis-
ceral hyperalgesia while non-NMDA receptors mediate inhibitory
effects (349). Moreover, NMDA receptors may also be involved in
the transmission of visceral nociception in the non-inflamed gut
(350). It was observed that activated peripheral NMDA receptors
in the colon caused the release of pro-inflammatory peptides, cal-
citonin gene-related peptide (CGRP) and substance-P, which have
significant roles in the mediation of chronic and severe pain (350).

METABOTROPIC GLUTAMATE RECEPTORS AND VISCERAL PAIN
Metabotropic glutamate receptors with the exception of mGlu6
receptor are expressed in all areas of the pain matrix from the
spinal cord to supra-spinal sites. The action of mGlu receptors can
be pro-nociceptive or anti-nociceptive depending on the subtype
and site of action (351).

In the last decade, the role of mGlu receptors has gained atten-
tion in the realm of visceral pain. To our knowledge, the first
study explicitly investigating the role of these receptors in visceral
nociceptive processes was performed by Chen et al. (352). They
found that antagonism of group 1 mGlu receptors with LY393053
reduced nociceptive behaviors in the mouse acetic acid writhing
test. Furthermore, administration of a group 1 mGlu receptor
agonist (S)-3,5-dihydroxyphenylglycine (DHPG) into the CeA by
microdialysis increased the responses to innocuous visceral stim-
ulation; an effect that was reversed by a reactive oxygen species
(ROS) scavenger phenyl-N-t-butyl nitrone (PBN) and a super-
oxide dismutase mimetic (TEMPOL). In the same study, mGlu
receptor 1 antagonist LY367385 was also found to decrease the
responses to visceral stimulation (353).

Moreover, work by Lindstrom and colleagues investigated
specifically the role of mGlu5 receptor in a rat model of vis-
ceral hypersensitivity (111). Here they found that mGlu5 receptor
antagonism with MPEP [2-Methyl-6-(phenylethynyl)-pyridine]
and MTEP [3-(2-Methyl-1,3-thiazol-4-yl)ethynyl]pyridine was
sufficient to reduce the visceromotor response (VMR) in conscious
Sprague-Dawley (SD) rats without altering colonic compliance.
Moreover, mGlu5 receptor antagonism reduced colorectal disten-
sion (CRD)-evoked increases in heart rate and blood pressure
(111). In this study, the effects seen could not be conclusively due
to a peripheral or central site of action. Indeed, it has also been
found that noxious colonic stimulation increases the number of
Fos-positive neurons in the dorsal horn of the thoracic and lum-
bar spinal cord. Moreover, pre-treatment with MPEP significantly
attenuated this (354).

Visceral pain originating from the bladder has also been shown
to be mediated via mGlu receptors; specifically mGlu receptor 5
activation in the CeA induces bladder pain sensitization by increas-
ing CeA output, an effect that was reversed by intra-amygdala
MPEP treatment and lentivirus-mediated conditional disruption
of mGlu> receptor in the CeA (70).

GLUTAMATE TRANSPORTERS AND VISCERAL PAIN

Due to the negative side effects (psychomimetic activity) seen
with modulation of ionotropic receptors, compounds which target
these receptors are not suitable for long-term treatment of pain.
To redress this and in the drive to develop better analgesics, other
mechanisms such as glutamate reuptake may provide more effec-
tive treatments in controlling glutamate neurotransmission and
thereby exert anti-nociceptive effects (109).

One of the first clear demonstrations that glutamate trans-
port [via excitatory amino-acid transporters (EAATs)] may be
implicated in pain processing was performed by Liaw and col-
leagues where they showed that selective inhibition of gluta-
mate transporters with prL-threo-f-benzyloxyaspartate (TBOA)
and dihydrokainate (DHK) produced a dose-dependent sponta-
neous nociceptive behavior response. These behaviors included
licking, shaking, and caudally directed biting (355). Moreover,
TBOA administered intrathecally was also found to induce visceral
nociceptive behaviors in naive rats (114). To further unravel the
role of glutamate transport in visceral nociception, in particular
stress-induced visceral hypersensitivity, the neuroprotective drug
riluzole known to activate glutamate reuptake, was investigated
to see whether it could attenuate visceral hypersensitivity induced
by maternal separation of rats. It was found that riluzole reduces
visceral hypersensitivity in stressed animals only, having no effect
in non-separated animals. Moreover, EAAT-1 expression was also
found to be reduced in the lumbar region of the spinal cord in
hyper-sensitive animals. As mentioned previously, riluzole does
not affect visceral sensitivity in naive animals, further emphasizing
the role of glutamate transport in pathological pain (114).

EAAT-2 is the main glial transporter for glutamate reuptake and
its experimental over-expression in animal models has recently
been found to be effective in reducing visceral pain (59, 112, 113).
A study by Lin and colleagues (112) found the over-expression
of EAAT-2 with the use of cephalosporin antibiotic ceftriaxone,
in wildtype mice, attenuated the visceral nociceptive response to
CRD. Moreover, similar effects were seen in the EAAT-2 overex-
pressing transgenic mouse (112). To further support these find-
ings, systemic and intrathecal administration of DHK, a selective
EAAT-2 inhibitor blocks the ceftriaxone-induced attenuation of
visceral pain (112, 113). In subsequent studies performed by
the same group assessing the efficacy of glutamate reuptake in
animal models of colitis, it was shown that adeno-associated virus-
mediated EAAT-2 over-expression was effective to mitigate VMR
to 60 mmHg CRD (113). Interestingly, overexpression of EAAT-
2 has been shown to reduce bladder nociception (59). However,
colon irritation may affect afferents innervating the bladder thus
giving a plausible mechanism for cross-organ sensitization (59).
In the same study;, it was also found that enhanced expression of
EAAT-2 by ceftriaxone also reduced the VMR to bladder distension
caused by colonic irritation (59).
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As stated earlier, stress is one of the main predisposing fac-
tors for the development of visceral pain. Interestingly, glutamate
transport has also been shown to be altered due to stress, with
both early-life stress and stress in adulthood both showing sig-
nificant alteration in EAAT expression (114, 115). Taken together,
these findings provide evidence for an important role of glutamate
transport in visceral pain states (271, 356). Moreover, glutamater-
gic signaling is critical to the process of central sensitization. This
term describes the way in which excessive glutamatergic function
within neurons and circuits, in particular pain circuits, leads to
increases in membrane excitability and synaptic efficacy as well as
reduced inhibition. These changes in synaptic function manifest
as altered plasticity within the somatosensory nervous system in
response to activity, inflammation, and neural injury (357).

GABA RECEPTORS AND VISCERAL PAIN

y-Aminobutyric acid (GABA), the major inhibitory neurotrans-
mitter in the CNS, plays an important role in anti-nociception.
GABA is the key player acting at inhibitory synapses where it
exerts its effect by binding to it respective receptors both pre- and
post-synaptically. This binding causes conformational change and
subsequent opening of the ion channel. The direction of the flow
of ions (in/out) and their charge (+/—) result in a negative change
in the transmembrane potential, causing hyperpolarization. To
date, two classes of GABA receptors are known: (1) GABA4 recep-
tors are ligand-gated ion channels, and (2) GABAg receptors are
metabotropic receptors, which are G protein-coupled receptors.

Pharmacological modulation of the GABA, receptor through
the use of agonists and antagonists indicate that modulation
of these circuits within the spinal cord has important implica-
tions for pain processing (358—360). However, these analgesic
effects particularly seen with benzodiazepines may not be purely
anti-nociceptive actions and maybe more non-specific centrally
mediated effects.

GABA’s anti-nociceptive effects are thought to be mediated by
GABAg receptors, which are ideally located in both the brain
and spinal cord with ubiquitous expression. Moreover, GABAg
receptors have also been implicated in a whole host of GI func-
tions, such as altering GI motility and visceral sensation (361).
The mostly widely used GABAp receptor agonist, baclofen has
been shown to produce anti-nociception in numerous rat models
of visceral pain (67, 362—-365). Moreover, subcutaneous injection
of baclofen was shown to prevent behavioral responses to blad-
der pain (362). Likewise, intrathecal administration of baclofen
increases the sensitivity threshold to CRD (363). Furthermore,
intravenous administration of baclofen attenuated CRD-evoked
increases in arterial blood pressure and heart rate (67, 364).

Intraperitoneal injection of baclofen was shown to alter the
expression of early immediate genes such as c-fos in the lum-
bosacral spinal cord after intra-colonic mustard oil-induced
inflammation (366, 367). Moreover, it has also been shown via
electrophysiological examination that GABAp receptor agonists
have the ability to modulate responses of vagal mucosal and muscle
afferents innervating particular parts of the GI tract, specifically,
the esophagus and proximal stomach (368-370). More recently,
it has also been shown that baclofen dose-dependently attenuates
responses of mechanosensitive pelvic nerve afferents to noxious

CRD (367, 371). This data provide evidence that GABAp recep-
tor agonists may exert their positive effects by acting at peripheral
sites.

However, it is important to note the effects of GABAp receptor
agonism, other than its anti-nociceptive effect, are undesirable cen-
trally mediated effects, including sedation, respiratory depression,
drug tolerance, and motor deficiency, thus, its potential therapeu-
tic use could be significantly curtailed (367). Interestingly, GABA
receptor pharmacology is complex with dimerization required for
many subunits to form a functional receptor. Moreover, a number
of splice variants of the GABAg; subunit (GABAg,, GABAg,
GABAgi¢, and GABAg;q) have been identified both in rat and
human tissues, and have been found to be differentially expressed
depending on the tissue type (372, 373).

Indeed GABA analogs such as gabapentin and pregabalin have
also shown efficacy in preclinical models of visceral hypersen-
sitivity (105, 106, 108, 374-377) and moreover, pregabalin has
undergone clinical trials for painful CP (107). However, these com-
pounds may exert their effects indirectly in the GABAergic system,
as their main mode of action is on a28 subunits of Cay (375).
The emergence of positive allosteric modulators of GABAg may
provide a novel therapeutic target for treatment of visceral pain
disorders (66).

GENETIC AND EPIGENETIC REGULATION OF VISCERAL PAIN
Over the last two decades, the field of pain genetics has explored
the influence of genetic make-up on pain perception and process-
ing. Recent work by Camilleri and others has described the role of
genetics in IBS (378-384). Genome-wide association (GWA) stud-
ies amongst others have led to the elucidation of specific genetic
alterations in IBS such as Nay;s (385), GPBARI (G protein-
coupled bile acid receptor 1) (386), KDELR2 (KDEL endoplasmic
reticulum protein retention receptor-2) and GRID2IP [glutamate
receptor, ionotropic, delta 2 (Grid2) interacting protein] (381),
NXPHI1 (neurexophilin 1), and CDC42 (cell division control pro-
tein 42 homolog) (387). These studies are illustrative examples of
how research in the genetic area can contribute to the achievement
of better general knowledge in the visceral pain field.

Strain differences have been shown in many behavioral phe-
notypes including anxiety and depression (388, 389). Moreover,
differences due to background strain have also been shown for
somatic nociception (390-392). However, there is a dearth of
information regarding strain differences in basal visceral sensi-
tivity as opposed to inflammatory-induced visceral sensitivity.
To our knowledge, the Wistar Kyoto (WKY) rat strain and the
Flinders Sensitive Line rat strain are the only well-validated mod-
els of genetic predisposition to visceral hypersensitivity (132, 393,
394). This highlights the need for more comprehensive testing
in particular assessment of visceral pain in animal models and
elucidating the underlying genetic mechanisms. Moreover, the
field of pain epigenetics has progressed our simplistic view of
one gene, one protein, one function, to a more complex view of
gene—environment interactions.

The term epigenetics refers to processes that lead to stable
and/or heritable changes in gene function without any concomi-
tant DNA sequence changes (395). Examples include DNA methy-
lation, histone modification, and chromatin remodeling. The vast
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majority of work investigating epigenetic mechanisms in pain pro-
cessing center around histone acetylation and DNA methylation.
Pharmacological interference with the process of histone acetyla-
tion can affect pain behavior, with both systemic and intrathecal
administration of histone deacetylase (HDAC) inhibitors having
analgesic effects in models of inflammatory pain (396-398). In one
study, this effect was shown to be mediated by expression changes
of the mGlu2 receptor in both dorsal root ganglia (DRG) and
spinal cord (399). Indeed, histone acetylation has been implicated
in stress-induced visceral hypersensitivity and HDAC inhibitors
have also shown efficacy in a model of visceral pain (69, 71,
400—402). The hypothesis that IBS could be transferred to future
generations has recently been investigated (403) and discussed
(404).

Similar influences could be shown in the case of DNA methyla-
tion and its reader molecule MeCP2. The methyl binding protein
MeCP2 has been shown to promote abnormal up-regulation of a
group of genes in inflammatory pain conditions. In rats, its usually
repressive function appears to be curtailed through phosphoryla-
tion after injection of Complete Freund’s adjuvant (CFA) into the
ankle joint (405), an effect thought to be partly dependent on
intact descending serotonergic input into the spinal dorsal horn
(398, 406). Recently, it was shown that chronic stress was asso-
ciated with increased methylation of the Nr3cl (glucocorticoid
nuclear receptor) promoter and reduced expression of this gene in
L6-S2 region of the spinal cord which was associated with visceral
hypersensitivity in rat model (401).

Finally, recent speculation has implicated that the mecha-
nisms and indeed pathways by which the gut microbiota may
communicate with the CNS may be due in part to epigenetic
processes (407).

EXPERIMENTAL MODELS OF VISCERAL PAIN

COLORECTAL DISTENSION

Colorectal distension is the most widely used method to assess
visceral sensation both preclinically and clinically. This technique
involves insertion of a balloon into the colorectal cavity of the
human subject or animal, and with the aid of a barostat, distend-
ing in a repeated or ascending phasic manner. Although the main
premise of the technique is essentially identical, the way in which
it is performed varies between laboratories and researchers. This
can be due to numerous factors including the model employed;
whether it be human, rat, or mouse, the parameter of interest;
baseline visceral sensation, pain threshold, and tolerance to painful
stimuli. CRD has been characterized in humans, rats, and mice
with the bulk of the work being performed in rats due to ease of
use and robust reproducibility (408).

MONITORING OF VISCERAL PAIN IN RODENTS

In 1988, Ness and Gebhart were the first to describe a technique
used to assess visceral sensitivity in the preclinical setting. The
technique was based on the assessment of pseudoaffective and
behavioral responses to controlled isobaric distensions of the GI
tract. This has now become the mainstay for assessing visceral
pain both clinically and preclinically (409). CRD in rats induces
an array of autonomic and behavioral outputs termed pseudoaf-
fective reflexes. These reflexes include; alterations in blood pressure

and heart rate, passive avoidance behaviors, and contraction of the
abdominal musculature (8), the latter of which is more commonly
referred to as the VMR. VMR is the most widely used parameter
of the visceral pain response (8, 408).

In the last decade, the use of electromyographic (EMG) sig-
nals and its numerous applications have allowed many to assess
visceral sensitivity in conscious animals. This procedure allows
recording from electrodes which are implanted in the muscula-
ture and externalized through the skin, primarily on the abdomen
or neck (410-412). They can also be connected to radiotelemet-
ric implants in the abdominal cavity (413, 414). Moreover, the
development of manometric recordings measuring changes in the
pressure of the balloon inserted into the GI tract, have also allowed
for VMR to be assessed in freely moving animals (134, 175, 311,
408, 415, 416). Other groups have implemented other indirect
approaches such as manual scoring of the abdominal withdrawal
reflex (408, 417), operant behavioral assays (409), and functional
brain imaging tools such as functional MRI (44, 418).

ANIMAL MODELS OF STRESS-INDUCED VISCERAL PAIN
Stressful episodes during critical windows of development can
have long-lasting effects on the host. Stress occurring during the
perinatal period has been linked to the development of psychiatric
disorders such as schizophrenia and autism spectrum disorders
(419, 420). The early postnatal period is a stress hypo-responsive
period during which time there is an intense phase of neuronal
growth and myelination (421). Stress during this critical time point
has been linked to the development of both somatic and psychi-
atric phenotypes in preclinical models, including IBS (135, 422,
423). The adolescent period is also a time of neuronal restructur-
ing and is fundamental to precise development of the CNS (215).
This developmental period is also the peak time for the onset
of numerous psychiatric disorders including schizophrenia, sub-
stance abuse, and mood disorders (424). Stress in adulthood can
have profound effects on its host. Both acute and chronic stressors
can elicit detrimental impacts on physical as well as mental well-
being. Taken together, it is clear that stress at critical points during
our life time can have lifelong effects on the host. Overcoming
the effects of these stressors is based on the individual’s HPA axis
ability to adapt and overcome such insults, however, in the genet-
ically predisposed individual, this feat maybe too high. Aberrant
development of the HPA axis can prove detrimental and exhibit
itself in the form of both psychiatric and somatic disorders. The
importance of animal models in the search for underlying mole-
cular mechanisms and future development of novel therapeutics
has never been more pertinent (8, 425-431). Here, we review the
current stress-based models in the context of IBS (Figure 5).
Experimental models of stress and stressful events have been
developed bearing in mind the critical windows for HPA axis
development and maturation. Animal models have been specifi-
cally developed to target different periods throughout the lifespan
to assess (1) vulnerability, (2) triggering, and (3) perpetuating
influences of stress and future development of IBS (425). Early-
life stressors in the form of maternal neglect (maternal separation
model) or injury (colonic irritation) can increase an individual’s
risk to develop IBS and other disorders in adulthood (425). During
adulthood, life-threatening stressors (rape, warfare), psychological
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stressors (acute and chronic stress), or physical stressors (in the
form of intestinal dysbiosis due to infection, inflammation, antibi-
otic usage, and surgery) have all been described and documented
as triggering factors to the development of an IBS-type pheno-
type in rats and mice (425). Finally, the ever expanding catalog of
rodent strains and transgenic models has allowed us to use specific
strains/knockouts known to exhibit various levels of stress respon-
sivity (Wistar Kyoto and Flinders Sensitive Line) to mimic the
influence of genetic and perpetuating factors on the development,
severity and duration of IBS symptoms (425).

GENETIC STRESS MODELS OF VISCERAL PAIN

Mood disorders are commonly comorbid with IBS (432-434).
Genetic predisposition to such disorders has been implicated in
the development of IBS in later life. These genetic factors may not
lead directly to the development of IBS per se but may indirectly,
through heightened stress responsivity, cause altered GI function
and IBS symptomatology. The availability of a catalog of rodent
strains has led to the advent of genetic studies assessing the exact
contribution of genetic factors to disease presentation and pro-
gression. Moreover, the use of transgenic rodent strains allows
us to specifically investigate single genes implicated in disease
pathology.

Using different rat strains of known levels of baseline anx-
iety: low-anxiety SD and Fisher-344 (F344), and high-anxiety
WKY rats, Gunter and colleagues were able to demonstrate a link
between anxiety and visceral hypersensitivity. Specifically, high-
anxiety WKY animals had increased response to CRD compared

to low-anxiety strains (132). Moreover, WKY rats exhibited an
exaggerated response to acetic acid instillation into the colon,
a peripheral sensitization model, compared with low-anxiety
strains, SD and F344 (132).

The role of the stress response and the development of IBS was
again shown to be intrinsically linked when CRHR1 (CRHR1~/~)
knockout animals were shown to have an altered VMR to CRD.
VMR to CRD was only observed at the highest distension pres-
sure (60 mmHg). Moreover, pharmacological CRHR1 antagonism
decreased the VMR to CRD in CRHR1* mice (167).

Small interfering RNA (siRNA) technologies have now become
one of the most widely used approaches to selectively suppress gene
expression and is a powerful tool to assess gene function. This tech-
nology has been used extensively to suppress stress-related genes
in specific brain areas and models are continuously being devel-
oped (435-440). Whilst genetically modified mice have been the
mainstay of behavioral genetics to date there is a growing utility
for genetically modified rats (441). Moreover, other genetic tools
such as optogenetic and Designer Receptor Exclusively Activated
by Designer Drugs (DREADD)-based manipulations allows for
both species to be used in the future (442).

ANIMAL MODELS OF EARLY-LIFE STRESS-INDUCED VISCERAL PAIN
Maternal separation stress model

Stress in early life is a well-established risk factor for the devel-
opment of psychiatric and somatic disorders in later life. The
biopsychosocial model of IBS pathophysiology implicates adverse
early-life events and childhood traumas such sexual abuse, neglect,
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loss of a family member, or a life-threatening situation. These fac-
tors have been linked to enhanced vulnerability of individuals to
develop stress-related affective disorders such as depression and
anxiety. Moreover, these individuals are also at a higher risk for
developing FGIDs such as IBS and visceral pain (181, 443).

To model these environmental factors in rodent models, the
maternal separation model was constructed (Figure 6) (444).
Briefly, this model involves removing new-born pups from the
dam, during the critical HPA axis hypo-responsive phase in the
early postnatal period. Most commonly, pups are removed for 2—
3 h per day during the first 2 weeks of life from postnatal days 1-2
to postnatal day 12—-14 (108, 188, 445, 446). This interruption in
the normal maternal environment, leads to a stress response not
only in the pups but also in the dams. As a result of this mater-
nal stress response, the maternal care given to the pups is altered.
In the last 20 years, the critical importance of maternal care has
been researched extensively no more so in the area of epigenet-
ics (447-449). Alterations in maternal care has been shown to
have effects on the development and function of the HPA axis.
Moreover, the impaired stress response is thought to underlie the
deficits seen in different behavioral domains, in particular, both
cognitive and emotional modalities (447). This disruption of the

normal maternal environment and dam—offspring interaction can
subsequently affect the quality of the maternal care received by
the pups. Indeed, this model of early-life stress results in long-
lasting changes to the offspring’s CNS, at all levels including altered
expression, neurochemistry, electrophysiology, and morphology
(8,450).

When animals are allowed to grow to maturity, a behav-
ioral phenotype is present, characterized by visceral hypersensi-
tivity, increased anxiety and depressive behaviors, altered stress
responsivity, altered neurochemistry specifically serotonergic neu-
rotransmission, enhanced immune response, altered gut micro-
biota profile, and disruption of the intestinal barrier (108). We
have previously shown that adult male rats previously subjected
to maternal separation exhibit visceral hypersensitivity to CRD
(135). Moreover, the effects of MS are exacerbated by expo-
sure to an acute stressor specifically 1 h of water-avoidance stress
(WAS) (451, 452).

The maternal separation model is sensitive to many factors such
as sex differences, with the abundance of studies being performed
in male rodents, however clinically the preponderance of female to
male IBS patients is 3:1. It is unclear from the literature that the MS
procedure induces the same robust phenotype in female rodents.
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Moreover, the protocol of separation itself has also proved crucial.
Specifically, sex-dependent effects on VMR were evident when the
separation was performed by the removal of an entire or half litter
from the home cage (446). Males that were exposed to whole lit-
ter separation and females that were exposed to both whole litter
and half litter separation developed visceral allodynia and hyper-
sensitivity to CRD (446). Moreover, when males underwent an
additional acute stress, this did not modify the CRD response. On
the other hand, when females were exposed to an additional acute
stress, they exhibited an exacerbated response to CRD (8, 446). The
rat MS model is the most commonly used rodent model of IBS
and has proved crucial in delineating the underlying mechanisms
as well as testing novel therapeutic strategies.

Although the maternal separation model is well established and
characterized in rats, its utility in mouse strains has proved difficult
to replicate. Data from our lab and others suggest that maternal
separation stress alone is insufficient to induce a robust, repro-
ducible behavioral phenotype (453,454). However, when maternal
separation stress is combined with unpredictable maternal stress,
a more overt behavioral phenotype is exhibited (310, 455).

Neonatal Irritation Models

Early-life stress not only in the form of psychological stress but
also in the context of physical stress has been shown to be a valid
preclinical model of IBS pathophysiology. The neonatal intes-
tine when exposed to mechanical and chemical stressors results
in a pro-inflammatory phenotype with mucosal inflammation
and tissue irritation. Daily irritation of the neonatal colon by
mechanical irritation (daily noxious CRD) or chemical irritation
(daily intra-colonic injection of mustard oil) increases pain behav-
iors in response to CRD from adolescence to adulthood (417,
456). Moreover, this heightened pain response was accompanied
with decreases in exploratory behavior, indicative of an anxiety-
phenotype. The findings described in these studies implies that
irritation of the neonatal gut, be it via mechanical or chemical
means, can lead to the process of central sensitization due in part
to sensitized peripheral afferents (8, 417, 456). These behavioral
outputs are in parallel with IBS in the clinical scenario; visceral
hypersensitivity with comorbid anxiety.

ANIMAL MODELS OF ADULT STRESS-INDUCED VISCERAL PAIN

Acute stress models

Acute stressors in adulthood can lead to an immediate behavioral
phenotype. The most widely used acute stress paradigms to model
IBS preclinically are WAS and restraint stress. The WAS paradigm
was originally developed by Bonaz and Tache and Enck et al. (457,
458) to assess stress-related alterations in gut motility and motor
function. Briefly, rodents are placed on a small platform raised
slightly above water level. This stressor is based on the aversive
environment of surrounding water. The WAS paradigm has been
used extensively to assess the impact of psychological stress on
visceral pain modulation (8, 311). Data from the literature show
that 1h WAS was sufficient to induce a delayed visceral hyper-
sensitivity to CRD, in male Wistar rats (459). Moreover, others
have shown that chronic WAS-induced effects are thought to be
modulated at an epigenetic level, with HDAC inhibitors shown to
reverse WAS-induced hyperalgesia (400).

Moreover, other forms of acute stress such as restraint stress for
2 h, was also found to induce heightened VMR to CRD in male
(460) and female Wistar rats (446). The time spent in an acute
stress situation has proven crucial to the development of the IBS
phenotype (461). Acute stressors of longer duration >2 h tend to
be susceptible to the animals habituating to the stressful environ-
ment and this can confound the behavioral outputs. Moreover,
WAS was recently shown to induce both hyperalgesia and analge-
sia depending on the duration and number of stress sessions (311,
462). Transient stressors generally trigger adaptive responses and
this type of model mimics the stress-related hypersensitivity to
CRD as reported in IBS patients.

Chronic mild stress

Daily life stressors affect individuals in different ways. Persistent
mild stressors can accumulate and potentiate the effects of stress
on the host. Modeling chronic daily stress in rodents is achieved
through the chronic mild stress (CMS) paradigm. Convergent lines
of evidence suggests that high levels of chronic daily stress can
impact on the intensity and severity of visceral pain symptoms
(181, 463-466). In light of this, an array of rodent models involv-
ing unpredictable chronic and intermittent exposure to variety of
stressors have recently been developed (8). Following on from the
previous section, WAS was in fact one of the first chronic stress
models to be adapted to the study of visceral hypersensitivity (467).
Early data proved promising with studies showing that a 1 h daily
WAS, for 10 consecutive day protocol was sufficient to induce vis-
ceral hypersensitivity to CRD in male Wistar rats (410, 468). This
effect was long-lasting and persistent up to 30 days after the end
of the stress. One of the confounds of this study was based on
the methodology used to assess VMR. EMG recordings were per-
formed however this involves surgical implantation of electrodes
and ensuing single housing of animals, to avoid injury (410), which
in itself could be described as a stressor. Indeed, when VMR was
assessed using intraluminal colonic solid-state manometry, both
male and female naive Wistar rats exposed to WAS developed a
reduced response to CRD referred to as visceral analgesia (311).
This findings appear to be in direct contrast to each other and
highlight the challenges of developing models of stress-induced
visceral hypersensitivity.

Moreover, the picture becomes even more complex when we
consider mouse models. Indeed, chronic WAS in C57Bl/6 mice has
shown many varied effects including visceral hyperalgesia (311),
visceral analgesia (311), or to have no influence on the VMR (469).
Many other factors may be of course at play such as the condi-
tions prior to CRD including surgery and housing environment,
and these factors are dependent on the route of VMR assessment
(311). Taken together, it becomes clear that the basal environment
and state of the animals prior to stress exposure can impact their
response to the stressor itself (8).

Furthermore, the nature or type of stressor is also crucial, with
habituation known to occur when animals are repeatedly exposed
to the same type of stressor, a phenomenon thought to be mediated
via oxytocin (470) and endocannabinoid pathways (471). More-
over, these pathways are indeed themselves also important in pain
processing (472,473). Taking this knowledge on board, that homo-
typic stressors may/do lead to habituation, more recent models
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employ stressors of different natures. These heterotypic stressors
such as cold restraint stress, WAS, or forced swimming were found
to induce immediate but not long-term visceral hyperalgesia as
monitored by EMG recordings at 8 h, 24 h, and 7 days after the ces-
sation of the stress paradigm in male Wistar rats (474). Developing
the model further, with more multifaceted paradigms and longer
lasting stress sessions (134, 475, 476) causes a behavioral phe-
notype in rodents that mimics aspects of depression. This more
recently developed model may prove useful when assessing the
mechanisms of chronic visceral pain comorbid with depression-
like symptoms (432). Taken together, it is clear that many other
factors outside of the stress model can have significant effects on
the parameter of interest and thus limit the models utility (477).
Factors such as the sex and strain of the animal model, housing
conditions before, during and after the stress paradigm and diur-
nal variation are all known to alter sensitivity to stress (477). From
the literature, what we have learned is that variety within the stress
paradigm itself (time, type of stressor) appears crucial to inducing
stress-induced effects and preventing habituation (470, 478-480).
All of these facets could also in themselves potentially alter the
influence of CMS paradigms on the visceral pain sensitivity, as
recently assessed by Larauche et al. (311).

Chronic psychosocial stress

Daily stressful events are commonplace in modern society. How-
ever, when modeling stress in rodent models, the stressors most
often occur in a novel environment and not in the animals’ home
cage. This has been a cause for critique with some of the most
widely used stress models. The chronic social defeat and over-
crowding paradigm was designed to overcome this obstacle and
thus animals undergo stress scenarios in their home cage. The
paradigm is based on the unpredictable nature of life’s stressors.
Sessions of resident intruder social defeat and cage overcrowding
are randomized so as to occur at different times of the day, in an
unpredictable manner and for a chronic period, 19 days in total.
We have recently shown this model to be an effective preclinical
model to mimic many of the key phenotypes in the IBS popula-
tion, specifically a heightened response to CRD (134) and anxiety-
and depression-related behaviors (481).

Moreover, Reber and colleagues (482) have shown that this
model of chronic psychosocial stress robustly enhances GI dys-
function in a mouse model of colitis. Furthermore, other chronic
psychosocial stressors such as chronic overcrowding when applied
to rats also induces a heightened sensitivity to CRD concomitant
with enhanced HPA axis activity and intestinal mucosal inflam-
mation (483). Taken together, these studies demonstrate that this
model of chronic psychosocial stress may have multiple effects
across the brain—gut axis resulting in an IBS phenotype.

Conditioned fear-induced stress model

There is increasing evidence of augmented prevalence of GI symp-
toms, including visceral pain and IBS in patients suffering from
post-traumatic stress disorder (PTSD) (122, 484-487). Indeed,
it has been shown that in some individuals, the experience of
stress can prime such individuals to respond differently to subse-
quent stressful events. Over the last decade, Stam and colleagues
have investigated this in preclinical models, particularly rats. They

have shown that short exposures to shocks or a social confronta-
tion environment with a predator or aggressive conspecific animal
induces long-lasting conditioned fear-responses to trauma-related
cues (425). Moreover, these animals exhibit a generalized behav-
ioral sensitization to novel stressful stimuli that is persistent and
may intensify over time (488—491). Furthermore, this group have
also shown that 2 weeks after a single session of foot shocks,
repeated CRD causes increased cardiovascular reflexes in pre-
shocked rats when compared to their non-shocked controls (489).
Remarkably, female rats appear to exhibit an alternative pattern of
sensitized behavioral responsiveness to the same challenge, again
highlighted the strong role of sex differences in visceral pain pro-
cessing (492). This specific rodent model mimics clinical features
of a subset of IBS patients exhibiting stress-related visceral hyper-
sensitivity due to PTSD. However, it is important to note that
the findings presented above are mainly characterized by a single
group of investigators, thus the reliability of the model needs
further independent confirmation.

Physical stressors

Post-infectious models of visceral pain. A significant proportion
of IBS cases occur after an illness particularly an infection of the
Gl tract. This is reported to be as much as 10% of patients with IBS
(493). Interestingly, the proportion of people who suffer from an
intestinal infection who will then go on to develop IBS ranges from
3 to 36% and appears to be dependent upon the infecting organ-
ism. Moreover, the psychological state of the individual at the time
of infection appears to also play a critical role in the development
of IBS symptoms (494). Infections of bacterial origin when com-
pared to the short-lived effects of viral gastroenteritis appear to
be more long-lasting and persistent (494). A transient Trichinella
spiralis infection was shown to induce sustained visceral hyper-
sensitivity in a mouse model (5, 495). Moreover, similar findings
were found in a rat model of Nippostrongylus brasiliensis infection
(496). Although the vast majority of human post-infectious hyper-
sensitivity symptoms are observed after bacterial infection with
Salmonella, Escherichia coli, Shigella, or Campylobacter, there has
been limited animal models of this type of visceral hypersensitivity
(497, 498).

Post-inflammatory models of visceral pain. Inflammation is one
of the leading causes/mechanisms thought to underpin IBS and
its associated symptomatology (499-502). However, this remains
a controversial topic and others have reviewed this previously
(503, 504). Moreover, this symptom set appears to be common
in patients of inflammatory bowel disorders also such as those
in remission from ulcerative colitis (505). Indeed, many clinical
cases of IBD switch to IBS cases and this occurs in 30-50% of
patients (506). Inflammatory pain models have been well devel-
oped in somatic pain assays and to some extinct in visceral pain
models. Indeed, an array of chemical irritants have been used
in preclinical models to induce colonic inflammation and resul-
tant visceral hypersensitivity (8). In rats, mustard oil (507, 508),
acetic acid (509), and zymosan (510, 511) have been shown to
induce short-term visceral hypersensitivity due in part to colonic
inflammation. Moreover, other compounds such as TNBS induce
severe colonic inflammation and visceral hypersensitivity when
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administered intra-colonically (512, 513). Interestingly, in some
models of inflammatory-induced visceral hypersensitivity, the
phenotype can re-emerge days or weeks after the initial inflam-
matory response. Moreover this re-emergence is not associated
with any inflammatory biomarkers (512, 514). Importantly, the
experimental design appears to play a major role in the applica-
tion and effectiveness of such models. Models, such as the dextran
sodium sulfate (DSS)-induced colitis model has provided us with
some surprising findings where animals exhibited an increased
response to CRD on day 5 or day 60 after the induction of col-
itis in male Balb/c mice. However, chronic DSS colitis was not
associated with changes in VMR to CRD (515). However, con-
trasting findings have also been reported by other groups, whereby
DSS colitis failed to induce any alterations in VMR or visceral
sensitivity at all time points tested in either C57Bl/6 or Balb/c
mice (516). One can speculate on the many possible reasons
for these observed differences, however, what they do suggest is
that inflammation on its own may not be sufficient to induce
visceral hypersensitivity and that the nature and severity of the
inflammatory stimulus and their combined effects may determine
when/whether post-inflammatory hypersensitivity will result if at
all (8, 512). Moreover, as is seen in post-infectious visceral hyper-
sensitivity, psychological state may also play a role (517). Indeed
this was investigated by Larsson et al. (469), who demonstrated
that prior exposure of animals to a stressor, be it either psycholog-
ical or psychosocial in origin, revealed an enhanced susceptibility
to colitis and an aggravated colonic inflammatory response (482,
518,519). Furthermore, this was also associated with a heightened
susceptibility to recurrence of colonic inflammation even though
the colitis had dissipated (520, 521). Similarly, a prior bout of col-
itis was sufficient to leave the colon in a state more susceptible to
the negative effects of stress (522). However, the complex associ-
ation between colitis, stress, and visceral pain response remains
contentious as stress has also been found to both exacerbate or
indeed to have no effect on post-inflammatory visceral sensitivity
in rats (523) and in mice (8, 469).

FUTURE DIRECTIONS

MICROBIOTA MANIPULATIONS

The role of the microbiota—brain—gut axis on health and disease
is an area of biomedicine that is receiving much media attention
of late. The complex communication between the gut microbial
population and the CNS has far reaching implications not least
in the area of visceral pain and psychiatric comorbidities. Mod-
ulation of the gut microbiota via prebiotic/probiotic treatment
has been shown to have positive effects on visceral pain behav-
iors as discussed earlier (222, 240—242). Antibiotic treatment has
long been known to alter GI function, effects which are reversed
upon probiotic treatment (524). Thus, it is logical that antibiotic-
induced visceral pain may be a future model used to investigate the
underlying mechanism of such a phenomenon. Indeed work from
our own lab has recently demonstrated that early-life antibiotic-
induced disruption of the colonizing microbiota is associated with
visceral hypersensitivity and altered spinal signaling in adulthood.
These results indicate that a temporary alteration in the compo-
sition of the GI microbiota during a crucial time-window in the
neonatal rat has a long-lasting impact on nociceptive pathways

and that the developing pain systems are subject to modulation by
the microbiota (248).

Moreover, intriguing studies to assess the exact contribution
of the gut microbiota to the development of visceral hypersen-
sitivity and IBS can be achieved through fecal transplantation
studies whereby fecal matter from donor IBS patients can be used
to inoculate recipient animals and subsequent behaviors can be
assessed. This paradigm has already shown its merit in transferring
other behaviors specifically anxiety-related behaviors in a mouse
model (525).

CONCLUSION

An effective stress response is critical to the survival of any liv-
ing creature. The ability to sense changes in the environment and
adapt accordingly is quintessence to survival. However, the host’s
reaction to perceived stress can sometimes become disturbed lead-
ing to an over-exaggerated response. Stress has been implicated
in and associated with a plethora of somatic disorders; ulcers,
migraine, hypertension, and psychiatric disorders; anxiety, depres-
sion, PTSD. Here, we specifically reviewed the literature in the
context of stress as a major risk factor for the development of IBS
and visceral pain. The mechanism by which stress impacts on nor-
mal physiology to cause such devastating disorders still remains
unclear. Numerous mechanisms have been postulated including
alterations in plasticity, neurogenesis, catecholaminergic neuro-
transmission, and more recently gut microbiota. Modern day life
exposes us all to stressors of varying types (psychological/physical)
and severities (acute/chronic) and as such the search for novel
pharmaco-therapeutics has never been more pertinent.

Despite the ever growing body of literature, the exact mech-
anisms underlying visceral pain still remain less well understood
than that of somatic pain. Central sensitization of primary sen-
sory afferents is an important underlying mechanism for both
somatic and visceral hypersensitivity and hyperalgesia. One of
the hurdles in understanding the mechanisms of stress-induced
visceral pain is that visceral pain response is experienced dif-
ferentially depending on numerous factors, including the time
at which stress was applied, duration of stress, sex differences,
and genetic background amongst others. Psychological stress at
any point during our lifetime can lead to permanent alterations
of the HPA axis, the descending pain modulatory system, the
immune system, and the gut microbiota, all of which can be
manifested as chronic visceral hypersensitivity. Mechanisms by
which physical stress such as infections, mediate visceral hyper-
sensitivity are likely to be different to that of psychological stress
and may involve altered immune system functioning. Consid-
ering the diverse mechanisms of visceral pain, the development
of treatment strategies and therapeutic interventions will rely on
good animal models, all of which have been reviewed here. It
is clear that that the drive to develop clinically relevant mod-
els and thus design new novel therapeutics has never been more
pertinent.
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