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Psychological stress and traumatic brain injury (TBI) can both result in lasting neurobehavioral
abnormalities. Post-traumatic stress disorder and blast induced TBI (b TBI) have become the most
significant health issues in current military conflicts. Importantly, military bTBI virtually never
occurs without stress. In this experiment, we assessed anxiety and spatial memory of rats at
different time points after repeated exposure to stress alone or in combination with a single
mild blast. At 2 months after injury or sham we analyzed the serum, prefrontal cortex (PFC),
and hippocampus (HC) of all animals by proteomics and immunohistochemistry. Stressed sham
animals showed an early increase in anxiety but no memory impairment at any measured time
point. They had elevated levels of serum corticosterone (CORT) and hippocampal [L-6 but no
other cellular or protein changes. Stressed injured animals had increased anxiety that returned
to normal at 2 months and significant spatial memory impairment that lasted up to 2 months.
They had elevated serum levels of CORT, CK-BB, NF-H, NSE, GFAP and VEGF. Moreover, all
of the measured protein markers were elevated in the HC and the PFC; rats had an increased
number of TUNEL:-positive cells in the HC and elevated GFAP and lbal immunoreactivity in the
HC and the PFC. Our findings suggest that exposure to repeated stress alone causes a transient
increase in anxiety and no significant memory impairment or cellular and molecular changes.
In contrast, repeated stress and blast results in lasting behavioral, molecular, and cellular
abnormalities characterized by memory impairment, neuronal and glial cell loss, inflammation, and
gliosis. These findings may have implications in the development of diagnostic and therapeutic

measures for conditions caused by stress or a combination of stress and bTBI.
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INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes of
death and chronic disability worldwide (Bruns and Hauser, 2003;
Tagliaferri et al., 2006). Blast induced TBI (bTBI) caused by explo-
sive devices is especially frequent in recent conflicts in Iraq and in
Afghanistan (Warden and French, 2005; Taber et al., 2006; Warden,
2006). Epidemiological studies have shown that mild bTBI (mbTBI)
can result in chronic neurobehavioral changes such as increased
anxiety and memory impairment (Ryan and Warden, 2003; Okie,
2005). Importantly, virtually no bTBI occurs on the battlefield with-
out the exposure to psychological stress. Exposure to stress alone
(i.e., traumatic and/or life-threatening events) without physical
injury can lead to a chronic condition called post-traumatic stress
disorder (PTSD) in some but not all affected individuals (Breslau
and Kessler, 2001). PTSD is especially frequent among soldiers;
about 14% of soldiers suffer from PTSD-like symptoms compared
to 4% of the US adult population (Keane et al., 2006; Richardson
etal., 2010).

Although bTBI shares some of the clinical features of the closed
head and the penetrating TBIs, bTBI appears to be a fundamentally
different form of neurotrauma (Ling et al., 2009). Several factors are
responsible for the uniqueness of bTBI; explosive blast rapidly dis-
sipates very high levels of energy in the form of supersonic pressure

waves (Mayorga, 1997; Okie, 2005). Within the brain parenchyma,
the high-energy high-velocity blast waves can cause substantial
damage to blood vessels, neuronal and glial cell bodies and their
processes (Kaur et al., 1997; Cernak et al., 2001). Clinical hall-
marks of severe bTBI include an unusually early onset (hours after
injury) and rapid development of diffuse malignant cerebral edema,
and delayed (10-14 days post-injury) vasoconstriction (Armonda
et al., 2006; Ling et al., 2009; Ling and Ecklund, 2011). Given that
blast almost always affects the whole body, subclinical thoracic or
abdominal injuries can also contribute to the pathophysiology of
bTBI (Cernak et al., 2010). It has been thought that the secondary
injury process in bTBI includes vascular changes, neuroinflamma-
tion, and gliosis (Kaur et al., 1997; Mayorga, 1997; Cernak et al.,
2001; Taber et al., 2006).

Exposure to mild blast poses especially difficult challenges. Even
though there are no life-threatening injuries in mbTBI and soldiers
do not lose consciousness, 69 months later many soldiers develop
neurobehavioral abnormalities that include memory impairment,
anxiety, and mood disorders (Belanger et al., 2007; Brenner et al.,
2009). These symptoms indicate damage to the hippocampus
(HC) and the prefrontal cortex (PFC), brain structures that are
also indicated as the neuroanatomical substrates of PTSD (Jaffee
and Meyer, 2009). Stress is a constant factor on the battlefield
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(Warden et al., 1997; Brenner et al., 2009); soldiers are repeatedly
exposed to various life-threatening situations and to the visual
and audible cues of blasts without necessarily suffering from any
visible physical injury.

In order to better understand the long-term consequences of
stress with and without the exposure to blast, we used a rodent
model of stress and mbTBI and assessed the behavior of animals at
various time points after sham or injury and analyzed their sera and
brains for cellular and molecular changes. Due to our experimental
setup, we were unable to determine the effect of blast injury alone.
During our pilot studies we learned that handling and transport-
ing animals (associated with the exposure to blast) resulted in a
significant amount of stress as indicated by substantially elevated
serum CORT levels of animals.

MATERIALS AND METHODS

ANIMALS, HOUSING CONDITIONS, AND EXPERIMENTAL SCHEDULE
Sprague-Dawley male rats (245-265 g; Charles River Laboratories,
Wilmington, MA, USA) were housed in cages with free access to
food and water in a reverse 12/12 h light/dark cycle. The experimen-
tal schedule is depicted in Figure 1. After 7 days of acclimation and
handling in our animal facility, control animals (C) were housed
two per cage; stressed sham injured (SS) and stressed injured
animals (SI) were housed individually. All animals were handled
according to protocol approved by the Institutional Animal Care
and Use Committee (IACUC) at the Uniformed Services University
of the Health Sciences. All behavioral tests were conducted during
animals’ dark cycle.

INJURY

On the day of the exposure, animals in the SS and SI groups were
transported from USU (Bethesda, MD, USA) to Walter Reed
Army Institute of Research (Silver Spring, MD, USA) for injury.
Blast TBI was generated using a compression-driven shock tube
as described earlier (Long et al., 2009). Before injury, rats in the
SI group were anesthetized with 4% isoflurane (Forane, Baxter
Healthcare Corporation, Deerfield, IL, USA), placed in an animal
holder in a transverse prone position and then transferred to the
shock tube where they were exposed to whole body blast overpres-
sure (20.6 3 psi). Immediately after exposure, the duration of
apnea was measured and rats were moved back to their home cages.
Animals in the SS group received the same amount of anesthesia
and underwent the same procedure but were not exposed to blast
overpressure. However, SS as well as ST animals were exposed to the
sounds of the blast, which is likely an additional stressor. Following
exposures (or sham), animals were transported back to USU.

CHRONIC STRESS

Rats in the SI and SS groups were exposed to a combination of
predator and unpredictable stressors for 1 week prior to and 1 week
after the first behavioral testing session (Figure 1). Unpredictable
stress is a face-valid model of human stress that has been shown to
reliably elevate stress hormone levels in rodents (Fride et al., 1986;
Weinstock et al., 1992).

A combination of fox urine and unpredictable stress (Campbell
et al, 2003) was performed with modifications (Berger and
Grunberg, in preparation). Rats were exposed to fox urine for
10 min/day (Red fox urine, Buck Stop Lure Company, Stanton,
MI, USA) as a predator stress, and loud noises and sudden cage
movements at irregular times as an unpredictable stressor. During
the stress routine, rats were moved to the animal facility’s proce-
dure room. Each rat was transferred to a clean empty cage with a
cotton ball containing 15 ml of fox urine; each day the position
of the cotton ball was changed. Within the 10 min stress period,
rats were exposed to loud noises and irregular cage movement.
After stress, the rats were immediately moved back to their home
cages and transferred back to the animal housing room. Control
rats were neither transferred to the procedure room nor exposed
to any of the stressors.

SCHEDULE OF BEHAVIORAL TESTS

Before chronic stress and injury all animals underwent a baseline
open field (OF) measurement (Figure 1). Horizontal activity results
were used to create three groups with no statistical significance
among them. After the first stress phase and blast (or sham) injury,
rats underwent a series of behavioral evaluations. In each behavioral
session OF was conducted first to ascertain whether animals had any
motor problems, which can confound other behavioral tests. One
day after OF, elevated plus maze (EPM) was performed to measure
anxiety levels. Barnes maze (BM) was performed last to measure
spatial learning and memory. The three behavioral assessments
were performed on separate days starting at 24 h, 1, and 2 months
after injury (Figure 1).

Open field

The OF test is an indicator of potential motor deficits but can also
reflect fluctuations in anxiety levels based on changes in explora-
tory behavior (Heath and Vink, 1999). Several studies have shown
this test to reliably measure anxiety and depression in rodents (von
Horsten et al., 1998) including after TBI (Vink et al., 2003). OF
tests were performed using Omnitech Electronics’ Digiscan infrared
photocell system (test box model RXYZCM, Omnitech Electronics,
Columbus, OH; Elliott and Grunberg, 2005). The OF system is a
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FIGURE 1 | Outline of the experimental schedule.
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40x40x30 (Lx Wx H) cm clear Plexiglas arena with a perforated
lid. During the 60 min testing period, we measured horizontal
activity (locomotor activity), time spent in the margins (anxiety),
and in the center. Data were automatically gathered and transmit-
ted to a computer via an Omnitech Model DCM-BBU analyzer.

Elevated plus maze

The EPM is a widely used, ethologically relevant test that assesses
anxiety states in rodents (Carobrez and Bertoglio, 2005; Salzberg
etal.,2007; Walf and Frye, 2007). The maze is an elevated structure
(1 m above ground) consisting of four intersecting arms. The arms
of the maze are 50 cm long and 10 cm wide; the closed arms have
walls on three sides that are 40 cm high while the open arms have
none. The lighting in the middle of the maze was set at 90 lux. On
testing days rats were placed one by one in the center of the maze
facing one of the open arms; each animal was allowed to explore
freely for 5 min while its movement was video-tracked. Total dis-
tance traveled, number of entries made, and time spent (duration)
in each arm was recorded using ANY-maze 4.2 Software (Stoelting
Company, Wood Dale, IL, USA).

Barnes maze
Barnes maze was used to assess spatial learning and memory
(Barnes, 1979; Maegele et al., 2005; Doll et al., 2009). BM repre-
sents a widely used, validated, and less stressful alternative to the
commonly used water maze test (Harrison et al., 2009). The maze
is a circular platform (1.2 m in diameter) with 18 evenly spaced
holes around the periphery. One of the holes is the entrance to a
darkened escape box that is not visible from the surface of the board.
Each rat was tested twice per day for six consecutive days to find the
escape box (only day 1 of the first BM session had three trials). In
each trial, latency to locate and enter the escape box was measured
(ANY-maze 4.2 Software, Stoelting Company, Wood Dale, IL, USA).
During the first (teaching) trial of the first BM session, all ani-
mals were trained to locate the escape chamber. Each animal was
placed in the escape box and covered for 30 s. The escape box was
then removed with the animal inside and moved to the center of
the maze. The rat was removed from the box and allowed to explore
the maze for a few seconds, after which the rat was returned to its
home cage. No latency times were recorded for the teaching tri-
als. The escape box and the maze were cleaned with 30% ethanol
solution between each trial. In the second trial the same rat was
placed under a start box in the center of the maze for 30 s; the start
box was then removed and the rat was allowed to explore freely to
find the escape chamber. Training sessions ended after the animal
had entered the escape box or when a pre-determined time (240 s)
had elapsed. If the animal had not found the escape box during
the given time period, it was placed in the escape box for 1 min at
the end of the trial.

TISSUE COLLECTION AND PROCESSING

On day 67 post-injury (or sham; Figure 1) all animals were deeply
anesthetized with isoflurane until a tail pinch produced no reflex
movement. Anesthesia was maintained using a mask/nose cone
attached to the anesthetic vaporizer, and blood was collected
(1.5 ml) from a tail vein. For proteomics and ELISA assays, rats
were decapitated under deep anesthesia. Brains were immediately

removed and placed on ice. The PFC and HC were dissected, frozen,
and stored at —80°C. For histology, rats were transcardially perfused
with cold phosphate-buffered saline (PBS) followed by 4% buff-
ered paraformaldehyde solution under deep isoflurane anesthesia.
Following overnight post-fixation in 4% buffered paraformalde-
hyde solution brains were consecutively immersed in cold 15 and
30% sucrose solutions in 1x PBS for cryoprotection and then fro-
zen on dry ice. Frozen brains were sectioned coronally at a 20-um
thickness using a cryostat (Cryocut 1800; Leica Microsystems,
Bannockburn, IL, USA) and sections were kept at —80°C until use.

PROTEOMICS

Preparation of samples

Sample preparation, printing, scanning, and data analysis were
performed as described later in detail (Gyorgy et al., 2010). Flash-
frozen tissues were briefly pulverized in liquid nitrogen; 200 mg of
the frozen powder was transferred into 1 ml of T-per lysis buffer
(Thermo Fisher, Waltham, MA, USA) with protease and phos-
phatase inhibitors (Thermo Fisher) and then sonicated. Samples
were centrifuged for 15 min at 4°C; the supernatants were aliquoted
and stored at —80°C. Protein concentrations were measured by
using a BCA assay (Thermo Fisher). Blood samples were promptly
centrifuged after removal at 10,000xg for 15 min at 4°C; the super-
natants were aliquoted, flash-frozen, and stored at —80°C. Tissue
samples were diluted in print buffer (10% glycerol, 0.05% SDS,
50 mM DTT in 1x TBS) to a final protein concentration of 1 mg/
ml, while serum samples were diluted 1:10. Samples were then
subjected to an 11-point serial 1:2 dilution and transferred into
Genetix 384-well plates (X7022, Fisher Scientific, Pittsburgh, PA,
USA) as described (Gyorgy et al., 2010). Plates were transferred into
an Aushon 2470 Arrayer (Aushon Biosystems, Billerica, MA, USA)
and samples were printed on ONCYTE Avid (tissue samples) or
ONCYTE Nova (serum samples) single-pad nitrocellulose coated
glass slides (Grace Bio-Labs, Bend, OR, USA).

Printing parameters

The Aushon Arrayer was programmed to use 16 pins (4 X 4 pat-
tern). Each sample was printed in 12 dilutions (12 rows) and in
triplicate (3 columns), resulting in a block of 3 X 12 dots per sample.
The Spot Diameter was set to 250 nm with a spacing of 500 nm
between dots on the x-axis and 375 nm on the y-axis. Wash time
was set at 2 s without delays. The printer was programmed for a
single deposition per dot for printing serum and tissue extracts.

Immunochemical detection

Primary antibodies were diluted to 10X the optimal Western analysis
concentration in antibody incubation buffer (0.1% bovine serum
albumin (BSA), protease inhibitors (EDTA-free Halt protease and
phosphatase inhibitor cocktail, Thermo Fisher, Waltham, MA,
USA; 1x TBS, 0.5% Tween 20) as described (Gyorgy et al., 2010).
Primary antibodies were used in the following dilutions: VEGF
1:100 (Abcam ab-53465), s100b 1:50 (Abcam ab-41548), GFAP
1:500 (Abcam ab-7260), Tau-protein 1:20 (Santa Cruz sc-1995),
CK-BB 1:20 (Santa Cruz sc-15157), NSE 1: 100 (Abcam, Cat#
ab53025), NF-H 1:20 (Sigma N4142). Slides were incubated with
the primary antibody solution overnight at 4°C covered by a cover
slip (Nunc* mSeries LifterSlips, Fisher Scientific, Pittsburg, PA).
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The following day slides were washed and then incubated with an
Alexa Fluor® 635 goat anti-mouse (Cat# A-31574), goat anti-rabbit
(Cat# A-31576), or rabbit anti-goat IgG (H + L; Cat# A-21086) sec-
ondary antibodies from Invitrogen at 1:6000 dilution in antibody
incubation buffer for 1 h at room temperature (RT). After washing
and drying, the fluorescent signals were measured in a Scan Array
Express HT microarray scanner (Perkin Elmer, Waltham, MA, USA)
using a 633 nm wavelength laser and a 647 nm filter. Data from
the scanned images were imported into a Microsoft Excel-based
bioinformatics program developed in house for analysis (Gyorgy
et al., 2010).

Data analysis and bioinformatics

The program calculates total net intensity after local background
subtraction for each spot. The intensity data from the dilution
series of each sample are then plotted against dilution on a log-log
graph. The linear regression of the log—log data was calculated after
the removal of flagged data, which include signal to noise ratios of
less than 2, spot intensities in the saturation range or noise range,
or high variability between duplicate spots (>10-15%). The total
amount of antigen is determined by the y-axis intercept (Gyorgy
etal., 2010).

CORTICOSTERONE ASSAY

Serum corticosterone (CORT) levels were measured using Cayman’s
Corticosterone EIA Kit according to the manufacturer’s instruc-
tions (Cayman Chemical, Ann Arbor, MI, USA). Each sample was
diluted 1:500 and measured in triplicate.

IL-6 AND INFyASSAYS

INFy and IL-6 levels were measured from brain tissues using
the rat Interferon gamma ELISA and the Rat IL-6 ELISA Kkits
(both are from Thermo Fisher, Waltham, MA, USA). The IL-6
ELISA kit required a 1:5 dilution using the supplied dilution
buffer in order to avoid saturation in the wells. After the dilu-
tion of brain samples, the assay was performed according to the
manufacturer’s instructions.

HISTOLOGY

Immunohistochemistry

Every first and tenth coronal section containing either the PFC,
the dorsal HC (DHC), or the ventral HC (VHC) were mounted on
positively charged glass slides with two sections per slide. Three
slides per animal, containing sections with identical z-axes, were
selected per brain region for each immunostaining. Slides con-
taining the frozen sections were equilibrated at RT and hydrated
with 1xX PBS for 30 min. Antigen retrieval was performed by incu-
bating the sections in 10 mM citrate buffer (pH 6.0) at 80°C for
30 min followed by cooling down to RT. After rehydration with
1x PBS, sections were permeabilized with 0.5% Triton X-100 in
PBS for 1 h and blocked in 1x PBS containing 5% normal goat
serum (NGS), 5% BSA, 0.1% sodium azide, and 0.5% Triton
X-100 for 1 h. The same solution minus NGS was used to dilute
primary antibodies. The following primary antibodies were used:
mouse anti-GFAP (Millipore, Temecula, CA, USA; 1:400) rab-
bit anti-doublecortin (DCX; Cell Signaling Technology, Beverly,

MA, USA; 1:1000), and goat anti-Ibal (Abcam, Cambridge, MA,
USA; 1:1000). Sections were incubated with the primary anti-
bodies overnight at 4°C. After washing with 1x PBS, they were
incubated with appropriate secondary antibodies (Alexa Fluor
555 goat anti-mouse IgG, 488 goat anti-rabbit IgG, or 488 don-
key anti-goat IgG (Invitrogen, Carlsbad, CA) was applied for
1 h at RT 1:100), Hoechst 33342 (Molecular Probes, Eugene,
OR, USA) at 1 pg/ml was applied for 2 min, sections washed
and coverslipped using anti-fading media (Vectashield, Vector
Laboratories, Burlingame, CA, USA).

TUNEL assay

Apoptotic cell death marked by DNA fragmentation was deter-
mined using a TUNEL in situ cell death detection kit, POD (Roche,
Indianapolis, IN, USA) according to the manufacturer’s instruc-
tions. Sections were hydrated with PBS and endogenous peroxidase
activity was quenched by 3% H,O, in methanol for 10 min at RT.
Sections were permeabilized by 0.1 M sodium citrate buffer (pH
6.0) at 70°C for 30 min followed by PBST for 30 min at RT. TUNEL
reaction was performed for 1 hat 37°C and the signal was converted
using converter-POD. TUNEL-positive cells were visualized by DAB
substrate. Dark brown TUNEL-positive cells were counted from
four sections per animal.

Histological data acquisition
Histological sections were visualized in an Olympus IX-71 micro-
scope using the appropriate filters and images were collected using
a SPOT digital camera (Diagnostic Instruments Inc., Sterling
Heights, MI, USA). The collected images were colored using
TIFFany Caffeine Software.

STATISTICAL ANALYSIS AND COMPARISON OF DATA

Behavioral test results were analyzed with ANOVA and Tukey
post hoctests. Differences with a p-value of <0.05 were considered
significant. Statistical analyses were performed using GraphPad
InStat software. Proteomics and ELISA results were analyzed with
Student’s t-test. Data are reported as the average * standard error
of the mean. Proteomics data results were followed up with a
one-way ANOVA. For each of our numerical measurements, we
determined statistical significance among experimental groups
by (p < 0.05 depicted by one star; p < 0.01 by two and p < 0.001
by three).

RESULTS
BEHAVIORAL EFFECTS
Locomotor activity
Twenty-four hours after exposure to blast (or sham), rats in the SI
group showed a decrease in horizontal activity compared to rats
in the SS and C groups (Figure 2A) but the difference was statis-
tically insignificant. Animals in the SI group spent significantly
more time in the periphery and significantly less time in the center
(Figures 2B,C) compared to C and SS animals. SS animals showed
no significant difference compared to C animals.

At 1 and 2 months after injury (or sham), we found no signifi-
cant differences in any of the measured parameters between animals
in all experimental groups (Figures 2A-C).
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Anxiety

Forty-eight hours after blast (or sham) injury, we found that SI rats
traveled significantly shorter distances than C animals (Figure 3A).
Animals in the SS group also traveled shorter distances but the dif-
ferences were not statistically significant. Animals in both SS and
SI groups spent significantly less time in the open arms and more
time in the closed arms (Figures 3B,C).

At 1 month both SS and SI groups traveled shorter distances
compared to Canimals (Figure 3A). Among the stressed groups only
SIanimals exhibited raised anxiety by spending less time in the open
arms and more time in the closed arms (Figures 3B,C). Animals in
the SS group did not show significant differences in the time spent
in the open arms vs. closed arms compared to the controls.

Two months after blast or sham injury, all animals performed
similarly with no significant differences in total distance traveled
or time spent in the open and the closed arms.

Spatial learning and memory

During the first BM session, performed between days 3 and 8 post-
blast (or sham; see Figure 1 for schedule) we observed significant
differences in the performance of animals on the last testing day
only (day 8). SS rats needed significantly more time to find the
escape box compared to C rats. SI rats spent less time finding the
escape box than SS rats, but more time compared to C rats; the
difference was not statistically significant (Figure 4A).

During the second BM session, performed between days 32 and
36 post-blast (or sham), we found no difference in the latency
times of animals in the SS and the C groups. However, SI animals
required significantly longer times to find the escape box on day
33 through 36 (Figure 4B).

Thelast BM session was performed between days 64 and 69 post-
injury (or sham). Again, the performance of SS animals was not
statistically different from animal in the control group (Figure 4C).
In contrast, SI rats performed very poorly in the BM on day 64.
These animals had increased latency times similar to those meas-
ured during the first BM session (Figures 4C,D) showing significant
memory problems on days 65 and 68, indicating lasting memory
impairment caused by blast.

EFFECTS ON PROTEIN MARKERS

Serum changes

At the end of the last behavioral session (69 days post-injury
or sham), we obtained serum from each animal and compared
NE-H, CK-BB, GFAP, VEGF, and NSE levels across all experi-
mental groups. We found that serum levels of all protein mark-
ers listed above were significantly elevated at this late time point
in SI animals (Figure 5). As expected, serum CORT levels were
significantly elevated in both SS and SI groups. However, the
difference in serum CORT levels between the two groups was
statistically insignificant.
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*n<0.05, **p<0.01, and ***p < 0.01 S| compared to C rats, #p < 0.01 SS to C rats. Data are presented in mean + SEM (C: n=4;SS: n=6; and Sl: n=6).
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FIGURE 5 | Protein markers in the PFC and the HC of animals in the various experimental groups. Tissue extracts were prepared from dissected PFC and HC
regions of C, SS, and Sl rat brains. The tissue levels of the selected marker proteins were assayed using either RPPM or ELISA. The y-axis intercept (Y-cept) and pg/ml
(I:6 and IFNg) indicate the measured protein levels. *p< 0.05, **p < 0.01 compared to C rats, error bars are + SEM. (C: n=2; SS: n=3;and Sl: n=3).

Changes in the brain

At the end of the last behavioral session we analyzed changes in
the expression of S100B, VEGE, GFAP, Tau-protein, IL-6, and
INFyin the PFC and the HC of all animals. We found significantly
elevated levels of all markers (except IL-6) in the PFC and the
HC of SI animals only (Figure 6). Interestingly, we found that
IL-6 levels were significantly increased in the HC of SS animals

while no such effect of stress alone was seen on hippocampal
INFy levels.

CELLULAR CHANGES

Astrogliosis

To identify the cellular changes underlying the observed behav-
ioral abnormalities, we analyzed the HC and the PFC for GFAP
expression at 2 months post-blast (or sham). Consistent with our
proteomics data, we found that exposure to stress alone (SS) had

no observable effect on GFAP expression in the PFC or the HC
(Figure 7). However, in S animals we detected a noticeable increase
in GFAP immunoreactivity in the PFC and the VHC.

Importantly, an increase in GFAP+ cells displaying a stellar mor-
phology characteristic of reactive astrocytes was observed in the
PFC and the VHC of SI animals (Figure 7C, and insert).

Inflammation

Similar to the gliotic response above, exposure to stress alone
had no significant effect on Ibal immunoreactivity in the
PFC or the HC (Figure 8). While increased Ibal immunore-
activity was observed in the SI group, there was a noticeable
increase in Ibal immunoreactivity (albeit to a lesser degree)
in the PFC of SS animals. No significant differences were
observed in Ibal immunoreactivity in the DHC of any of the
experimental groups.
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FIGURE 7 | GFAP immunoreactivity in selected brain regions of animals in
the various experimental groups. Frozen coronal sections containing the
PFC, DHC, and VHC were cut and processed for immunohistochemistry using
a GFAP antibody. Sections were stained with Hoechst 33342 to mark cellular

nuclei. PFC of (A) C, (B) SS, and (C) Sl rats; DHC of (D) C, (E) SS, and (F) SI

rats; VHC of (G) C, (H) SS, and (I) Sl rats. Inlays display morphological extension
of stellarlike processes in VHC of Sl rats. White-dotted line outlines DG layer of
hippocampus.
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FIGURE 8 | Iba1 immunoreactivity in selected brain regions of animals in the various experimental groups. Frozen coronal sections containing the PFC, DHC,
and VHC were cut and processed for immunohistochemistry using an Iba1 antibody. Sections were stained with Hoechst 33342 to mark cellular nuclei. PFC of (A) C,
(B) SS, and (C) Sl rats; DHC of (D) C, (E) SS, and (F) Sl rats; VHC of (G) C, (H) SS, and (I} Sl rats. White-dotted line outlines DG layer of hippocampus.

Apoptotic cell death

TUNEL histology was used to determine the extent of apoptotic cell
death in the PFC, VHC, and DHC across all experimental groups.
The number of TUNEL-positive cells was significantly increased
in the hilus of the VHC and the DHC of the SI group (Figure 9).
Interestingly, there was no increase in the number of TUNEL-
positive cells in the PFC of animals in any of the experimental
groups (Figure Al in Appendix). The exposure to stress alone
resulted in no increase in the number of TUNEL-positive cells in
any of the SS brain regions investigated.

Neurogenesis

To gain insight into the potential effects of stress (with or without
injury) on hippocampal de novo neurogenesis, we performed
DCX immunohistochemistry. We observed a noticeable increase
in DCX expression in the VHC of SI animals; DCX immuno-
reactive cells displayed specific morphologies with elaborate
processes reaching well into the DG (Figure 10F and insert).
Stress alone caused an apparent increase in DCX positive cells
in the VHC compared to the controls (Figure 10). However, the
DCX+ cells in SS animals lacked the elaborate processes seen in
SI animals.

DISCUSSION

The main finding of this study is that repeated stress alone caused
a transient increase in anxiety and no major cellular and molecular
abnormalities, while the exposure to stress and a single mild blast
resulted in a transient (but longer lasting) increase in anxiety and

*%

14 -
12 S **
310 -
o 8-
S 44
2 4
ol —mim =i
control stressed stressed
sham injured

FIGURE 9 | TUNEL-positive cells in selected brain regions of animals in
the various experimental groups. Frozen coronal sections containing the
hilus of the DHC and VHC of C, SS, and Sl rats were cut and processed for
TUNEL histology. The number of TUNEL-positive cells were counted and
expressed as positive cells per unit area £ SEM. *p<0.05 and **p < 0.01
compared to C rats.

chronic memory impairment. These behavioral changes are asso-
ciated with neuroinflammation, vascular changes, and neuronal
and glial cell loss.

Repetitive stress alone resulted in an early (48 h) increase in
anxiety that dissipated at later time points. Our finding is consist-
ent with previous studies where the exposure of rats to a fear-
provoking environment resulted in a short-term increase in anxiety
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FIGURE 10 | DCX immunoreactivity in selected brain regions of animals in the various experimental groups. Frozen coronal sections containing the PFC, DHC, and
VHC were cut. Immunohistochemistry was performed using a DCX antibody. Sections were stained with Hoechst 33342 to mark cellular nuclei. DHC of (A) C, (B) SS, and
(C) Sl rats; VHC of (D) C, (E) SS, and (F) Sl rats. Inlays show the finer details of the cell bodies and processes of DCX cells within the DG of the VHC.

(Pynoos et al., 1996). Other studies also reported increased anxi-
ety that lasted up to 7 days after daily exposure to predator odor
(Adamec and Shallow, 1993; Cohen et al., 1996, 2000, 2003; Adamec
et al., 1997, 1999). On the other hand, exposure of stressed ani-
mals to blast appears to prolong the period of increased anxiety,
as these animals had elevated anxiety levels up to 1 month after
injury. Importantly, anxiety levels of even these animals returned
to normal at 2 months post-injury (or sham).

These findings suggest that the long-term effects of stress and
injury can dissipate. However, epidemiological studies show that
traumatic event(s) or repeated stress can result in PTSD, a chronic
condition (Woon et al.,2010), although not all individuals exposed
to traumatic events develop PTSD (Gross and Hen, 2004; Yehuda
and LeDoux, 2007). The neuroanatomical substrates mediating
symptom formation in PTSD include the medial PFC, amygdala,
and HC (Bremner, 2007; Liberzon and Sripada, 2008). Within
the HC, the VHC is predominantly involved in mediating anxi-
ety-related functions while the DHC is involved in learning and
memory-associated functions (Henke, 1990; Moser et al., 1995).
In vivo imaging studies have found correlation between hippoc-
ampal volume and susceptibility to PTSD development (Karl etal.,
2006). A recent meta-analytic study concluded that hippocampal
volume reduction is associated with the exposure to trauma inde-
pendent of PTSD diagnosis, but additional hippocampal reduc-
tion is associated with the development of PTSD compared to the
trauma-exposed group without PTSD (Woon et al.,2010). A recent
comprehensive in vivo imaging study showed that the volume of
CA3/DG fields of the HC was significantly reduced in veterans with
combat-related PTSD (Wang et al., 2010).

Both genetic and epigenetic factors are suspected in individu-
als’ susceptibility to developing PTSD. These include an abnormal
serotonin system and an altered response to CORT (Gross and
Hen, 2004). Stress can alter the function of the hypothalamus—
pituitary—adrenal axis (HPA), which in turn leads to abnormally
elevated levels of CORT (Yehuda, 2006). Chronically elevated levels
of CORT, as we observed, can adversely affect the architecture

of the HC. However, a recent study found that chronically ele-
vated CORT levels did not reduce cell number but caused a pro-
nounced loss of synapses, suggesting that volume measures can
substantially underestimate the effects of CORT on hippocampal
structure and importantly on function (Tata et al., 2006; Tata and
Anderson, 2010).

The HC, specifically the DHC, is also a critical neuroanatomi-
cal substrate of learning and memory (Henke, 1990; Moser and
Humpel, 2005); elevated CORT levels can adversely affect memory
(Bannerman et al., 2004). Although we found that CORT levels
remained elevated even after 2 months in both SS and SI groups,
we found that SS animals did not display memory deficits. Previous
studies showed that following daily (foot-shock) stress for 14 days,
CORT levels were elevated during the first 7 days post-stress, but
returned to control levels by day 14 (Kant et al., 1987). However,
there have been no studies to our knowledge that measure the long-
term (e.g., 2 months) effects of stress on CORT levels.

In contrast to the transient increase in anxiety, we found that
memory impairment was both specific to blast injury and also
appeared to be a “chronic” condition. In BM, the performance of
SS animals was not significantly different from C animals at any
given time point, except on day 8 post-injury. Previous behavioral
paradigms, in which rats were exposed to another form of predator
stress (Diamond et al., 2006) have indicated that stress can have
different effects on memory formation and consolidation depend-
ing on the time of exposure. Importantly, our data showed that
memory impairment was at its highest at 2 months post-injury.
These findings suggest that blast injury predominantly affects the
DHC as evidenced by impaired spatial memory.

We found an increased number of TUNEL-positive cells in the
hilus of the HC but not in the PFC of animals in the SI group at
2 months post-injury. This apparent lasting apoptotic processes
after TBI is quite unusual. The limited information available indi-
cates that in other models of TBI apoptotic activity returned to
control levels 2 months after injury (Luo et al., 2002). There were
no significant differences in the number of TUNEL-positive cells
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of animals that were exposed to chronic stress only. As discussed
above, SS animals had elevated serum CORT levels but showed
no increase in the number of TUNEL-positive cells in their HC
or PFC. These findings suggest that in addition to elevated CORT
levels, other factors like inflammation may be required to sustain
the increase in apoptotic cell death.

Our immunohistochemical data showed an increase in Ibal
immunoreactivity in the PFC as well as the HC of SI animals.
Within the HC of SI animals, Ibal immunoreactivity appeared to
be higher in the VHC than in the DHC. However, we also found
that exposure to stress alone resulted in an increase in hippocampal
IL-6 (but not INFy) levels 2 month after injury (or sham).IL-6 and
INFyare inflammatory cytokines produced by activated microglia
and astroglia and are involved in mediating various responses to
injury (Morganti-Kossmann et al.,2001,2002; Nimmo et al.,2004).
Depending on the cellular and molecular context, IL-6 can be neu-
rotoxic or can act as a neuroprotectant (Toulmond et al., 1992).

IL-6 can act as a potent inhibitor of de novo hippocampal neu-
rogenesis; one of several innate regenerative processes triggered by
TBI (Vallieres etal., 2002). After alatency period following TBI, the
rate of de novo hippocampal neurogenesis increases (Dash et al.,
2001; Chirumamilla et al., 2002; Lee and Agoston, 2010). Newborn
neurons, marked by DCX expression, migrate from the SGL to
the granule cell layer (GCL) where many of the surviving neurons
differentiate into granule cells (Altman and Das, 1965; Cameron
etal., 1993). We found an apparent increase in DCX positive cells
at 2 months after injury in the VHC but not in the DHC of S rats.
Additionally, these cells showed elaborate processes extending well
into the DG. Animals in the SS group also showed an increase
in DCX immunoreactivity in the VHC but the cells lacked the
elaborate processes observed in SI rats. These findings suggest an
increase in de novo neurogenesis in the VHC in response to stress,
but particularly to the combination of stress and blast. This may
indicate that increased de novo neurogenesis in the VHC is partly
responsible for the normalization of anxiety observed at 2 months.

The apparent increase in DCX+ cells in the VHC of SI ani-
mals contradict what the Ibal immunohistochemistry and the
IL-6 ELISA data would imply. In addition to chronically elevated
CORT levels, elevated hippocampal IL-6 levels and the presence
of Ibal+ cells in the HC would imply a decrease or repression in
neurogenetic activity as neuroinflammation and elevated CORT
levels are known inhibitors of hippocampal de novo neurogen-
esis (Cameron and Gould, 1994; Yu et al., 2004; Montaron et al.,
2006); with males showing a greater vulnerability to elevated CORT
(Brummelte and Galea, 2010). However, the regulation of de novo
hippocampal neurogenesis is rather complex; large numbers of
molecules are involved and the exact nature of the regulatory proc-
ess is currently not fully understood (Kempermann and Gage, 2000;
Kempermann, 2002). Even though it has been accepted that an
increase in DCX+ cells indicates increased de novo neurogenesis,
DCX is only transiently expressed by de novoneurons. Thus, a more
detailed BrdU/Prox1 double immunohistochemical and stereologi-
cal quantification of the histology results is required to determine
changes in de novo neurogenesis after stress and blast.

One of the positive regulators of de novo neurogenesis is VEGF;
we and others have found that VEGF is significantly upregulated
in various forms of TBI (Jin et al., 2002; Lee and Agoston, 2010)

increased VEGF level promotes survival of de novo hippocampal
neurons by blocking apoptotic cell death (Lee and Agoston, 2010).
Consistent with the previous observation, we found that injury and
stress, but not stress alone, increases VEGF levels in the HC and also
in the PFC. Consistent with the previous observation, we found
that injury and stress, but not stress alone, increases VEGF levels in
the HC and also in the PFC. Previous studies have demonstrated
that an increase in VEGF concentration can also increase vascular
permeability as indicated by the breach of the BBB (Dvorak et al.,
1995). Interestingly, a recent clinical study has shown that increased
serum level of VEGF is indicative of good outcome after ischemic
stroke (Sobrino et al., 2009).

We found increased serum levels of several neuronal and
glia-specific proteins including NF-H, NSE, CK-BB, and GFAP
2 months post-injury. These molecules have previously been used
to assess the extent and the outcome of TBI (Berger, 2006; Korfias
etal., 2009). For example, NF-H has been used as a biomarker of
neuronal loss and BBB damage and predicting outcome (Anderson
et al., 2008). That serum levels of these proteins remain elevated
at 2 month after injury suggest ongoing neuronal and glial cell
loss as well as a chronically increased BBB permeability in which
elevated levels of VEGF may play a role (Ay et al., 2008; Gerstner
et al., 2009).

We also found significantly elevated levels of S100f and GFAP in
the HC and in the PFC of S animals. Elevated tissue levels of SI00f3
may indicate astroglial proliferation and overall glial response to
injury (Kleindienst et al., 2005). Elevated expression of GFAP by
astrocytes, combined with morphological changes (reactive astro-
gliosis), is a hallmark of CNS neurotrauma (Eng and Ghirnikar,
1994; Fitch and Silver, 2008). We found that the VHC and the DHC
appear to have differential expression of stellar GFAP astroglia fol-
lowing exposure to stress only and to the combination stress and
injury. The role of increased GFAP immunoreactivity and stellar
astroglia in CNS injury is complex. Astrocytic responses can lead to
either reparative or detrimental outcomes depending on the type
and time after injury (Eng and Ghirnikar, 1994; Fitch and Silver,
2008). However, increasing evidence also indicates a protective role
of astrogliosis in reducing the toxic effects of extracellular glutamate
and enabling barrier reconstruction after TBI (Buffo et al., 2010).
In light of our behavioral findings, showing normalized anxiety
levels of SI animals at 2 months post-injury, we speculate that the
apparent increase in GFAP positive cells in the VHC may contrib-
ute to reparative pathomechanisms and the restoration of normal
anxiety levels. Chronic stress has been shown to significantly reduce
both the number and somal volume of astroglia in the HC (Czeh
et al., 2006). Interestingly, we did see a differential effect of stress
alone and stress and injury in the DHC and VHC. While the VHC
displayed an apparent increase in GFAP+ cells with stellar processes,
the same was not observed in the DHC and memory impairment
remained significant 2 months post-injury. A possible explanation
for the lasting memory deficits occurring in ST animals is that stress
may selectively impair the restorative and/or regenerative action
of reactive astrocytes in the DHC. While compelling, the results
obtained require further exploration.

In summary, we found that when stressed animals are exposed
to a single mild blast overpressure, there are lasting behavioral,
molecular, and cellular abnormalities characterized by memory
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impairment, neuronal and glial cell losses, inflammation, and glio-
sis. In contrast, stress alone resulted only in a transient increase in
anxiety, no memory deficit and no detectable tissue damage. If our
findings are independently verified, the potential ramifications can
be significant in developing tools to assess the severity and to predict
the outcome of psychological and physical traumas.
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FIGURE A1 | TUNEL-positive cells in selected brain regions of animals in the various experimental groups. Frozen coronal sections containing the (A) PFC and
(B) DG of the DHC and VHC of C, SS, and Sl rats were counted and expressed as positive cells per unit area + SEM. *p< 0.05 and **p < 0.01 compared to C rats.
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