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Abstract

Clinical studies examining the interaction between traumatic brain injury (TBI) and stress-related disorders (e.g., post-
traumatic stress disorder) are often complicated by methodological constraints, such as heterogeneity in injury type and
severity, time post-trauma, and predisposing risk factors. Developing relevant animal models whereby many variables can
be efficiently controlled is thus essential to understanding this elusive relationship. Here, we use our repeated unpre-
dictable stress (RUS) paradigm, in combination with our established mouse model of repetitive mild TBI (r-mTBI), to
assess the impact of repeated exposures to these paradigms on behavioral and neurobiological measures. C57BL/6J male
mice were exposed to RUS and r-mTBI at 3 and 6 months of age followed by batteries of behavioral testing. Mice were
euthanized 10 days and 3 months post-exposure, with brain and plasma samples collected for molecular profiling. The
RUS paradigm involved exposure to a predator odor (trimethylthiazoline; TMT) while under restraint, daily unstable
social housing, five inescapable footshocks on separate days, and chronic social isolation. Animals receiving r-mTBI (X 5)
and stress were exposed to a single closed-head injury 1h after each footshock. Stress-alone mice showed significant
weight loss, recall of traumatic memories, and anxiety-like and passive stress-coping behavior when compared with
control mice. However, in stress+r-mTBI animals, the changes in cued fear memory, anxiety, and stress-coping tests were
diminished, possibly due to TBI-induced hyperactivity. We also report complex brain molecular and neuropathological
findings. Stress and r-mTBI, either individually or comorbidly, were associated with a chronic reduction in dendritic spine
GIluN2A/GIuN2B ratio in the hippocampus. While stress augmented the r-mTBI-dependent astrogliosis in the corpus
callosum, it mitigated r-mTBI-induced increases in hippocampal pro-brain-derived neurotrophic factor. We anticipate
that our model will be a good platform to untangle the complex comorbid pathophysiology in stress disorders and r-mTBI.
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Introduction Iraq and Afghanistan who have experienced one or both of these

conditions. The prevalence of PTSD in U.S. soldiers returning from

RAUMATIC BRAIN INJURY (TBI) is the result of a forceful
blow or impact to the head, and is often accompanied by both
short-term and long-term neuropsychological symptoms, such as
confusion, irritability, impulsiveness, and depression.' Mild TBI
(mTBI) is the most common form of TBI, representing more than
80% of all TBI cases, and often co-exists with other psychiatric
conditions such as depression, post-traumatic stress disorder
(PTSD), and suicidal ideation.>>
Particularly, comorbid mTBI and PTSD has received recent
attention due to the increasing number of veterans returning from

Operation Iraqi Freedom and Operation Enduring Freedom ranges
from 4% to 17%.*> Further, a report from the RAND corporation in
2009 indicated that 19% of the soldiers returning from deployment
in Iraq and Afghanistan were diagnosed with TBI, and 5% were
diagnosed with co-morbid PTSD and TBIL® The probability of
developing PTSD is higher for soldiers in combat roles relative to
those in noncombat roles.”

The interaction between TBI and stress-related disorders is also
relevant to the civilian population. A study conducted on civilians
showed that patients who survived a mTBI were more likely to
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develop PTSD than patients with no brain injury.® In a different
study, 22% of patients admitted to the hospital for mTBI develop
a psychiatric disorder within a year of sustaining the injury’; these
psychiatric disorders included depression, generalized anxiety
disorder, and PTSD."°

Many questions concerning comorbid stress disorders such as
PTSD and mTBI remain unanswered. For example, would a history
of mTBI increase the likelihood of developing PTSD after exposure
to a traumatic event? Does the timing of mTBI relative to the
traumatic event affect stress-related outcomes? The complexity of
these questions increases when considering the different severities
of TBI (i.e. mild, moderate, or severe). Further, attempting to an-
swer these questions using human studies is challenging due to the
clinical heterogeneity and overlapping symptoms of these condi-
tions. Therefore, studying the interaction between mTBI and stress
in pre-clinical models is necessary in order to understand the un-
derlying neurobiological mechanisms and establish better thera-
peutic strategies.

Our group has ample experience in developing single and re-
petitive mTBI mouse models that have been characterized from
24h to 24 months after injury.'"'* We have mostly focused on the
chronic effects of repetitive mTBI (r-mTBI), utilizing a mild injury
delivered on the midline of a closed skull administered five times
over a 9-day period.ll With this model, we have demonstrated that
in contrast to single mTBI, repetitive mTBI was associated with
“chronic” spatial memory deficits, axonal injury, and glial acti-
vation long after the last injury.'"'?

We have also recently shown that mice exposed to 21 days of
repeated unpredictable stress (RUS) and chronic social isolation
show long-lasting abnormalities in the hypothalamic-pituitary-
adrenal (HPA) axis and the hippocampus, but only moderate
chronic changes in behavior."

Although we acknowledge that the complex phenotypes ob-
served in human PTSD cannot be captured by a single mouse
model, the demonstration of several PTSD-like neurobiological
alterations, and the long-term recall of trauma-related cues in mice
exposed to RUS suggested that our model may have relevance to
PTSD."

Because trauma and injury-related symptoms are persistent in
humans, the presence of long-lasting behavioral alterations after
exposure to stressors or mTBI in an animal model is crucial for
translational relevance. To this end, herein, we explore the con-
sequences of exposure to chronic stress and r-mTBI on long-term
behavioral and neurobiological outcomes. Chronic stress proce-
dures involved double exposures to RUS at 3 and 6 months of age,
while the r-mTBI procedures involved double exposures to our
r-mTBI model (five hits, 48-h intra-injury interval) at the same
time-points. We hypothesized that both stress-dependent and r-
mTBI-dependent phenotypes will be more prominent after dou-
ble exposure to our RUS paradigm compared with a single RUS
exposure. This approach was adopted because the behavioral ef-
fects observed after a single RUS paradigm were moderate at 6
months post-exposure. Hence, a secondary objective in the cur-
rent study is to explore a possible dose-response relationship of
RUS and r-mTBI.

The comprehensive characterization of the behavioral and neu-
robiological consequences of chronic stress and r-mTBI exposure
that will be presented here may have relevance to active-duty
soldiers receiving multiple combat deployments and victims of
multiple traumatic experiences from the civilian population. We
anticipate that our model will be a useful platform to explore the
long-lasting outcomes of combined exposure to stress and r-mTBI.
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Methods
Animals

We purchased 12-week-old C57BL/6 male mice from Jackson
Laboratories (Bar Harbor, ME) and housed them in standard cages
under a 12-h light/12-h dark schedule at ambient temperature. All
procedures were performed in accordance with Office of Labora-
tory Animal Welfare guidelines under a protocol approved by the
Roskamp Institute Institutional Animal Care and Use Committee.
Animals were randomly assigned to four groups: control, stress, 1-
mTBI, or stress+r-mTBI (n=15 per group).

The 21-day repeated unpredictable stress
and repetitive mild traumatic brain injury paradigm

Our RUS paradigm was implemented as described previously'?
and as depicted in Figure 1. In brief, 12-week-old mice received 21
days of RUS involving the following: 1) unstable social housing
with a different mouse every day; 2) 30 min of unpredictable ex-
posure to a predator odor (TMT) under restraint on 10 different
days; and 3) five inescapable footshocks. Animals assigned to the
stress+r-mTBI group received a mild traumatic brain injury 1h
after exposure to each footshock in addition to the RUS paradigm,
while animals in the r-mTBI group received the five mTBIs only
without any footshocks. The 1-h delay was introduced to allow for
consolidation of fear memory.

Closed-head injuries were conducted using our previously es-
tablished model involving a 1-mm depth impact delivered to the
closed skull using a 5-mm flat tip electromagnetic stereotaxic im-
pactor (Leica Biosystems, Buffalo Grove, IL) at a velocity of
5 m/sec with a dwell time of 200 msec.'> Mice were anesthetized
using 1.5 L/min of oxygen and 3% isoflurane and maintained under
anesthesia through a nose cone throughout the injury procedure.
Footshocks and head injuries were administered at 48- to 72-h
intervals to replicate our previous characterization of the r-mTBI
model. Control and r-mTBI-only animals were exposed to the fear-
conditioning chamber for the same frequency and duration as the
stressed mice, without administration of footshocks or auditory
cues, and were never restrained or exposed to TMT. Stress-only and
control animals received sham anesthesia (3min) 1h after the
footshock or contextual habituation, respectively. The same pro-
cedures were repeated 3 months after the first RUS (i.e., when
animals were 27 weeks old). Animals in the stress and stress+r-
mTBI groups were housed individually after the RUS procedure,
whereas animals in the control and r-mTBI groups were housed in
groups of 2-3 mice throughout the study.

A subset of animals from each group (n=4-5 per group) were
euthanized at the acute time-point (Day 142 of the study timeline)
for molecular studies. To increase the number of animals in the
anxiety tests, these animals received the Open Field test and the
Elevated Plus Maze only once at the acute time-points with no
additional testing. The remaining animals (n=9-11 per group)
received a behavioral testing battery beginning at Day 1 after the
second RUS (Day 132 of the study timeline) and then were retested
using a similar battery at 3 months after the second RUS. The exact
timeline of the behavioral test batteries is shown in Supplementary
Figure S1. All animals undergoing the full behavioral testing bat-
tery (n=9-11 per group) were euthanized 1 week after the last
behavioral experiment for molecular studies (around 3 months after
the second RUS).

Body weight

Mice were weighed in the light cycle before receiving any stress
or r-TBI manipulations in that particular day. Baseline body
weights (at least the average of two independent measurements)
were measured before the start of each RUS exposure. The per-
centage change in body weight was then calculated relative to each
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FIG. 1. Study timeline and experimental procedures for the stress paradigm. Twelve week old mice were exposed to the repeated

unpredictable stress (RUS) paradigm at 3 months and at 6 months of age. The stress paradigm involved 21 days of daily unstable social
housing (i), unpredictable repetitive exposures to predator odor (Fox urine component, TMT), while under restraint for 30 mins (ii), and
five repeated inescapable footshocks (iii). Animals receiving repeated mild traumatic brain injury (r-mTBI) in addition to stress
(Stress+r-mTBI group) were exposed to (iv) five closed-head injuries 1h after exposure to inescapable footshock, for a total of five
mTBIs. Closed-head injuries were conducted using our previously established model involving a 1-mm depth impact to the closed skull
using a 5-mm flat tip electromagnetic impactor at a velocity of 5 m/sec with a dwell time of 200 msec. All animals in the stress groups
were socially isolated (single housing) after RUS until the end of the study (v). A battery of behavioral testing was conducted at an acute
time-point (Days 133—151) and again at 3 months after the second RUS (Days 224-241). Brain tissue and plasma were collected at the
acute time-point (Day 142) and at the 3-month time-point (Day 247). Color image is available online.

animal’s baseline. One animal from the stress-only group and one
animal from the stress+r-mTBI group died during the restraint
procedures of the second RUS and were excluded from the analysis.

in the control group were placed in the same fear-conditioning
context for 3min without introducing a tone or delivering an
electric shock. To determine retention of contextual/cued fear
memory, animals were tested at the acute time-point, and at 3

T™T

TMT was purchased from SRQBio (Sarasota, FL) and diluted
1:10 (v/v) in double distilled water before use. A total of 50 uL. of
10% TMT was dispensed on a tissue paper next to the head of the
restrained animal.

Fear conditioning and contextual and cued fear testing

Fear conditioning was performed with five total footshocks,
administered on Days 2, 4, 6, 9, and 12 of the RUS paradigm.
Animals were placed in a shuttle box chamber for 3 min with a pure
tone (70 dB, 2.9 kHz) introduced during the last 30 sec. At the end
of the auditory cue, animals received a single uncontrollable/in-
escapable footshock at 1 mA for 4 sec and were left for 1 additional
min in the same context before returning to their home cages. Mice

months after the second RUS. This involved placing animals in the
fear-conditioning spatial context for 3min and measuring the
freezing response using an automated video tracking system
(Ethovision; Noldus, the Netherlands). A cued fear memory test
was conducted approximately 1 h after the contextual fear memory
test. Animals were placed in a novel context for 3 min in the ab-
sence of any cues followed by 3 min with the tone turned on.
Freezing response was measured throughout the entire 6 min period
by Ethovision Software using the optimized immobility parameter
(5% immobility threshold, 20 frames per sec) as previously de-
scribed. '

Open Field test

All animals were acclimated to the testing room for at least 1 h
before the test procedures. Animals were placed in the center of a
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circular maze (120 cm diameter) and left to explore it for 15 min.
The time spent in a predefined center zone and the number of
entries into the center zone were used to examine anxiety. The
testing room was lit at 80 lux (dim light).

Elevated Plus Maze (EPM)

The maze is comprised of two open and two closed arms (ele-
vated 70 cm from the floor) forming a plus shape. Each mouse was
placed in the middle of the maze facing an open arm and allowed to
freely explore it for Smin in a darkly lit room (~1 lux). The
number of entries into the open arms and the total time spent in the
open arms were calculated using Ethovision video tracking system
to evaluate anxiety. Animals were retested in the same room at 3
months after the second RUS.

Forced Swim Test (FST)

The test was performed in a cylindrical container (20cm
height x20 cm diameter) filled with water at room temperature.
Animals were gently placed in the middle of the container and
allowed to swim for 6 min. The time spent floating (not swimming
nor climbing) was calculated using the Ethovision immobility pa-
rameter (7.5% immobility threshold, 20 frames per sec) as a mea-
sure of passive stress coping behavior.

Radial Arm Water Maze (RAWM)

Spatial learning and memory were assessed using the RAWM
test as described previously.'® In brief, the maze consists of a cir-
cular water pool (120cm diameter and 30-40cm height), con-
taining six swim tracks (arms) extending from an open central
arena. Each arm was marked with a unique visual cue, with only
one target arm containing a hidden escape platform at the end of it.
Animals were trained for 12 trials per day over 5 days to locate the
hidden goal arm. Each trial lasted for 60 sec. Memory errors were
recorded for each entry to a wrong arm. An Ethovision video-
tracking system was used to record the number of errors per trial.
All animals were subjected to the test for 5 days at the acute time-
point as depicted in Supplementary Figure S1. The test was re-
peated for 5 more training days using the same maze and visual
cues at 3 months after initial training.

Social interaction and novelty recognition tests
(three-chamber test)

The testing apparatus consists of a rectangular box with three
chambers separated by two doors. Each of the outer chambers
contains a cage enclosure. The mice were habituated to the testing
box for 5 min prior to testing. Testing occurred in two sessions. In
the first session, an intruder mouse (Strangerl) was placed in one
cage, while the cage in the other chamber was left empty. The tested
mouse was placed in the middle chamber and was allowed to ex-
plore the three chambers for 10 min. The time spent in the chamber
containing Strangerl versus the chamber with the empty cage was
calculated to evaluate social interaction of the test subject. In the
second session, a novel intruder mouse (Stranger2) was placed in
the second cage while the more familiar intruder mouse (Stranger1)
remained in the first cage, and the test subject was allowed to freely
explore all three chambers for 10 min. The time spent in the
chamber with Stranger2 versus the chamber with Strangerl was
used to evaluate the social memory of the tested animal.

Blood collection and ex vivo lipopolysaccharide
stimulation of whole blood

To obtain blood samples, animals were anesthetized with iso-
flurane, and approximately 500 uL. of blood were collected into
heparin tubes by cardiac puncture immediately prior to euthanasia.
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A total of 400 uL of blood from each animal were kept aside for the
ex vivo lipopolysaccharide (LPS) stimulation studies. The re-
maining blood was centrifuged at 3000 g for 3 min, and plasma
samples (clear supernatant fraction) were flash frozen in liquid
nitrogen and stored at —80°C. For the ex vivo LPS challenge, 400 uL
blood samples from each animal were divided into two 200 uL
samples and incubated with either Roswell Park Memorial Institute
medium (RPMI; 1% glutamine, 1% pyruvate, 1% garamycin) or
RPMI containing 1 ug/mL LPS at 37°C for 6 h. All blood samples
were then centrifuged for 3 min at 3000 g for plasma collection.

Enzyme-linked immunosorbent assay (ELISA)
and multiplex ELISA

Commercially available ELISA kits were used to measure the
concentration of several plasma markers: the neuropeptide Y
(NPY) and cortisol ELISA kits were purchased from Life-Span
Biosciences (Seattle, WA), the norepinephrine ELISA kit was
purchased from Eagle Biosciences (Amherst, NH), and the corti-
costerone ELISA kit was purchased from Arbor Assays (Ann Ar-
bor, MI). Tissue brain-derived neurotrophic factor (BDNF) levels
were measured using an ELISA from Boster Bio (Pleasanton, CA).
All ELISA kits were used as per manufacturers’ instructions. Brain
and plasma cytokine levels were measured using the MSD proin-
flammatory Panel I for the following cytokines: interferon y (IFN-
1), interleukin (IL)-1p, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, and
tumor necrosis factor o (TNFo; MesoScale Discovery, Gaithers-
burg, MD). A single plasma sample (12.5 uL) from each mouse was
used for the detection of plasma cytokines, while 25 uL. of hippo-
campal homogenate in M-PER protein extraction reagent
(~8mg/mL total protein) was used for the measurements of hip-
pocampal cytokine levels.

Brain tissue preparation and Western blotting

Brains from 4-6 animals per group were used for biochemical
analysis while the brains from the remaining animals were used for
immunohistochemical experiments. Western blot experiments
were conducted as described previously.'® In brief, following
transcardial perfusion by gravity drip with phosphate-buffered sa-
line (PBS), brain tissue was collected, and the hippocampus and
hypothalamus were dissected and frozen immediately in liquid
nitrogen and kept at —80°C. For Western blotting analyses, the
hypothalamus or hippocampi from both hemispheres were ho-
mogenized in 200 uL. of M-PER protein extraction reagent con-
taining proteinase and phosphatase inhibitors (Thermofisher) using
a probe sonicator. Samples were sonicated with a 2-sec pulse fol-
lowed by incubation on ice for 10 sec, and this process was repeated
three times. Homogenized samples were centrifuged at 15,000 g
for 10min followed by collection of the supernatants. Diluted
supernatant fractions (2 mg/mL total protein) were then mixed with
Laemmli buffer (Bio-Rad) containing DDT and denatured by
boiling at 99°C. Samples were subsequently resolved on 4% to 15%
gradient polyacrylamide criterion gels (Bio-Rad). After electro-
transferring to polyvinylidene difluoride membranes, membranes
were blocked in 5% milk made in Tris-buffered saline (TBST) and
subsequently incubated with different primary antibodies overnight
(Supplementary Table S1). After three washing steps using TBST,
membranes were probed with horseradish peroxidase-linked sec-
ondary antibodies (Supplementary Table S1). Signal intensity ra-
tios were quantified by chemiluminescence imaging with the
ChemiDocTM XRS (Bio-Rad) with Anti-GAPDH antibody used as
a housekeeping protein.

Golgi-Cox staining and immunohistochemistry

A total of 5-6 animals per group were used in Golgi-Cox
staining and immunohistochemistry experiments. At 3 months after
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the second RUS exposure, mice were anesthetized with 3% iso-
flurane and transcardially perfused with PBS solution. Right brain
hemispheres were extracted and immediately processed according
to FD Rapid Golgi stain Kit instructions (FD NeuroTechnologies,
Baltimore, MD), while the other hemispheres (left side) were fixed
in 4% paraformaldehyde for 24-48h followed by embedding in
paraffin for subsequent immunohistochemistry (IHC) experiments.

For the Golgi experiments, 100 um sections of impregnated
tissue were cut using a cryostat at —20°C, mounted onto positively
charged glass slides (Fisher, Superfrost Plus, Pittsburgh, PA) and
analyzed using an Olympus BX63 upright microscope at
100 x magnification. The following three criteria were met by a
dendrite to be chosen for spine density analysis: 1) it had to be
emerging either from an apical neuron in the hippocampal CAl
region or layer II/IIl in the frontal cortex; 2) the neuron had to be
fully stained, including the cell body with no cuts in the axons; and
3) the origin of the dendrite should not be obscured by any nearby
overlapping neurons.

For IHC experiments, a series of 6-um thick sagittal sections
were cut throughout the extent of the cortex and hippocampus
guided by known bregma coordinates using a microtome (2030
Biocut; Reichert/Leica, Buffalo Grove, IL). Cut sections were
mounted onto positively charged glass slides (Superfrost Plus;
Fisher, Pittsburgh, PA). Before the IHC procedure, all sections
were deparaffinized in xylene and rehydrated in a gradient of eth-
anol solutions of decreasing concentrations. Sections were then
rinsed in distilled water and subsequently incubated at room tem-
perature in a solution of hydrogen peroxide (3% in water) for
15 min to block endogenous peroxidase activity. Antigen retrieval
was necessary for ionized calcium-binding adaptor molecule 1
(Ibal) staining and included treatment with boiling citrate buffer
solution (pH 6) for 8 min in the microwave. Following antigen
retrieval, sections were blocked for 30min to 1h in normal
blocking serum, using the same serum in which the secondary
antibody was raised. Next, sections were immunostained in batches
with primary antibodies diluted in supersensitive wash buffer
(BioGenex, Fremont, CA). The primary antibodies used are listed
in Supplementary Table S2.

After overnight incubation at 4°C, sections were washed in PBS,
then incubated with the appropriate secondary antibody (Vectastain
Elite ABC Kit; Vector Laboratories) at room temperature for
30 min to 1 h, depending on the specific requirement of the antibody
protocol. After rinsing in water, sections were incubated with
avidin-biotin horseradish peroxidase or alkaline phosphatase en-
zyme solution (Vector Laboratories) for 30 min at room tempera-
ture. Immunoreactivity was visualized with 3,3’-diaminobenzidine
(DAB) peroxidase solution (0.05% DAB - 0.015% H,0, in 0.01 M
PBS, pH 7.2; Vector Laboratories). Development with the chro-
mogen was timed and applied consistently across batches to limit
technical variability before progressing to quantitative image
analysis. Reactions were terminated by rinsing sections in distilled
water. Sections were counterstained with hematoxylin, dehydrated
through a gradient of ethanol of increasing concentrations, cleared
in xylene, and cover-slipped with permanent mounting medium.
Immunoreacted sections were viewed using a motorized Olympus
BX63 upright microscope and photographs were taken using the
high-resolution DP72 color digital camera.

Image analysis

Immunoreactivity for glial fibrillary acidic protein (GFAP) and
Ibal was measured by quantitative image analysis (optical seg-
mentation) by an observer blinded to experimental grouping.
Multiple regions of interest were analyzed in a standardized fashion
for each cell marker/antibody. A survey of immunostained tissue
sections was first performed independently to verify specific im-
munoreactivity that was subsequently progressed to quantitative
image analysis. Briefly, non-overlapping red, green, blue (RGB)
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images were digitally captured randomly within the defined areas
from each section (comprising an average of five sections per an-
imal for each marker), providing a systematic survey of each region
of interest for each animal within a group. A minimum of 10 mi-
croscopic fields (60 X magnification) were analyzed per region per
animal. Immunoreactive profiles that were optically segmented
were analyzed using CellSens morphometric image analysis soft-
ware (Olympus, Center Valley, Pennsylvania). A semiautomated
RGB histogram-based protocol (specified in the image analysis
program) was used to determine the optimal segmentation
(threshold setting) for immunoreactivity for each antibody. Im-
munoreactive profiles discriminated in this manner were used to
determine the specific immunoreactive percentage area. Data were
separately plotted as the mean percentage area of immunoreactivity
per field (% area)z standard error of mean for each region and

grouping.

Statistical analysis

All data passed normality testing using Spiro-Wilk normality
test and therefore were examined using appropriate parametric
tests. The three-chamber test was analyzed using one-sample t-
tests. Two-way analysis of variance (ANOVA) with Stress and
r-mTBI as between-subjects independent variables was used to
analyze total immobility time in the Forced Swim Test, RAWM
last-day trials, immunohistochemical data for GFAP and Ibal per
brain region, and profiles of plasma and brain markers using ELISA
and Western blotting. Body weight measurements, contextual fear
memory, time-bin analysis of the cued fear memory tests and
RAWM training trials were analyzed using three-way repeated
measures ANOVA (RM ANOVA) with Stress and r-mTBI as two
independent between-subjects variables and Time as within-subject
independent variable. EPM and Open Field tests were analyzed
using three-way ANOVA with Stress, r-mTBI, and Time as three
independent variables because of the unequal number of animals at
each time-point. Recall of cued fear memory at each time-point and
the levels of plasma cytokines in the ex vivo LPS challenge were
both analyzed using three-way-RM ANOVA with Stress and
r-mTBI as between-subjects variables and Cue or LPS as a within-
subject variable. Group differences at each time-point were ana-
lyzed using three-way ANOVA, followed by a two-way ANOVA at
each repeated measure if any of the interaction terms were signif-
icant.

All ANOVA experiments were followed by pairwise compari-
sons with correction for multiple comparisons using the two-stage
linear step-up procedure of Benjamini, Krieger, and Yekutieli
(BKY) to control the false discovery rate.'” Three-way-RM AN-
OVA was performed using IBM SPSS Statistics software (Armonk,
NY), while all other analyses were performed with Graph Pad
prism version 7.0 statistical software (La Jolla, CA). Mauchley test
was used to examine the assumption of sphericity before three-
way-RM ANOVA analyses. If the sphericity assumption was vio-
lated, the Geisser-Greenhouse correction to the degrees of freedom
and p values was reported.

Statistical outliers were identified using Grubbs’ test. In the
EPM, statistical outliers were removed from the stress-only and r-
mTBI groups at the acute time-point and from the stress-only and
stress+r-mTBI groups at the chronic time-point (one animal per
group). Four animals (one per group) did not receive the RAWM
training and were excluded from the analysis. The same animals
were excluded from the FST analysis due to the absence of previous
exposure to swim stress. In the RAWM 3-month recall trial
(Fig. 4D), one statistical outlier was removed from the stress-only
group. One statistical outlier (stress-only group) was removed from
the plasma cytokines measurements (Tablel) and another outlier
(control group) was removed from the Western blot quantification
of the hippocampal GIuN1 levels at 3 months after the second RUS
(Fig. 7E).
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Results

Repeated exposure to stress and/or mTBI results
in acute body weight loss

We have previously shown that a single exposure to the RUS
paradigm results in a reduction in normal body weight gain in
young adult mice.'? In the current study, we examined the effect of
repeated exposure to stress and mTBI on body weight. To avoid
bias due to differences in baseline body weight values (Supple-
mentary Fig. S2A, S2B), we measured the percentage change in
body weight relative to each animal baseline. During the first RUS
exposure, body weight gain was only affected by stress and time, as
evidenced by reduced weight gain in the stress and stress+r-mTBI
groups in the first 3 weeks of stress relative to controls (three-way-
RM ANOVA: main Time effect [F(2, 74) =49.65, p <0.0001], main
Stress effect [F(1, 37)=27.9, p<0.0001], main r-mTBI effect [F(1,
37)=0.023, p=0.88], Stress*r-mTBI interaction [F(1, 37)=2.63,
p=0.11], Stress*Time interaction [F(2, 74)=1.044, p=0.354], r-
mTBI*Time interaction [F(2, 74) =0.189, p =0.828], and Stress*r-
mTBI*Time interaction [F(2, 74)=0.594, p =0.555]; Fig. 2A). No
significant r-mTBI effects on body weight gain were observed
during the first RUS (Fig. 2A).

Stress and/or r-mTBI procedures were repeated again 3 months
after initial stress (second RUS), during which animals in the r-
mTBI, stress and stress+r-mTBI groups showed significant weight
loss compared with the control group (three-way-RM ANOVA:
main Time effect [F(2, 70)=2.02, p=0.141], main Stress effect [F(1,
35)=15.319, p<0.0001], main r-mTBI effect [F(1, 35)=7.685,
p<0.0001], Stress*r-mTBI interaction [F(1, 35)=0.357, p=0.554],
Stress*Time interaction [F(2, 770)=2.237, p=0.165], r-mTBI*Time
interaction [F(2, 70)=1.193, p=0.309], and Stress*r-mTBI*Time
interaction [F(2, 70)=0.613, p=0.545]; Fig. 2B). The changes in

2595

body weight in all groups were driven by an intense decrease in their
rate of weight gain during the first week of RUS or r-mTBI (Sup-
plementary Fig. S2C, S2D).

Effect of -mTBI on overall locomotion and recall
of fear memory

We next examined the effect of r-mTBI on several stress-related
behaviors (Recall of fear memory, anxiety and stress-coping
strategies) at the acute time-point and at 3 months after the second
RUS (Fig. 3). All animals receiving RUS, independent of r-mTBI,
showed a significant increase in their freezing (immobility time)
when placed in the same trauma context at the acute and 3-
month time-points (three-way-RM ANOVA: main Time effect
[F(1,39)=0.517, p=0.476], main Stress effect [F(1, 39)=68.908,
p<0.0001], main r-mTBI effect [F(1, 39)=1.720, p<0.197],
Stress*r-mTBI interaction [F(1, 39)=0.126, p=0.725], Stress*Time
interaction [F(1,39)=0.392, p=0.535], r-mTBI*Time interaction
[F(1,39)=1.177, p=0.285], and Stress*r-mTBI*Time interaction
[F(1,39)=0.000, p =0.988]; Fig. 3A). In the cued fear memory test at
the acute time-point, stress and stress+r-mTBI groups showed sim-
ilarly increased freezing responses to the cue compared with their
respective control groups in the total test duration (three-way-RM
ANOVA: main Cue effect [F(1,39)=128.619, p<0.001], main
Stress effect [F(1, 39)=59.344, p<0.001], main r-mTBI effect
[F(1, 39)=0.546, p=0.464], Stress*r-mTBI interaction [F(I,
39)=2.700, p=0.108], Stress*Cue interaction [F(1,39)=71.646,
p<0.001], r-mTBI*Cue interaction [F(1,39)=0.221, p=0.641],
and Stress*r-mTBI*Cue interaction [F(1,39)=0.249, p=0.620];
Fig. 3B) and in the 30 sec time-bin analysis (three-way-RM ANO-
VA: main Time effect [F(3.39,132)=0.421, p=0.726], main Stress
effect [F(1, 39)=78.619, p<0.001], main r-mTBI effect [F(1,
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FIG. 2. Effect of double exposure to repeated unpredictable stress (RUS) on body weight gain. During the first exposure to stress
and/or repeated mild traumatic brain injury (r-mTBI; 1st RUS), animals in the stress and stress+r-mTBI groups showed a significant
reduction in their body weight gain throughout the 21 days of stress (A). Stress and/or r-mTBI procedures were repeated 3 months after
initial stress (2nd RUS). All stress and/or r-mTBI groups showed significant weight loss during the second RUS relative to the control
group (B). Animals in the stress+r-mTBI group showed a greater weight loss when compared with the r-mTBI-only group at days 118
and 125 (B). Data in (A) and (B) were analyzed using three-way repeated measures analysis of variance (ANOVA) followed by a two-
way ANOVA at each day as described in the materials and methods section (n=9-11). Two-stage linear step-up procedure of Benjamini,
Krieger and Yekutieli (BKY) was used to correct for multiple comparisons. Statistically significant discoveries versus the control group are
denoted by “*”’, while statistically significant discoveries versus the r-mTBI group are denoted by “&”’. Color image is available online.
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FIG. 3. Effect of stress and repeated mild traumatic brain injury (r-mTBI) on fear memories, anxiety and stress-coping behavior at the
acute and 3-month time-points. Stress and stress+r-mTBI groups demonstrated a similar increase in freezing time relative to controls at
the acute and 3-month time-points (A). r-mTBI did not affect recall of cued fear memories in animals exposed to repeated unpredictable
stress at the acute time-point, as stress and stress+r-mTBI animals showed a similar increase in the freezing time relative to control
animals (B) and (D). However, at the 3-month time-point, stress+r-mTBI animals showed an attenuation in recall of cued fear memories
compared with stress-only animals in the total test duration (3 min) as demonstrated by reduced freezing times relative to the stress-only
group (C). In the cued fear memory test at the 3-month time-point, the stress-only group showed increased freezing time relative to
controls in the first 150 sec of the test, while the stress+r-mTBI group freezing scores were higher than controls only during the first
60 sec of the test (E). At the 3-month time-point, animals receiving r-mTBI traveled longer distances in the new context (first 3 min of
the cued fear memory test) relative to their respective non-injured group (F). The total distance traveled in the Open Field test was
increased in the r-mTBI-only group relative to controls at the acute time-point and in the stress+r-mTBI group relative to all other
groups at the 3-month time-point (G). Stress-only animals showed anxiety-like behavior at the acute time-point as demonstrated by
decreased open arm time in the Elevated Plus Maze (H). Average immobility time in the last 4 min was increased in stress-only mice
compared with the control, -mTBI and stress+r-mTBI groups (I). Data in (A-H) were analyzed using three-way repeated measures
analysis of variance (ANOVA; n=9-11), while data in (I) was analyzed using two-way ANOVA. Statistically significant discoveries
versus the control group are denoted by ““*’’, while statistically significant discoveries versus the stress+r-mTBI group are denoted by
“+7. Statistically significant discoveries versus the r-mTBI group are denoted by ““&”’. Color image is available online.

39)=0.479, p=0.493], Stress*r-mTBI interaction [F(1, 39)=1.666,
p=0.204], Stress*Time interaction [F(3.39,132)=0.988, p=0.408],
r-mTBI*Time interaction [F(3.39,132)=0.527, p=0.687], and
Stress*r-mTBI*Time interaction [F(3.39,132)=0.817, p=0.499];
Fig. 3D).

However, at the 3-month time-point, the stress+r-mTBI group
showed reduced immobility time relative to the stress-only group in
the cued fear memory test (three-way-RM ANOVA: main Cue
effect [F(1,39)=113.121, p<0.001], main Stress effect [F(Il,
39)=21.011, p<0.001], main r-mTBI effect [F(1, 39)=10.377,

p=0.003], Stress*r-mTBI interaction [F(1, 39)=2.281, p=0.139],
Stress*Cue interaction [F(1,39)=16.219, p<0.001], r-mTBI*Cue
interaction [F(1,39)=3.235, p<0.001], and Stress*r-mTBI*Cue
interaction [F(1,39)=0.402, p=0.530]; Fig. 3C). Interestingly,
stress+r-mTBI animals showed an increased average immobility
time relative to controls in the contextual fear memory test, but not
in the 3-min cued fear memory test at the 3-month time-point.
A closer inspection of the freezing behavior to the cue in 30sec
time-bins (Fig. 3E) shows that stress+r-mTBI and stress-only ani-
mals exhibited a similar increase in their immobility time during
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the first 60 sec of the test (three-way-RM ANOVA: main Time
effect [F(5,195 )=5.706, p<0.001], main Stress effect [F(1,
39)=26.448, p<0.001], main r-mTBI effect [F(1, 39)=9.753,
p=0.003], Stress*r-mTBI interaction [F(1, 39)=1.876, p=0.179],
Stress*Time interaction [F(5,195)=5.865, p <0.001], r-mTBI*Time
interaction [F(5,195)=0.769, p=0.573], and Stress*r-mTBI*Time
interaction [F(5,195)=0.745, p=0.541; Fig. 3E].

To examine the overall locomotor activity, we first checked the
total distance traveled by different study groups in a safe new
context and in the absence of any stress-related cues. As depicted in
Figure 3F, stress+r-mTBI animals traveled longer distances in the
3-min-long test relative to and stress-only animals (three-way-RM
ANOVA: main Time effect [F(1, 39)=14.156, p=0.001], main
Stress effect [F(1, 39)=8.736, p=0.005], main r-mTBI effect [F(1,
39)=10.8, p=0.002], Stress*r-mTBI interaction [F(1, 39)=0.263,
p=0.611], Stress*Time interaction [F(1, 39)=1.236, p=0.273], r-
mTBI*Time interaction [F(1, 39)=0.21, p=0.886], and Stress*r-
mTBI*Time interaction [F(1, 39)=0.008, p=0.929]; Fig. 3F).

The Open Field test has been widely used to evaluate overall
locomotion and exploratory behavior in rodents.'® The test can also
be used to examine anxiety-like behavior as long as the total am-
bulatory distance covered by all study groups is the same.'® At the
acute time-point, the overall locomotor activity was reduced after
stress and increased by r-mTBI as demonstrated by decreased
distance traveled in stress-only mice and increased distance trav-
eled in the r-mTBI-only mice relative to control mice (three-way
ANOVA: main Time effect [F(1, 94) =8.49, p=0.004], main Stress
effect [F(1, 94)=0.57, p=0.45], main r-mTBI effect [F(1,
94)=28.495, p=0.004], Stress*r-mTBI interaction [F(1, 94)=1.01,
p=0.32], Stress*Time interaction [F(1, 94)=19.87, p<0.001], r-
mTBI*Time interaction [F(1, 94)=0.003, p=0.953], and Stress*r-
mTBI*Time interaction [F(1, 94)=5.96, p=0.017]; Fig. 3G).
Stress+r-mTBI mice showed a reduction in the total distance
traveled in the Open Field relative to r-mTBI-only mice, but not
relative to the control group, possibly due to opposing effects of
stress and r-mTBI on locomotion at the acute time-point (Fig. 3G).
Interestingly, at the 3-month time-point, the stress+r-mTBI group
showed increased locomotion relative to controls, r-mTBI-only and
stress-only groups (Fig. 3G). Examination of Open Field average
velocity (Supplementary Fig. S3A) and inactivity time (Supple-
mentary Fig. S3B) showed additional evidence of the altered am-
bulatory behavior after stress and/or r-mTBI. No changes in the
time spent in the Open Field center zone (p >0.05; Supplementary
Fig. S3C) or center zone entries (p>0.05; Supplementary
Fig. S3D).

Effect of -mTBI on anxiety
and stress-coping strategies

We examined the effect of r-mTBI on anxiety-like behavior and
stress-coping strategies using the EPM and the FST, respectively.
Animals exposed to stress-only showed anxiety-like behavior at the
acute time-point as demonstrated by reduced time spent in the open
arms of the EPM (three-way ANOVA: main Time -effect
[F(1,90)=5.73, p=0.02], main Stress effect [F(1, 90)=2.037,
p=3.22], main r-mTBI effect [F(1, 90)=1.132, p=0.295],
Stress*r-mTBI interaction [F(1, 90)=3.19, p=0.077], Stress*Time
interaction [F(1, 90)=5.18, p=0.025], r-mTBI*Time interaction
[F(1, 90)=0.16, p=0.694], and Stress*r-mTBI*Time interaction
[F(1, 90)=0.757, p=0.386]; Fig. 3H, followed by two-way AN-
OVA and correction for multiple comparisons at each time-point)
and reduced open arm entries in the EPM (three-way ANOVA:
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main Time effect [F(1, 90)=47.5, p<0.001], main Stress effect
[F(1, 90)=6.23, p=0.014], main r-mTBI effect [F(1, 90)=7.44,
p=0.008], Stress*r-mTBI interaction [F(1, 90)=0.013, p=0.9],
Stress*Time interaction [F(1, 90)=3.82, p=0.083], r-mTBI*Time
interaction [F(1, 90)=0.02, p=0.968], and Stress*r-mTBI*Time
interaction [F(1, 90)=0.87, p=0.357]; Supplementary Fig. S3E,
followed by two-way ANOVA and correction for multiple com-
parisons at each time-point). No significant stress or -mTBI effects
were observed at the 3-month time-point in the elevated plus maze
(p>0.05; Fig. 3H and Supplementary Fig. S3E). The validity of
retesting at the 3-month time-point is questionable since control
animals showed a reduction in time spent in the open arms and
number of entries into the open arms after retesting (Fig. 3H and
Supplementary Fig. S3E).

At 3 months after the second RUS, animals in the stress-only
group showed negative stress-coping behavior as demonstrated by
increased immobility time relative to controls in the last 4 min of
the FST (two-way ANOVA: main Stress effect [F(1, 35)=4.19,
p=0.05], main r-mTBI effect [F(1, 35)=13.02, p=0.001],
Stress*r-mTBI interaction [F(1, 35)=1.48, p=0.23]; Fig. 3I) and
(three-way-RM ANOVA: main Time effect [F(3.96,1.38.9) =58.6,
p<0.0001], main Stress effect [F(1, 35)=5.84, p=0.021], main r-
mTBI effect [F(1, 35)=11.63, p=0.002], Stress*r-mTBI interac-
tion [F(1, 35)=2.076, p=0.159], Stress*Time interaction [F(3.96,
1.38.9)=1.6, p=0.17], -mTBI*Time interaction [F(3.96,1.38.9)=
3.14, p=0.017], and Stress*r-mTBI*Time interaction [F(3.96,
1.38.9)=0.471, p=0.8]; Supplementary Fig. S3F). We found that
r-mTBI ameliorated the effects of RUS on stress-coping behavior
as evidenced by decreased immobility time in the stress+r-mTBI
group compared with the stress-only group (Supplementary
Fig. S3F, S31). The total distance traveled in the FST is depicted in
Supplementary Figure S3G. A trend towards increased total dis-
tance traveled was observed for mice in the r-mTBI groups (two-
way ANOVA: main Stress effect [F(1, 35)=1.373, p=0.247],
main r-mTBI effect [F(1, 35)=13.16, p=0.0001], Stress*r-mTBI
interaction [F(1, 35)=1.37, p=0.25; Supplementary Fig. S3G).

Stress modulates acute r-mTBI impairments in spatial
learning and memory

Our r-mTBI mouse model is associated with persistent and
progressive deficits in spatial memory and learning, previously
evaluated by the Barnes Maze.!! Here, we used the RAWM to
examine the effect of stress on spatial memory deficits induced by r-
mTBI. The performance of each group during training sessions in a
radial arm water maze (RAWM) is depicted in Figure 4A. Mice
received two sets of acquisition training sessions (5 days each). The
first set started at the acute time-point followed by a second set 3
months after. All groups demonstrated a learning curve during the
two sets of training (three-way-RM ANOVA: main Time effect
[F(3.2,114)=81.061, p<0.001], main Stress effect [F(1, 35)=0.342,
p=0.562], main r-mTBI effect [F(1, 35)=20.146, p<0.001],
Stress*r-mTBI interaction [F(1, 35)=0.075, p=0.786], Stres-
s*Time interaction [F(3.2, 114)=3.141, p=0.026], -mTBI*Time
interaction [F(3.2, 114)=0.760, p=0.525], and Stress*r-
mTBI*Time interaction [F(3.2, 114) =1.627, p=0.184]; Fig. 4A)
and (three-way-RM ANOVA: main Time effect [F(2.5,88) =66.083,
p<0.001], main Stress effect [F(1, 35)=1.726, p=0.197], main
r-mTBI effect [F(1, 35)=59.864, p<0.001], Stress*r-mTBI inter-
action [F(1, 35)=7.076, p=0.012], Stress*Time interaction [F(2.5,
88)=5.375, p=0.003], r-mTBI*Time interaction [F(2.5, 88)=2.122,
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FIG. 4. Effect of stress and repeated mild traumatic brain injury (r-mTBI) on spatial learning and memory. The performance of each
group during two separate 5-day training sessions in a Radial Arm Water Maze (RAWM) is depicted in (A) and (B). In the last trial at
the acute time-point (Day 5), only animals in the r-mTBI group showed spatial memory deficits as evidenced by a significant increase in
the mean memory errors relative to controls (C). All treatment groups showed increased mean memory errors relative to controls in the
3-month recall of learned memories (Day 6; D). A main r-mTBI effect was observed in the last trial at the 3-month time-point (Day 10)
as animals in the r-mTBI and stress+r-mTBI groups showed increased mean memory errors relative to controls (E). Data in (A) and
(B) were analyzed using repeated measures three-way repeated measures analysis of variance (ANOVA), while data in (C-E) were
analyzed using a two-way ANOVA followed by two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to correct for
multiple comparisons (n=9-11). Statistically significant discoveries versus the control group are denoted by ‘“**’. The chance level (2.5

memory errors) is indicated by a dashed line in (A) and (B). Color image is available online.

p=0.133], and Stress*r-mTBI*Time interaction [F(2.5, 88)=0.857,
p=0.045]; Fig. 4B).

The mean number of memory errors at training Day 5 was used
to evaluate spatial memory at the acute time-point (Fig. 4C), while
the mean number of memory errors at training Day 10 was used to
assess spatial memory at the 3-month time-point (Fig. 4E). In ad-
dition, the first day of the second training session (Day 6) was used
to evaluate the long-term recall of spatial memory (Fig. 4D). At the
acute time-point, the r-mTBI-only group showed increased mean
memory errors relative to the control group (two-way ANOVA:
main Stress effect [F(1, 35)=2.8, p=0.1], main r-mTBI effect [F(1,
35)=8.1, p=0.007], Stress*r-mTBI interaction [F(1, 35)=2.2,
p=0.15], with correction for multiple comparisons; Fig. 4C), while
at the chronic time-point both r-mTBI-only and stress+r-mTBI
groups showed increased mean memory errors when compared
with control mice (two-way ANOVA: main Stress effect [F(1,
35)=0.8, p=0.38], main r-mTBI effect [F(1, 35)=18.35, p=0.0001],
Stress*r-mTBI interaction [F(1, 35)=2.38, p=0.13], with correc-
tion for multiple comparisons; Fig. 4E). Mice in stress, -mTBI and
stress+r-mTBI groups made more memory errors during the 3-
month recall when compared with those in the control group (two-
way ANOVA: main Stress effect [F(1, 34)=5.78, p=0.022], main

r-mTBI effect [F(1, 34)=3.71, p=0.06], Stress*r-mTBI interaction
[F(1, 34)=1.01, p=0.322], with correction for multiple compari-
sons; Fig. 4D).

The three-chamber test was used to assess social interaction and
social memory after RUS and r-mTBI. At the acute time-point, as
expected, control mice showed increased preference for the stran-
ger mouse over the empty cage (one-sample t-test: t(10)=3.577,
p=0.005; Supplementary Fig. S4A), while mice receiving stress-
only, r-mTBI-only, and stress+r-mTBI showed no preference for
the stranger mouse over the empty cage (one-sample t-test:
p>0.05; Supplementary Fig. S4A). All the groups showed no
preference for the stranger mouse over the empty cage, when re-
tested for social interactions at the 3-month time-point (one-sample
t-test: p>0.05; Supplementary Fig. S4A). In the subsequent social
memory test, no group differences were observed at the acute time-
point (one-sample r-test: p>0.05; Supplementary Fig. S4B).
However, at the 3-month time-point, control animals and stress-
only animals showed a preference for Stranger2 over Strangerl
(one sample #-test: t(10)=3.4, p=0.007 for controls, t(9)=3.2,
p=0.011 for the stress-only group), while r-mTBI and stress+r-
mTBI animals spent comparable time with both strangers (One
sample r-test: p>0.05; Supplementary Fig. S4B). The lack of
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preference for Stranger2 over Stranger] in the social memory test
suggests that social memory was impaired in r-mTBI and stress+r-
mTBI animals (Supplementary Fig. S4B).

No dysregulation in baseline HPA-axis markers
after repeated exposure to RUS

A single exposure to the RUS paradigm is associated with
chronic HPA axis dysregulation (low baseline plasma corticoste-
rone levels in stressed animals) as per our previous model char-
acterization.'® To understand the effects of repeated RUS exposure
on the HPA-axis, we first measured baseline plasma adrenocorti-
cotropic hormone (ACTH) and corticosterone levels at 3 months
after the second RUS. Surprisingly, no significant changes were
observed in baseline plasma ACTH or corticosterone levels after
repeated exposure to RUS at the chronic time-point (p>0.05;
Fig. 5A, 5B). In addition, baseline ACTH and corticosterone levels
did not change after r-mTBI (p>0.05; Fig. 5A, 5B). Similarly,
baseline plasma cortisol, norepinephrine and NPY levels did not
change after stress and/or r-mTBI (p>0.05; Fig. 5C-E). No
changes in the levels of corticosterone, cortisol, norepinephrine and
NPY were observed in any group at the acute time-point (p>0.0;
Supplementary Fig. S5).

We then examined the regulation of glucocorticoids in the brain
by measuring the expression levels of glucocorticoid receptor
(GR), FK506 binding protein 51 (FKBP51) and corticotropin-
releasing hormone (CRH) in the hypothalamus (Fig. 5). Levels of
FKBP51 and CRH were downregulated in the hypothalamus of r-
mTBI animals at 3 months after the second RUS (two-way ANO-
VA: main Stress effect [F(1, 13)=2.16, p=0.17], main r-mTBI
effect [F(1, 13)=19.17, p=0.0007], Stress*r-mTBI interaction
[F(1,13)=0.178, p=0.68] for Fig. 5H and two-way ANOVA: main
Stress effect [F(1, 13)=0.79, p=0.39], main r-mTBI effect [F(1,
13)=13.03, p=0.0032], Stress*r-mTBI interaction [F(1, 13)=0.029,
p=0.88] for Fig. 5I). Exposure to RUS did not affect the expression
of GR, FKBP51, or CRH in the hypothalamus at the 3-month time-
point (Fig. SF-I).

Effect of stress and r-mTBI on the immune system

To examine the effect of repeated RUS and r-mTBI on the pe-
ripheral immune system, we measured plasma cytokine levels at
baseline and after ex vivo stimulation of whole blood with lipo-
polysaccharide (LPS) at the chronic time-point. At baseline, 1L-2
levels were reduced in the stress groups (i.e., stress and stress+r-
mTBI groups) relative to the control group (two-way ANOVA:
main Stress effect [F(1, 30)=8.44, p=0.007], main r-mTBI effect
[F(1,30)=1.22, p=0.28], Stress*r-mTBI interaction [F(1, 30)=0.53,
p=0.47]; Table 1), while IL-5 levels were reduced in r-mTBI groups
(i.e., -mTBI and stress+r-mTBI groups) relative to the control group
(two-way ANOVA: main Stress effect [F(1, 30)=1.92, p=0.176],
main r-mTBI effect [F(1, 30)=6.17, p=0.018], Stress*r-mTBI in-
teraction [F(1, 30)=0.71, p=0.41]; Table 1). Baseline levels of other
cytokines were not significantly altered (Table 1). In the ex vivo
whole blood challenge, IL-1f, IL-10, TNFa, IL-6, and IL-12
levels were increased in all groups after incubation with LPS
for 6h (RM-three-way ANOVA: significant main LPS effect
[p <0.05] with no significant main stress or r-mTBI effects and no
significant interactions [Stress*LPS, r-TBI *LPS and Stress*r-
mTBI*LPS, p>0.05]; Supplementary Fig. S6E-I). No changes in
hippocampal cytokine levels were observed at 3 months after the
second RUS (p>0.05; Tablel).
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Stress augments r-mTBI-dependent astrogliosis
in the corpus callosum

To assess the effect of stress on inflammatory markers associated
with repetitive mTBI, brain tissue from different treatment groups
was immunostained for GFAP and Ibal at 3 months following the
second RUS. GFAP levels were increased in the corpus callosum of
stress+r-mTBI mice relative to r-mTBIl-only mice, with both
groups showing significantly higher levels than controls (two-way
ANOVA: main Stress effect [F(1, 18)=0.44, p=0.51], main r-
mTBI effect [F(1, 18)=27.2, p<0.0001], Stress*r-mTBI interac-
tion [F(1, 18)=5.28, p=0.037]; Fig. 6A). In addition, Ibal levels
were significantly increased in the corpus callosum of all r-mTBI
groups relative to controls (two-way ANOVA: main Stress effect
[F(1, 18)=0.82, p=0.374], main r-mTBI effect [F(1, 18)=16.82,
p<0.0001], Stress*r-mTBI interaction [F(1, 18)=1.67, p=0.213];
Fig. 6B). No significant changes in GFAP or Ibal immunostaining
were observed in the cortex or the hippocampus after stress or r-
mTBI (Fig. 6A, 6B). Representative images for GFAP and Ibal
staining are depicted in Supplementary Figure S7.

Reduced spine density and chronic alterations
in synaptic plasticity markers after -mTBI|
and/or stress exposures

Variations in dendritic spine density and morphology have been
reported after stress. To examine the chronic effects of repeated
RUS and r-mTBI on spine density, we used the Golgi-cox staining
method to quantify the number of spines per 10-um dendritic length
in the prefrontal cortex and in the hippocampus at 3 months after
the second RUS. Figure 7A shows representative images from the
Golgi-stained hippocampal CA1 neurons. Stress and/or r-mTBI did
not change spine density in the prefrontal cortex (one-way ANO-
VA, p>0.05; Supplementary Fig. S§A). However, stress and/or 1-
mTBI resulted in a reduction in spine density in hippocampal CA1
pyramidal neurons (two-way ANOVA: main Stress effect [F(1,
14)=2.585, p=0.132main r-mTBI effect [F(1, 14)=5.39,
p=0.036], Stress*r-mTBI interaction [F(1, 14)=3.9, p=0.69];
Fig. 7B). We then examined the expression levels of notable
markers/mediators of neuroplasticity using immunoblot analysis of
hippocampal lysates. The ratio of GluN2A/GIuN2B and the levels
of with stress and/or r-mTBI relative to controls (two-way ANO-
VA: main Stress effect [F(1, 17)=0.05, p=0.82 main r-mTBI ef-
fect [F(1, 17)=7.9, p=0.012], Stress*r-mTBI interaction [F(1,
17)=8.64, p=0.009]; Fig. 7F), while CAMKIlo. were down-
regulated in r-mTBI groups relative to controls (two-way ANOVA:
main Stress effect [F(1, 17)=0.07, p=0.789, main r-mTBI effect
[F(1, 17)=9.6, p=0.006], Stress*r-mTBI interaction [F(l,
17)=5.96, p=0.026]; Fig. 7G). GluNR1 levels were down-
regulated in all groups relative to controls at the acute time-point
(two-way ANOVA: main Stress effect [F(1, 12)=6.8, p=0.023,
main r-mTBI effect [F(1, 12)=5.231, p=0.041], Stress*r-mTBI
interaction [F(1, 12)=5.233, p=0.04]; Supplementary Fig. S8D).
At the 3-month time-point, there was a trend towards upregulation
of GluNRI in stress+r-mTBI groups relative to controls (two-way
ANOVA: main Stress effect [F(1, 17)=2.3, p=0.15, main r-mTBI
effect [F(1, 17)=7.3, p=0.015], Stress*r-mTBI interaction [F(1,
17)=0.8, p=0.38]; Fig. 7E). Levels of PSD-95 showed a trend
towards reduction in the stress-only group relative to controls at the
3-month time-point (two-way ANOVA: main Stress effect [F(1,
17)=7.23, p=0.067 main r-mTBI effect [F(1, 17)=0.739,
p=0.789], Stress*r-mTBI interaction [F(1, 17)=4.65, p=0.16];
Fig. 7H). The levels of other neuroplasticity markers such as
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FIG. 5. Effect of stress and repeated mild traumatic brain injury (r-mTBI) on hypothalamic-pituitary-adrenal (HPA) axis markers at 3
months after the second repeated unpredictable stress (RUS). No changes in plasma levels of adrenocorticotropic hormone (ACTH; A),
corticosterone (B), cortisol (C), noradrenaline (D), or neuropeptide Y (E) were detected at 3 months after the second RUS. Re-
presentative Western blot images for a number of HPA axis markers in the hypothalamus (F). Quantification of Western blot images for
GR (G), FKBP51 (H), and CRH (I) levels in the hypothalamus at 3 months after the second RUS. Levels of FKBP5 and CRH were
reduced in r-mTBI and stress+r-mTBI groups relative to the control and stress-only groups, respectively. Data were analyzed using a
two-way analysis of variance followed by two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to correct for
multiple comparisons (n=4-6). Statistically significant discoveries versus the control group are denoted by ‘““**°, while statistically
significant discoveries versus the stress-only group are denoted by “‘+”. Color image is available online.

GIuN2B, P-JNK/INK, P-CREB, and P-AKT/AKT were not sig-
nificantly altered after RUS and r-mTBI (p>0.05; Fig. 7 and
Supplementary Fig. S8). Representative Western blot images for
the hippocampal synaptic plasticity markers are depicted in Sup-
plementary Figure S9.

Effect of stress and r-mTBI on neurotrophic
signaling markers

BDNF levels in the hippocampus were not altered at 3 months
after exposure to RUS and r-mTBI (p>0.05; Fig. 8A), while
BDNF precursor (ProBDNF) levels were only increased in

the r-mTBI group (two-way ANOVA: main Stress effect [F(1,
17)=16.42, p=0.0008 main r-mTBI effect [F(1, 17)=4.64,
p=0.046], Stress*r-mTBI interaction [F(1, 17)=5.05, p=0.038];
Fig. 8D). We did not find any detectable changes in levels of
BDNF receptor (TrkB) or ProBDNF receptor (P75NTR) in the
hippocampus at 3 months after the second RUS (one-way ANO-
VA, p>0.05; Fig. 8C, 8E). Interestingly, there was an effect for the
combination of stress and r-mTBI on hippocampal P7SNTR ex-
pression levels at the acute time-point (two-way ANOVA: main
Stress effect [F(1, 12)=2.02, p=0.18, main r-mTBI effect [F(1,
12)=5.57, p=0.036], Stress*r-mTBI interaction [F(1, 12)=1.5,
p=0.24]; Supplementary Fig. S8G). No changes in BDNF,
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TABLE 1: BASELINE CYTOKINE LEVELS (MEAN = SEM) AT 3 MONTHS AFTER THE SECOND RUS

Hippocampus (pg/mg protein)

r-mTBI

Plasma (pg/mL)

r-mTBI

Stress+ r-mTBI

Stress

Control

Stress+ r-mTBI

Stress

Control

2.75+1.37
0.053£0.056
21.65+3.12

31.2+4.9
12.92+2.09
20.47+1.382

1.554+0.77
0.052+0.07

1.18£0.23

0.06£0.09
19.71+4.05
21.29+10.61
15.95+4.13

1.91+0.9
0.049£0.09

1.241+0.09

1.30+0.12
8.28+1.57
0.07910.02

0.272 = 0.06

1.58+0.14

7.52£0.59
0.08110.01
0.387+0.05
0.026+£0.008

0.473 £ 0.07

1.85+0.30

8.74+0.82
0.101+0.03
0.505+0.09
0.015+0.008
0.664+0.04
14.65+£4.3

IFNy
TNFo

6.4+0.76
0.072+0.01
0.248 = 0.05

18.64+1.878
25.15+5.98

1691+1.8

24.68+3.57

IL-18
IL-2%

43.73+12.2

13.56+1.93
19.03+£2.27
1.585+0.35
281.3+32.05

0.04£0.01
0.507 = 0.03

0.022+0.01

IL-4

22.58+1.02

19.39+2.74
1.191£0.14
346.8£36.25
0.155%0.155

0.609£0.08

IL-5%*

1.04+£0.047

1.423+0.27
292.61+27.08

11.42£1.8 8.05+£1.3

25.28+7.9

IL-6
IL-10

294+17.16
0.71£0.29

10.67£0.65 10.8+£0.68

11.08+1.1

15.1+£2.2

0.09£0.09

27+£2.0 7.6x£4.5 42%+19 057+0.33

29+1.7

IL-12

Asterisks denote statistical significance (p <0.05).

Significantly different cytokine values in the stress and/or r-mTBI groups relative to the control group are bold.

SEM, standard error of the mean; RUS, repeated unpredictable stress; r-mTBI, repetitive mild traumatic brain injury; IFN, interferon; TNF, tumor necrosis factor; IL, interleukin.
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ProBDNF or TrkB levels were detected at the acute time-point
(p>0.05; Supplementary Fig. S8).

Discussion
Summary

In the current study, we present a detailed characterization of the
long-term consequences of recurrent and combined exposure to our
well-characterized models of RUS'? and mTBI.'""'? Chronic stress
or mTBI alone caused unique and distinct behavioral and neuro-
biological alterations long after the second exposure to mTBI or
RUS. Combining both exposures resulted in complex domain-
dependent outcomes with no overall additive or opposite effects.
Animals receiving chronic stress alone showed acute weight loss,
acute anxiety-like behavior, long-term recall of contextual and
cued fear memories, and chronic passive stress-coping behavior.
Moreover, chronic stress alone was associated with remodeling of
dendritic spines and changes in several synaptic plasticity signaling
markers in the hippocampus 3 months after the second RUS. The
unique r-mTBI traits were typified by persistent spatial and social
memory deficits, microgliosis, astrogliosis, and axonal damage.
Combined exposure to r-mTBI and chronic stress resulted in an
apparent amelioration of stress-related behaviors in the cued fear
memory and forced swim tests at the 3-month time-point. However,
these observations should be interpreted carefully due to the con-
founding effects of variable locomotion between study groups.
Animals receiving combined exposure to chronic stress and r-mTBI
showed additional TBI-related deficits represented by hyperactiv-
ity, and spatial and social memory deficits at the chronic time-point.
Additionally, chronic stress augmented the injury dependent astro-
gliosis in the corpus callosum and mitigated the mTBI-dependent
increase in pro-BDNF in the hippocampus.

Compatrison to our previous findings
(single RUS model)

Previously, we showed that animals exposed to a single episode
of our 21-day RUS paradigm at 3 months of age demonstrate recall
of cued fear memories, passive stress-coping behavior, low base-
line plasma corticosterone and ACTH levels, and reduced hippo-
campal BDNF levels at 6 months after the last exposure.'* Here, we
hypothesized that exposure to the 21-day RUS paradigm at 3
months of age with re-exposure at 6 months of age would augment
the stress-related behavioral and neurobiological phenotypes ex-
amined at a similar post-exposure time-point in our previous in-
vestigation (i.e., 3 months after the second-exposure). At the
behavioral level, animals re-exposed to RUS showed the same
phenotypes reported after a single exposure. However, we also
observed strong recall of contextual fear memories 3 months after
the second RUS and deficits in long-term recall of learned spatial
memories, which was not observed in the previous single exposure
paradigm.'® In contrast to our initial hypothesis, we found that re-
exposure to RUS resulted in a reduction in the key neurobiological
markers observed after a single RUS exposure. Stress-only animals
showed no change in baseline plasma corticosterone and ACTH
levels (Fig. 5) and no change in hippocampal BDNF levels relative
to control animals (Fig. 8) at 3 months after the second RUS. Ad-
ditional experiments measuring corticosterone levels immediately
after stress or after suppression with dexamethasone are required to
better understand the complexity of HPA axis involvement in the
current model.
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Relationship to previous pre-clinical models

Behavioral findings. A number of pre-clinical studies have
suggested that mTBI is implicated in the development of PTSD-
like behavior.®?*?' Exposure to different mTBI types in rodents
such as blast,>! weight drop,?* or fluid percussion®® injuries was
associated with increased fear memory recall and anxiety-like be-
havior multiple days after the injury. In all of these studies, the
injury was administered before fear conditioning and in the absence
of any additional stress procedures.?' >

A study by Kwon and colleagues is among the few pre-clinical
studies investigating the consequences of combined exposure to
mTBI and traumatic stress in animal models. Kwon and colleagues
reported acute and transient anxiety in a group receiving unpre-
dictable stress and a single blast injury relative to animals exposed
to unpredictable stress alone.>* In another study, Klemenhagen and
colleagues found that repetitive concussive traumatic brain injury
and post-injury footshocks had synergistic effects in tests of social
recognition and stress-coping behavior with no injury effects on
recall of fear memories.”>

In the current study, social interaction time was decreased after
chronic stress and/or r-mTBI at the acute time-point (Supplemen-
tary Fig. S5). However, these findings are possibly confounded by
the presence of acute anxiety in stressed animals.”® We also found
that the cued fear memory recall was diminished in animals re-
ceiving stress and r-mTBI relative to stress-only animals. Genovese
and colleagues reported similar findings showing an overall de-
crease in the expression of conditioned fear in rats exposed to
inescapable electric shocks and blast overpressure injury relative to
rats receiving shocks alone.?” It is important to note that in our
current study the injury was delivered 1h after the footshocks,
whereas in the study by Genovese and colleagues, the injury was
delivered 22h after fear conditioning. One explanation for the
mitigation of stress-related behavior when mTBI is applied post-
exposure is that the memory of the footshock is not effectively
consolidated due to the impact of TBI-dependent retrograde am-

nesia. Nevertheless, retrograde amnesia cannot completely explain
our findings because stress+r-mTBI animals showed increased
freezing behavior during the first minute of the test at the 3-month
time-point (Fig. 3), suggesting that the memory of the cue is
present.

As demonstrated in Figure 3G, stress+r-mTBI animals traveled
longer distances in the Open Field test relative to animals in other
study groups. Increased locomotion in the open field has been at-
tributed to behavioral disinhibition both in a mouse model of
Alzheimer’s disease (Tg2576 transgenic mice)?® and in animals
receiving 7 days of restraint stress.?’ Interestingly, we have pre-
viously reported disinhibition or impulsive behavior in r-mTBI
animals at 12 months after the last injury as demonstrated by in-
creased time spent in the open arms and an increased number of
entries into the open arms in the EPM.!' The decreased freezing in
the cued fear memory test in stress+r-mTBI animals compared with
stress-only animals is most likely driven by r-mTBI-induced im-
pulsive behavior or hyperactivity and caution should be used to
avoid interpretation as strictly a deficit in cued fear memory recall.
Likewise, the hyper-locomotion after r-TBI could also be respon-
sible for the decreased immobility time in r-mTBI animals in the
FST (Fig. 3H). Similar observations were reported in Tg2576
transgenic mice showing a significant decrease in immobility time
in the forced swim test that was inversely correlated with locomotor
activity in the Open Field.?® Our results emphasize the importance
of examining the effect of study treatments on locomotion before
interpreting the findings of behavioral testing in rodents.

Changes in inflammatory markers. Peripheral inflamma-
tion has been implicated in the pathogenesis of TBI, depression,
and PTSD, with multiple reports of altered cytokine levels in the
plasma.**3? We reported the following changes in baseline plasma
cytokine levels at the chronic time-point: IL-2 levels were reduced
in all stress groups, while IL-5 levels were reduced in all r-mTBI
groups relative to the control group. IL-2 possesses a number of
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FIG. 7. Effect of stress and repeated mild traumatic brain injury (r-mTBI) on spine density and a number of synaptic markers at 3
months after the second repeated unpredictable stress (RUS). Representative dendritic segments of the hippocampal CAl region
(A). Quantification of spine density in the CA1 of the hippocampus (B). Stress, stress+r-mTBI and r-mTBI groups showed reduced spine
density only in the hippocampal CA1 region when compared with the control group. Quantification of Western blot images for GluN2B
(C), GluN2A (D), GluN1 (E), GluN2A/GIuN2B ratio (F), CAMKII« (G), PSD-95 (H), the ratio of p-AKT/AKT (I), and P-JNK/JNK (J)
in the hippocampus at 3 months after the second RUS. GIluN2A/GluN2B ratio and CAMKII« levels were reduced in the hippocampus in
all stress and/or r-mTBI groups relative to controls. Data in (B-J) were analyzed using a two-way analysis of variance followed by two-
stage linear step-up procedure of Benjamini, Krieger, and Yekutieli to correct for multiple comparisons (n=4-6). Statistically sig-
nificant discoveries versus the control group are denoted by ““*”’. Color image is available online.

proinflammatory biological activities such as supporting the pro-
liferation and survival of T cells, while IL-5 triggers the growth and
differentiation of B cells and eosinophils.>® Therefore, our findings
may underlie an imbalance between Th1 and Th2 immune response
after stress and r-mTBI. The impact of stress and mTBI on plasma
cytokine levels in human patients is not clear. IL-2 levels were
reduced in earthquake survivors and in middle-aged war veterans
with PTSD* relative to their age-matched healthy subjects. In
contrast, veterans with PTSD had higher levels of salivary IL-2
relative to veterans without combat-related PTSD.?* Some studies
reported an increase in IL-6 and TNFo production in whole blood
from PTSD patients after ex vivo stimulation with LPS.>**7 We
performed similar experiments on fresh blood collected from our
study groups. The response to LPS stimulation appeared similar in

all study treatments, although some interesting trends resembling
the clinical findings were observed for TNFo and IL-6 in the stress-
only group (Supplementary Fig. S6).

The lack of significant changes in inflammatory cytokines
(Table 1), GFAP (Fig. 6A) and Ibal (Fig. 6B) levels in the hip-
pocampus is consistent with our previous findings.'"'*** Our r-
mTBI model primarily affects the white matter (corpus callosum'"'>
and the optic nerve), resulting in increased levels of inflammatory
markers such as Ibal and GFAP (Fig. 6). Interestingly, exposure to
stress had a synergistic effect on the injury-related increase in GFAP
levels in the corpus callosum at the 3-month time-point (Fig. 6A). Itis
possible that a stress-related event (e.g., the elevated corticosterone
levels during the early RUS procedures) has altered astrocytes
priming in injured mice resulting in more elevated GFAP levels in the
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the 3-month time-point. Data in (A) and (C-E) were analyzed using two-way analysis of variance followed by two-stage linear step-up
procedure of Benjamini, Krieger, and Yekutieli to correct for multiple comparisons (n=4-6). Statistically significant discoveries versus
the control group are denoted by ““*”’. Color image is available online.

stress+r-mTBI group. Nevertheless, additional experiments at earlier
time-points will be needed to examine this possibility.

Changes in the hippocampal neuroplasticity markers.
Spatial learning deficits after r-mTBI have been connected to
changes in brain structures such as the hippocampus.*® Hippo-
campal and prefrontal cortex (PFC) volume reduction and synaptic
loss are also implicated in stress-related disorders such as PTSD.*!
Multiple pre-clinical animal models reiterate the human findings
and show the deleterious effects of stress and TBI on neuronal
structures in the PFC and hippocampus.®*>~** In the current study,
we focused on the hippocampus as a primary site for pathobiology
since both stress and r-mTBI seem to affect hippocampal-related
functions such spatial and contextual memories.

Synapses are the junctions between neurons that facilitate
communication and information processing in the brain. More than
90% of excitatory synapses are localized on the dendritic spines.*’
Synaptic plasticity (long-term changes in the synapses in response
to increased or decreased surrounding neuronal activity) is in-
volved in the formation and retention of memories and is often
accompanied by changes in the number and shape of dendritic
spines.***” Exposure to repeated RUS and r-mTBI alone or in
combination decreased the number of dendritic spines in the CAl

of the hippocampus, but not in the PFC (Fig. 7 and Supplementary
Fig. S8). Similar effects of stress and mTBI on hippocampal den-
dritic spines have been previously reported.**>! A study using 10
days of immobilization stress reported dendritic atrophy and deb-
ranching in the CA3 pyramidal neurons,”® while another study
using controlled cortical impact in mice showed a reduction in
dendritic spines in the ipsilateral dentate gyrus at 2450 and 7251 h
after injury. Remodeling of hippocampal dendritic spines has im-
plications for acquisition, consolidation and retrieval of spatial
memories.***7*3* This was demonstrated in a study that found
decreased spine density in the CAl region of the hippocampus
correlated with spatial memory deficits in an object placement task
in aged rats.>*

Synaptic plasticity in the cortex and the hippocampus is pri-
marily mediated by N-methyl-D-aspartate (NMDA) receptor sig-
naling, which are a class of glutamatergic excitatory receptors.*>>
NMDA receptors are tetrameric structures containing two essential
GluN1 subunits and two GluN2 subunits.’® Age, brain region, and
memory consolidation are known to regulate the expression of
different NMDA receptor subunits.’® At early developmental
stages, GluN1 and GluN2B are the main components of NMDA
receptors expressed at synapses. GluN2A replaces GIuN2B as
the primary GIuN2 subunit with aging in what is known as
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developmental switch.’” Evidence suggests that the ratio of Glu-
N2A to GluN2B increases with induced synaptic plasticity or
memory consolidation in adult brains.’®*® At the 3-month time-
point, the ratio of hippocampal GluN2A/GIuN2B was decreased in
all study groups (Fig. 7H), suggesting a chronic change in the
maturity of synapses after stress and/or r-mTBI. Activation of
GIluN2A subunits has neuroprotective and cell survival effects,
while activation of GluN2B appeared to have opposite effects.®’
The chronic engagement of NMDA receptors also was demon-
strated at the level of downstream postsynaptic proteins CMKIIx
and PSD95 (Fig. 7).

After a TBI, BDNF levels increase to lessen the impact of sec-
ondary injury, provide neuroprotection, and restore brain connec-
tivity.%> Increased BDNF levels has been reported in the cortex and
the hippocampus of injured animals® and in the cerebrospinal fluid
of TBI patients.** In animal models of stress, prolonged exposure to
glucocorticoids decrease BDNF levels in the hippocampus, causing
dendritic retraction and remodeling.®> ELISA analysis of total
BDNF levels in hippocampus homogenate did not show signifi-
cant group differences (Fig. 8). However, the BDNF precursor,
ProBDNF, was upregulated in the hippocampus of r-mTBI-only
animals at the 3-month time-point. These findings support other
reports showing increased BDNF signaling after mTBI. Interest-
ingly, ProBDNF levels were not increased in the group receiving
stress+r-mTBI, suggesting opposite effects of stress and r-mTBI on
BDNF signaling.

Implication for comorbid PTSD and r-mTBI

The impact of mTBI on the symptom presentation in stress
disorders (such as PTSD) is not fully understood, particularly in the
field of clinical PTSD research. Studies examining symptom se-
verity in co-morbid PTSD and TBI patients relative to PTSD alone
have shown mixed findings. Patients with co-morbid PTSD and
mild to severe TBI had fewer intrusive memories than patients with
PTSD alone.®® On the contrary, Simonovié and colleagues reported
more detachment and hyperarousal symptoms in patients with co-
morbid PTSD and mild TBI compared with those with PTSD
alone. In our study, exposure to r-mTBI abrogated the presentation
of specific behavioral phenotypes in the stress-only group, such as
freezing to fear-related cues and passive stress-coping behavior,
while other behavioral phenotypes, such as hyperactivity, were
only present in the comorbid group (i.e., stress+r-mTBI group). As
such, this model may be useful in evaluating the complex traits
observed in stress disorders complicated with TBI comorbidity.

Conclusion

Our results demonstrate that animals exposed to our stress par-
adigm develop persisting traits that capture several aspects of
stress-related disorders. Unique behavioral phenotypes were also
observed with the groups exposed to repetitive mTBI and stress.
The chronic time-points examined here are particularly relevant to
multiple persistent symptomologies of stress-related disorders and
TBI in humans. This model may serve as a useful platform to
untangle the complex comorbid pathophysiology of chronic stress
and repetitive mTBI.
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