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Traumatic brain injury (TBI) resulting from repeated headrauma is frequently
characterized by diffuse axonal injury and long-term motor cognitive and
neuropsychiatric symptoms. Given the delay, often decadesbetween repeated head
traumas and the presentation of symptoms in TBI patients, amal models of repeated
injuries should be studied longitudinally to properly asss the longer-term effects of
multiple concussive injuries on functional outcomes. In th study, male and cycling
female C57BL/6J mice underwent repeated (three) concusses brain injuries (rCBI)
delivered via a Leica ImpactOne cortical impact device and &re assessed chronically
on motor (open eld and rotarod), cognitive (y-maze and actie place avoidance), and
neuropsychiatric (marble-burying, elevated zero maze anthil suspension) tests. Motor
de cits were signi cant on the rotarod on the day following the injuries, and slight
impairment remained for up to 6 months. All mice that sustaied rCBI had signi cant
cognitive de cits on the active place avoidance test and shaed greater agitation
(less immobility) in the tail suspension test. Only injurechale mice were signi cantly
hyperactive in the open eld, and had increased time spent inthe open quadrants
of the elevated zero maze. One year after the injuries, micef d®oth sexes exhibited
persistent pathological changes by the presence of Prussiablue staining (indication
of prior microbleeds), primarily in the cortex at the site othe injury, and increased
GFAP staining in the perilesional cortex and axonal tractegrpus callosum and optic
tracts). These data demonstrate that a pathological phengpe with motor, cognitive,
and neuropsychiatric symptoms can be observed in an animal wdel of rCBI for at least
one year post-injury, providing a pre-clinical setting fothe study of the link between
multiple brain injuries and neurodegenerative disorderdg-urthermore, this is the rst
study to include both sexes in a pre-clinical long-term rCBinodel, and female mice are
less impaired functionally than males.

Keywords: traumatic brain injury, mouse, concussion, repeti
microbleeds, sex differences

tive brain injury, behavior, active place avoidance,

INTRODUCTION

The e ects of traumatic brain injury (TBI) are far-reachingjth a global incidence estimated in
2007 to be 10 million (1). In 2013, there were 2.5 million TBI-related emergency room visits
in the United States alone&). Although the majority of sustained TBIs are mild and class$ias
concussions (concussive brain injury; CBI), many of thdionk of the survivors su er persistent
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post-injury complications that include cognitive, motor, &n important componentin a majority of clinical head trauma cases
neuropsychiatric symptoms, and in some cases these issues €8l allows for relatively consistent control of the mechahica
persist for over 10 yearS§) e ects of impact injury, which can be a disadvantage in at least

In recent years, more attention has been directed to the s ectsome rotational injuries where there is no precise control of
of repeated TBI, particularly in the context of military opdoats  rotational e ects due to inherent di erences in head response.
and contact sports (e.g., American football, soccer, bgxBgth
military personnel and contact sports participants are at great METHODS
risk for exposure to multiple concussive and sub-concussive
TBIs (repeated concussive brain injuries; rCBI). A recentlgt Animals and Housing
estimated the incidence of TBI in Iragq and Afghanistan vatexr  All animal procedures were approved by the Institutional Animal
to be 17%, with half sustaining multiple head injurieg)( Care and Use Committee at the Uniformed Services University
In the context of sports, head injuries are associated witlof the Health Sciences (Bethesda, MD). Male and female mice, 8
multiple contact sports in both men and womei®){ and in  weeks old, were obtained from Jackson Laboratories (CHBL/
the National Football League up to 30% of players sustaining @0664; Bar Harbor, Maine) and group-housed in Association
concussion go on to receive repeat TB#. (Multiple TBIs are  for Assessment and Accreditation of Laboratory Animal Gare
associated with delayed neurodegenerative conditiorladiley ~ Accredited facilities with a standard 12-h light-dark cyalth
chronic traumatic encephalopathy)( a condition characterized food and water availablad libitum. Animals acclimated to
by perivascular accumulation of hyperphosphorylated Bga0d  facilities for at least 1 week prior to baseline behaviorairtgs
behavioral symptoms including (but not limited to) cognigv o ) ) ]
dysfunction, violence, depression, and suicidalityl(). Repetitive Concussive Brain Injury

As there are no fully e ective therapies to treat TBI, or rCBI (rCB|) Procedures
speci cally, translational studies remain of importance.idal  Mice were randomly assigned to sham or injury groups. Mice
models that replicate at least a subset of the pathological and the injured group received three injuries at 24-h intelsa
behavioral symptoms that are observed following clinical FCBConcussive brain injury methods were performed as described
create a context in which therapies can be tested. Many fonati by Velosky et al. {5). Briey, mice were anesthetized with
symptoms (i.e., cognitive and neuropsychiatric problems) mayso urane and moved to a stereotaxic frame with anesthesia
not appear in human TBI patients for months or years followingmaintained via a ow-through nose cone. All fur was removed
sustained injuries, and there is a critical need to developmic  from the scalp with depilatory cream, Bregma was visualized
animal models with persistent functional and neuropathot@di under the skin with bright illumination and marked by a small
symptoms to provide a context in which delayed treatments cadot with permanent marker. Anesthesia was discontinued with
be assessed. Many rodent models of rCBI have been developgshtinuation of 100% oxygen, and a Leica ImpactOne impactor
and described, and many have clinical relevance with behelvi \as immediately employed to deliver the injury to the scalprove
symptoms similar to rCBI patients, including cognitive dé€i parietal cortex (2.5 mm posterior to bregma and 2.5 mm left of
and/or neuropsychiatric changes and axonal damage [€.8-, ( bregma), with a 5-mm impacttip, 1.5 mm depth, 5.0 m/s velocity.
16)]. However, most of the observations have been limited t@ham-treated mice underwent all procedures including theesa
more acute time periods (days, or up to a few months) followingjuration of anesthesia, but the impactor was not activated.
the injuries.

There are a small number of rCBI studies in mice that havApnea and Righting Re exes
extended observations to a year or longer following injueied  Immediately following concussive impact (rCBI mice) or
continue to report functional and neuropathological e ects of discontinuation of anesthesia (sham controls) each day, an
rCBI (17-20). These studies, however, have been limited to maleccurrence of cessation of breathing was measured anddedor
mice. Clinically, female athletes are at equal or greask of as duration of apnea. Following injury or sham proceduresheac
sustaining head injuries than males during participationfilo#s  mouse was placed into an individual clean cage over a warming
(21-26), and although many studies have demonstrated a poorgsad in a supine position, and the time to return to a prone
clinical outcome in women following CBI [e.g27, 28)], data  position was recorded as the righting re ex. Each day after al
remain inconsistent9). Thus, there is a continued need to be injury and sham procedures were complete mice were returned
inclusive of both sexes in pre-clinical rCBI research. to group-housing.

The goal of this study was to study sex dierences in
behavioral symptoms over a chronic period in a murine modeBody Weight Measurements
of rCBI that results in axonal damage. Although prior studiesBaseline body weights were taken on the rst day of injuryd an
included both male and female rodents in TBI behavioral #8d mice were weighed at each behavioral testing time and ondlye d
[e.g., (L5 30-33)], most have employed the controlled cortical of euthanasia. Post-injury body weights are expressed asearner
impact (CCI) brain injury model and evaluated outcomes at mor of baseline measurements.
acute time points. The injury model employed in this study has
an advantage of being less invasive than traditional CCland ~ Behavioral Testing
percussion injury models that require craniectomy. Althbug The number of mice in each sex and injury group at each
this injury method does not include rotational accelerati@n  behavioral testing time point are listed frable 1 Two male and
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TABLE 1 | Number of animals () in each group and mean body weights (expressed as a percentfdaseline weight, measured on the rst injury day) at each bedwioral
testing time point.

Post-injury Day 1 Post-injury Day 30 Post-injury Day 90 Post  -injury Day 180 Post-injury Day 360

n Weight (%) n Weight (%) n Weight (%) n Weight (%) n Weight (%)
Male—Sham 19 98.51 19 113.49 19 132.76 19 152.92 19 187.66
Male—rCBI 19 91.05** 19 106.33** 19 124.81** 19 139.69** 18 69.60**
Female—Sham 17 101.36 17 117.17 17 125.16 17 144.50 17 182.14
Female—rCBI 21 93.74 21 111.25 20 130.52 20 152.63 17 186.67

“*Signi cant difference in weights between injured male and shantreated male mice across all post-injury days (jo 0.0064).

two female mice died due to rCBI procedures. Some mice weteiangular central zone. For the rst 5-min trial, one of tleems
lost throughout the year of the study prior to the nal behakad is blocked and the mice can explore the remaining two arms.
test (tail suspension test), but the deaths were spontaneodédter a 2-h inter-trial interval, the mice are placed backant
(unexplained), or veterinarian-recommended euthanasisstd  the apparatus and all three arms are available. A camera above
skin lesions. Thus, injury could not be determined to ingea the maze recorded the movements of the mouse and Any-Maze
mortality rate during the 1-year study period. Open eld (OF) software calculated the percent of time the mouse spent in the
and rotarod testing were performed multiple times duringnovel (previously blocked) arm. A mouse will normally spend a
the experimental period of 1 year (see below); elevated zegveater percentage of time in the novel arm, given it rememsber
maze (EZM), marble burying test (MBT), y-maze, active placéhe apparatus from the rst trial in which that arm was blocked.
avoidance (APA), and tail suspension test (TST) were only Three days following the y-maze test, spatial learning was
performed once at the end of the experiment. tested in the active place avoidance test (APA; BioSignaljgro
The procedures for OF and rotarod testing are found in moreBrooklyn, NY) using methods similar to those described by
detail in a previous publication3@). For 3 days prior to injury, Sangobowale et al3%). The mice were rst habituated to the
mice were trained to perform on an accelerating rotarod (4-circular arena (40cm diameter) for 10 min, after which they
60 rotations/min over 3min, three trials/day); averageefaty — underwent four testing trials with approximately a 40-min inte
to fall from the rotating rod on the nal day was recorded astrial interval. During each 10-min trial, the arena rotatstbwly
baseline performance. Prior to the third day of rotarod baeel ( 1 rotation/min); a xed 60 segment of the apparatus was
testing, mice were placed in a 40 40cm OF box (5 Lux) software-de ned such that if the mouse entered that zone for
with opaque walls connected to Any-Maze software (Stoeltingpnger than 500 ms an electric shock was applied (0.2 mA, 500 ms,
Co., Wood Dale, IL) that tracked the position of the animal forevery 1.5s until the mouse left the zone). Thus, the mouse had
20 min. The software reported the total distance travelechim t to keep moving with the arena to avoid being shocked. Visual
arena, as well as the distance traveled in the center zone (20cues placed on the room walls around the arena facilitatedadpat
20cm), expressed as a percentage of the total distance ttavelearning. On the following day, the 6Ghock zone was rotated
Baseline OF testing was performed prior to rCBI; mice were ret80 from its location the previous day, and the mice had to learn
tested in the OF and on the rotarod (in that order) on Days 1, 30to avoid the new location in four, 10-min trials.
90, 180, and 1 year following the nal CBI. The nal test performed approximately a year following the
The EZM and MBT were performed as previously describedhjuries, 4 days following APA, was the TST. This test employed
1 year after the injury on the rst and second days followingthe procedures described by Can et ak)( Mice were suspended
rotarod and OF testing, respectivelyd. The EZM (Stoelting) by their tails from laboratory benches with tape (12 mm wide,
is an annular platform raised 50 cm above the oor, dividedoint 24 cm long) attached approximately 1 cm from the tip of the tail.
two opposing quadrants that are darkened and enclose2DQ  To prevent tail-climbing, a 4-cm length of hollow polycarboeat
Lux) and the remaining two quadrants exposed and with greateiubing (1.3 cm inner diameter; McMaster-Carr, Santa Fe Smin
amounts of light ( 1,600 Lux). Movements of the mice were CA; #8585K41) was placed around the base of the tail prior
tracked with Any-Maze software for 5min. For the MBT, miceto the test. Mice remained suspended for 6 min; sessions were
were placed in a clear Plexiglas box (45 cm long4 cm wide videotaped, and the amount of time spent immobile was later
22 cm high) lled with wood shavings to a depth of 5 cm. Twelvescored by an investigator blinded to the injury condition of
glass marbles were placed in a rectangular shape 6.5-9.5 cin aptée animals.
mice were placed in the boxes for 30 min. At the end of the test
session, an experimenter blinded to the injury status of tieem Histology and Immunohistochemistry
counted the number of marbles buried to at least 2/3 depth. Following all behavioral testing, mice were transcardially
On the fth day following rotarod and OF testing, the y- perfused with 4% paraformaldehyde and tissue was prepared
maze novel arm test of spatial episodic memory, based odier immunohistochemistry as previously described)( Brains
rodents’ preference for novelty4), was performed. The y-maze from 14 injured male and 15 injured female mice (and ve sham
(Stoelting) has three arms at a 128ngle to each other, with a mice from each sex) were processed for Prussian blue staining
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combined with pararosaniline nuclear stain to detect regiofi meet homogeneity of variance requirements. Whewest-hoc
previous brain hemorrhages (manufacturer's instructiorsrev testing was necessary, Bonferroni-corrected planned astgr
followed for staining of mounted sections; Sigma-Aldrich, S were performed. Following statistically signi cant main etsc
Louis, MO; HT20). Six mice from each injury/sex group wereor planned contrasts, e ‘%ft size (Cohew} was calculated as
ran_dc_)mly selected _for gl|al_ brillary aC|_d|c protein _(GFAP) L2 \where Soojeq D $Cs . Figures were made using
staining of free- oating sections as previously describ&#),( Spooled 2
using a mouse monoclonal antibody (1:500, Thermo Fishel}/lmrosgft Excel 2016 and Daniel's XL Toolbox 7.2.13, and data
Scienti ¢, MS-280-P) and a biotinylated secondary antibodfhown inall gures represent 'Fhe meansstandard error of the
(1:500; A niPure Goat Anti-Mouse IgG [HC L], Jackson Means unless otherwise speci ed.
ImmunoResearch Laboratories, 115-065-003) with DAB stgini
solution (Vector Labs, SK-4100). Sections were mounte® ontRESULTS
slides, allowed to air-dry overnight and coverslipped. . .

GFAP-stained slides were scanned with a Zeiss Axio Scan.2Pnea and Righting Re exes
with Zen 2.5 blue edition software (Zeiss) and images of thépnea was not observed in any mice following sham procedures;
corpus callosum (CC) and right and left optic tracts (OPT)apnea in mice following CBI each day is shownFigure 2A
and hippocampi (HP) were imported into ImageJ software. Thdurations of apnea were equivalent between male and female
measurement feature was employed to determine the mean gryice and across injury days (> 0.1406). Righting re exes
density of areas of the CC, OPT and HP traced via freehantpllowing sham and CBI procedures on the three injury days
selection Figure 1). An area with absence of immunostaining are shown inFigure 2B Righting re exes were longer in injured
was selected from each section to remove background. Thr&ice than in sham mice of the same sex on all three injury days
sections per animal for each region were averaged to catculdt(3) D 56.069, 50.479, 49.449< 0.0001 for injury days 1, 2,
average density values of GFAP staining (denBitsnean gray and 3, respectively]. There were no sex di erences in righting
density — background). Assessments were performed by a sindgReexes in either the sham-treated mice or the injured mice o
investigator blinded to the sex and injury condition of tmeages. ~any injury days (adjustedD 1.0).

Cortical depth near the impact site was measured using ]
methods described previoushiH. The line tool in the Zen Body Weights
software was employed to draw a 1.75 mm horizontal line latera here was a signi cant sex by injury interaction e ect on
from the superior sagittal ssure. A vertical line was thengald ~ post-injury body weights F, 732) D 7.38, p D 0.0082].
and measured at this location, tangential to the surfacehef t Bonferroni-adjusted planned contrasts revealed that pojsiryn
cortex and extending to the dorsal boundary of the corpughe body weights of injured male mice remained lower than
callosum Figure 1, red dashed line, “d”). A 50@m-wide region the weights of sham-treated male micp D 0.0064,d D
surrounding the vertical line, extending the depth of thetear 0.30), but injury did not a ect body weights of female mice
(CTX), was captured and imported into ImageJ for analysis ofp D 1.0;Table 1).
GFAP staining density as described.

Histological Findings
Statistical Analyses The brains from 29 injured mice and 10 sham mice underwent
Statistical analyses were performed with SPSS 21.0 (IBM,CorPrussian blue staining to detect microbleeds. Examples of
Armonk, NY, USA) or SAS Studio 3.71 (SAS Institute Inc.Prussian blue staining in injured mice are shownFhigure 3
Cary, NC, USA). Righting re ex and cortical depth data did (No positive staining was seen in sham mice). Of the 29 injured
not pass the homogeneity of variance test (Levene's testeof timice, 11 of the mice were negative for Prussian blue staining
equality of variances) and were analyzed with Kruskal-\Walli(data not shown). Eleven animals (six females and ve males)
tests and adjusted pairwise comparisons (SPSS). Apnea data watowed evidence of microbleeding only on the very surface of
analyzed with a mixed model ANOVA (PROC MIXED; SAS)the brain near the impact sité~{gure 3A), primarily observed
with sex as a xed factor and day as a repeated measure. For the glia limitans. An additional ve mice (three males and
body weight data and behavioral tests performed at multipieti two females) had surface bleeding with extension into catfti
points, mixed model ANOVAs (PROC MIXED) were performed layers Figure 3B), and two mice (one of each sexigure 30
with sex and injury as xed factors and time as a repeatedhad more extensive injury, with evidence of cortex compessi
measures factor. Distance traveled data from open eld tgstinand bleeding that extended into the corpus callosum. Three
were converted to natural log values to meet homogeneity ahore of the 29 mice, all female, had lateral/temporal blegdin
variance requirements. Tests performed at one time point (ynear the rhinal sulcus as seen kigure 3D. (Two mice had
maze, EZM, MBT, TST) were analyzed with two-way ANOVAsboth mild surface bleeds and lateral bleeding). The more
(PROC GLM; SAS), with sex and injury as xed factors. GFARextensive injuries as assessed by Prussian blue stainfegae
staining density in the CC was also analyzed with a twoassociated with increased apnea or longer righting re exem
way ANOVA (sex x injury); OPT, CTX, and HP staining (data not shown).
density were analyzed with three-way ANOVAs, with sex and Figure 4is a summary of cortical atrophy, as measured by
injury as xed factors and side (left vs. right) as a repeatedtortical thickness, and astrogliosis after rCBI. Analysisoofical
measure. CTX GFAP data were converted to inverse values depth on the left side of the brain near the impact site showed
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FIGURE 1 | Cortical depth (d) and GFAP analysis. Cortical depth (d; redashed line extending from surface of cortex to dorsal bounary of corpus callosum) was
measured 1.75 mm from the superior sagittal ssure. GFAP staing density was analyzed in the CC, and bilaterally in the &XT HP, and OPT. GFAP, glial brillary acidic|
protein; CC, corpus callosum; CTX, cortex; HP, hippocampusOPT, optic tracts.

a signi cant e ect of group [H(3)D 16.786,0 D 0.001]; both  signi cantly greater amounts of GFAP staining in the OPT tha

male and female injured mice had signi cantly thinner CTX sham-treated animals.

at the injury site than respective sham controfs [ 0.021

and 0.026, respectivelfigure 4A). There was also increased Open Field

GFAP staining density in the CTX beneath the impact site orin the OF, there was a signi cant injury sex day interaction

the injured side of the brain [injury side interaction e ect: e ect for the distance traveled in the areng 354D 7.55,p <

Fa, 190D 15.36p D 0.0009Figure 4B]. Astrogliosis was greater 0.0001] Figure 5A). Separate two-way ANOVAs (injury day)

in the left CTX of injured mice than on the right side of were performed for each sex. In males, there was a signi cant

injured mice o D 0.0012,d D 1.71) and staining density in injury  day interaction e ect Fs 179yD 22.98,p < 0.0001];

the injured left CTX was also greater than that in the left CTXsham-treated and injured male mice were equally active it©the

of sham-control mice g < 0.0001,d D 2.01). There was also during baseline testing and on the day following the naltuny

a main e ect of sex ff1, 19y D 12.10,p D 0.0025d D 0.41], (p D 1.0), but injured male mice ambulated greater distances

with female mice having greater levels of GFAP staining i thon all subsequent testing days compared to sham-treated male

CTX than male mice (data not shown). Although there wasmice (days 30, 90, 180, and 36G; 0.0001d D 1.28, 1.47, 2.06,

an injury  sex interaction e ect on GFAP staining in the 2.02, respectively). In females, there was only a main e ect of

HP [F(, 19y D 5.01,p D 0.0373],post-hodests did not reveal day [Fs, 175)D 28.29,p < 0.0001]; the female mice were less

signi cant comparisons (male sham vs. male rCBD 0.2248; active in the arena on all subsequent days compared to baselin

female sham vs. female rCH:D 1.0; male rCBI vs. female testing p < 0.0001d D 1.71, 1.52, 1.58, 1.56, 2.46 for days 1,

rCBI: p D 1.0; male sham vs. female shagmb 0.0896; data 30, 90, 180, and 360, respectively), and at the 1-year time poin

not shown). the female mice were less active when compared to dayl (
However, rCBI increased astrogliosis in white matter sact 0.0078,d D 0.62), day 30 D 0.0001d D 0.87), and day 90

Representative samples from each sex and injury group ¢pD 0.0054dD 0.71).

GFAP staining in white matter tracts, the CC and OPT, are There was an injury day interaction e ect on the distance

shown in Figure 4C There was a signi cant main e ect of traveled in the center zone of the OF (expressed as a percentage

injury on GFAP-immunostaining in the CCH1, 20 D 25.23, of the total distance traveled)F(s 355 D 7.03,p < 0.0001;

p < 0.0001,d D 1.89]; mice that had sustained rCBI had Figure 5. On the day following the nal injury, injured mice

greater GFAP-immunostaining in the CC than sham-treatedwvere less active in the center of the arena than sham corfpols

mice. In the OPT, a three-way mixed-models ANOVA showedD 0.0018d D 0.98). The e ect on day 360 neared signi cange (

a signi cant main e ect of injury on GFAP staining density D 0.0990d D 0.44), where injured mice were more active in the

[Fa, 202y D 21.54,p D 0.0002,d D 1.79]. Injured mice had center of the arena.
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FIGURE 2 | Apnea (A) and righting re exes (B) following CBI on each injury day. Shown are individual datagints; bars in (A) represent group means, in(B) represent
group medians. The legend in lower right panel applies to glilots. There were no signi cant differences between male andemale mice in the duration of apnea
following CBI on any of the injury day$A). On each of the injury days, mice sustaining injury had signantly longer righting re exes than sham-treated mice of the
same sex(B). The asterisk (***) if{B) represents a signi cant effect of injury in the given sex, whe CBI> Sham, p < 0.0001. There were no signi cant differences in
righting re ex times between male and female mice, either injed or sham-treated. CBI, concussive brain injury.

Rotarod (p D 1.0), but injured male mice spent signi cantly more time
For rotarod testing Figure 50), there was a signi cant injury in the open quadrants than the male sham-treated mige (
by day interaction e ect s, 355D 11.96,p < 0.0001] and a 0.0001,d D 1.48). There were no e ects of injury or sex on
signi cant sex by day interaction e ectHs, 355D 3.93,p D the number of marbles buried in the MBTp(> 0.2966; data
0.0017]. Planned Bonferroni-corrected comparisons shawatl not shown). Likewise, there were no e ects of injury or sex, or
there was a main e ect of rCBI on rotarod performance on daysnteraction between the two factors on the percent of time $pen
1 (p< 0.0001d D 1.65), 9019 D 0.0138d D 0.73), and 180y  in the novel arm in the y-maze tesk(; 67)< 0.942,p > 0.335;

D 0.0402d D 0.57) following injury, with mice sustaining rCBI data not shown].

falling from the rotarod at shorter latencies than sham cois.

Also, planned contrasts revealed that overall, female miseedst  Active Place Avoidance

on the rotarod longer than male mice at the 1-year time pointThere was a main e ect of sex on distance traveled during the

(day 360p D 0.0096d D 0.78). 10-min acclimation trial of the APA testH;, s D 9.11,p D

. 0.0036d D 0.73], with females ambulating greater distances in
Elevated Zero Maze, Marble Burying the arena (data not shown). A mixed-models analysis (injury
Test, y-Maze sex trial) showed a signi cant main e ect of injury on spatial

There was an injury by sex interaction e ect on anxiety-likelearning in the APA test on the rst day of testind~{i, 49.4)D
behaviors tested in the EZM 1 year following rCBj{ sg)D 6.31, 31.23,p < 0.0001,d D 1.34;Figure 58, and an injury x trial

p D 0.0144Figure 5D]. Bonferroni-corrected planned contrasts interaction e ect on the second day when the shock zone was
showed that sham-treated females and injured females sperglocated F(3, 133D 9.89,p < 0.0001]. Sham-treated mice had
equivalent amounts of time in the open quadrants of the mazéewer entrances to the shock zone of the apparatus on all trials
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FIGURE 3 | Prussian blue (PB) staining was performed in 29 mice for miableeds after rCBI. Sections shown ifA-D) represent four different animals that stained
positive for microbleeds. Eleven injured mice were negagvfor PB staining (not shown). Most mice positive for PB staing presented with microbleeds limited to the
surface of the brain in the glia limitansn(D 11; A) or extending into the most super cial layers of the cortexr(D 5; B). A very limited number of animals had more

severe injury involving the corpus callosurm(D 2; C) or temporal regions of cortexif D 3; D). Two mice had both mild surface bleedgA) and temporal bleeding(C).

on the rst day of testing demonstrating quicker learningtbe  cortex and axonal tracts (corpus callosum and optic tracts) in
location of the zone; on the second day, injured mice had equéoth male and female micd-igure 4B). In addition, Prussian
performance to sham controls on the rst trial, but shams hadblue staining Figure 3) showed that the injuries led to cerebral
fewer entries to the shock zone on the remaining three tflals ~ microbleeds primarily limited to the site of the injury and the
0.0001d D 1.33, 1.53, 1.62 for trials 2, 3, and 4, respectively). cortex beneath, consistent with clinical ndings followimgild

TBI [e.g., 87, 38)] and with prior rCBI studies in mice9, 40). A
Tail Suspension Test subset of the mice also had positive Prussian blue stainingldist
There was a signi cant e ect of injury on immobility in the TST from the primary injury site near the rhinal sulcus; Sauetbec
for depressive-like behavior 7D 10.62,p D 0.0018d D and colleagues recently reported pathology in similar locatio

0.78; Figure 5F; sham-control mice spent greater time in an following concussive-rotational injury (CHIMERAJ().
immobile state than injured mice. Behaviorally, both male and female mice had motor

impairments on the rotarod for up to 6 months following the

concussionsKigure 50), and both sexes had signi cant cognitive
DISCUSSION de cits at the 1-year time point on the APA taslFigure 5B).

. . Injured male mice showed some behavioral di erences compared

S_um_mary of Pathomglcal and Behavioral to sham controls that were not seen in female mice: in the @ th
Findings Following rCBI injured male mice were hyperactive on post-injury days 30 and
This study employed a mouse model to study the e ectgeyond Figure 5A), and in the EZM 1 year following injury they
Of I’epetitive COnCUSSiVe brain injurieS on behavior and hrai Spent greater amounts of t|me in the Open/exposed quadrants
pathology in both male and female animals up to 1 yea{Figure 3D). Additionally, male mice sustained weight loss as a
following injuries. A summary of signi cant ndings is fouthin  result of the injuries Table 1), and their weights remained lower

Table 2 Cortical atrophy was found at the lesion siiédure 4A);  compared to uninjured mice for the duration of the study.
our previous study in which mice were euthanized at a more

acute time point (32 days) found equal cortical thickness),( Axonal Injury and CBI

suggesting this is a chronic, degenerative process ratherah  Axonal injury is a prominent feature of CBI, both clinically
immediate e ect of the impacts. GFAP staining was una ectedand in animal models42, 43), and the CC may be particularly
by injury in the hippocampus but increased in the perilesionalvulnerable to injury. Activated microglia, together witkanal
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FIGURE 4 | Cortical atrophy as measured by cortical thickness and astgliosis following rCBI as evidenced by GFAP staining. Regsentative photomicrographs
represent approximate median values. One year followingjimies, injured mice had signi cantly thinner CTX at the injy site than sham-treated mice(A). Asterisks (*)
in (A) represent a signi cant main effect of injury in the represerd sex (Sham> rCBI; p < 0.05). There was also signi cantly increased astrogliosisiithe perilesional
CTX on the injured (left) side of the brain compared to the fiig side and compared to the left side of sham micegB). Asterisks (***) i(B) represent a signi cant effect
of injury on the left (injured) side of the brain (rCBI Sham; p < 0.0001); pound signs (##) represent signi cant differencesn staining density between the right
(uninjured) and left (injured) sides of the brain in the regsented sex (Left> Right; p < 0.01). GFAP staining density was signi cantly increased fldwing injuries in
white matter tracts, speci cally the CC and OPT(C). Asterisks (***) i(C) represent a signi cant main effect of injury (rCB¥ sham) in the represented brain regionp(<
0.001). rCBI, repetitive concussive brain injury; GFAP, gli brillary acidic protein; CTX, cortex; CC, corpus callosm; OPT, optic tracts.

degeneration and atrophy in the CC have been describedumerous (1-15 40, 46-50). Gold and colleagues recently
in chronic (up to 18 years post-injury), but not acute, TBI reported a decrease in CC volume 6 months following 10 CBls
patients ¢4). In a mouse model of single CBI, Marion and (16), and there are a smaller number of studies that have
colleagues recently described axonal damage inthe CQging  extended observations to more chronic time points: CC atrophy
degenerating and demyelinated axons, disruption of parasodes measured by thickness has been reported in mouse rCBI
where myelin attaches to axons, and overall CC atrophy ahodels 1 {7) and 2 (L9 years following the injuries. These

8 weeks post-injury 45). Wild-type mouse models of rCBI changes were paralleled by increases in the CC in markers for
describing axonal damage and/or neuroin ammation in theastrocytes (GFAP) and microglia (Ibal)3 17, 19), indicative of

CC and other axonal tracts at more acute time periods areeuroin ammation, consistent with the current data.
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FIGURE 5 | Chronic behavioral effects of rCBI. Legend iifB) applies to (A,B,C,E). Behavioral testing following rCBI revealed functional dets in the OF (A,B),
rotarod (C), EZM (D), APA (E), and TST (F) tests. Injured male mice began exhibiting a hyperactive phetype in the OF about a month following injuriegA). All injured
mice were signi cantly less active in the center zone of the OFhe day following the nal injury (expressed as a percentagefdotal activity), suggesting anxietyB). On
the rotarod (C), there were signi cant motor de cits the day following the injiries; slight impairment remained for up to 6 months. Only jored male mice had

signi cantly different behavioral performance in the EZM (fear; D); they spent increased time in the bright and exposed quadrats compared to sham-treated mice.
One year post-injuries, all mice had signi cant cognitive deits as assessed on the APA test(E), and showed signi cantly greater agitation (less immobil) in the TST
for depressive behaviorgF). The cross signs (1 T T;p < 0.0001) in(A) indicate a signi cant effect of testing day in female mice; fimale mice became less active in the
OF arena following baseline testing. The percent signs (%%%< 0.0001) in(A,D) represent an injury effect in male mice only where Injureel Sham on the measured
behavior. Asterisks fp < 0.05, **p < 0.01 or ***p < 0.0001 in B,C,E,F) represent a main effect of injury on the given behavior (QZBI < Sham; E: rCBI> Sham); The
pound sign (#p < 0.05) in(B,C,F) represents a main effect of sex (female male). rCBI, repetitive concussive brain injury; OF, open @] EZM, elevated zero maze,
APA, active place avoidance; TST, tail suspension test.

Changes in Spontaneous Activity and injuries, and male mice developed a hyperactive phenotype in
Motor Behaviors Following rCBI the OF after 1 month. Rotarod de cits have been reported
During the year of study, the mice had signicant motor up to 1 year following 30 closed head injuries in mice)(

de cits on the rotarod the day following the nal injury but Motor de cits following experimental TBI are often acute and
also remained slightly impaired up to 6 months following relatively transient compared to cognitive de cits [e.gL4,(
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TABLE 2 | Summary of signi cant ndings between injured and sham mice, ® main effects of sex.

Measure Signi cant effect p-value Effect size (Cohen's d)
Post-injury weights (% baseline) Male Sham Male rCBI p D 0.0064 d D 0.30
Righting re ex, Injury Days 1-3 rCBP Sham p < 0.0001 N/A
Cortical thickness rCBI< Sham p < 0.05 N/A
GFAP staining density
Cortex (male vs. female) Female> Male p D 0.0025 dD0.41
Cortex (injured (left) side of brain) rCB{ Sham p < 0.0001 dD 2.01
Corpus callosum rCBI> Sham p < 0.0001 dD 1.89
Optic tracts rCBI> Sham p D 0.0002 dD1.79
Rotarod, Latency to Fall
Day 1 Sham > rCBI p < 0.0001 dD 1.65
Day 90 Sham > rCBI p D 0.0138 dD0.73
Day 180 Sham > rCBI p D 0.0402 dD 0.57
Day 360 Female> Male p D 0.0096 dD0.78
OF, Distance traveled; Males
Day 30 Male rCBI> Male Sham p < 0.0001 dD1.28
Day 90 p < 0.0001 d D 1.47
Day 180 p < 0.0001 d D 2.06
Day 360 p < 0.0001 d D 2.02
OF, Center distance traveled (% Total); Day 1 Sham rCBI p < 0.0018 d D 0.98
EZM, Time in open quadrants (1 year) Male rCB{ Male Sham p < 0.0001 dD 148
APA, Acclimation, Distance traveled (1 year) Femate Male p D 0.0036 dD0.73
APA, # of entries to shock zone; Day 1 (1 year) rCBi Sham p < 0.0001 dD 134
APA, # of entries to shock zone; Day 2 (1 year)
Trial 2 rCBI> Sham p < 0.0001 dD1.33
Trial 3 p < 0.0001 dD 1.53
Trial 4 p < 0.0001 dD 1.62
TST, Time immobile (1 year) Sham > rCBI p D 0.0018 dD0.78

Shown are the dependent measures in the current experiment for whickigni cant effects of injury or sex were found. P-values from ANOVAgor Bonferroni-corrected post hoc

comparisons) or Kruskal-Wallis tests, and calculated Effect iz (Cohen's d) are provided. Cohen's dD Splnnledz .

16, 51)] and here we show that motor de cits are resolvedinvolved in linking motion and visual information during #
while cognitive de cits are observed 1 year following inggi early steps of map formation in spatial taskd); The APA test
Hyperactivity in male mice has been previously reported irhas been shown to detect cognitive de cits following sireyhel
rCBI models 2, 53), as well as in more severe injury modelsrCBI in mice at a more acute time period %) and for up to 12
such as controlled cortical impact (CCI) that result in overtmonths following repetitive mild TBI in a human tau-expressing
damage to the hippocampus3Z, 54-59. Ultimately, there transgenic mouse modeb®); it is a particularly di cult task as
are a variety of experimental manipulations that can result irit requires the animal to attend only to stationary visuabro
increased locomotion, and it has been suggested that aionles cues, ignoring the olfactory cues on the rotating apparatu$ an
or damage involving a complex control system that modulateto continue to move with the arena in order to avoid the shock
and suppresses activity, located along the axis between thene ¢3). In addition, two intact hippocampi and the mbria
entorhinal cortex and olfactory bulb, may result in hypemaet containing the hippocampal commissural bers (a white matter

behavior 60). axonal tract) are required for successful performance otaisk
(64). Thus, our disparate ndings on the y-maze and APA are
Effects of rCBI on Cognition likely due to test di culty but could also relate to test modi

Consistent with prior long-term rCBI studies that employedeth Sangobowale and colleagues recently demonstrated sigmi ca
Barnes maze as a spatial cognitive test 1 year or longer posle cits on the APA task 8 days following a single CBI in mice,
injuries (17, 19), all injured mice in this study had signi cant an injury that was characterized by reduced myelin in the CC
cognitive de cits as assessed in the APA test (a test of $patig@nd other white matter regions) as assessed by Luxol fast bl
learning and memory), despite showing no de cits on the y-Both the cognitive de cits and axonal damage were reduced by
maze test of novel arm recognition (a test of spatial episoditteatment administered 12 h following injury with a combtien
memory). De cits in spatial learning and memory are mostof minocycline, an agent that inhibits microglial activati and
often attributed to hippocampal damage and dysfunction, buprevents myelin loss, and N-acetylcysteine, an antioxidang d

in the current study parietal association cortical atrophydan with anti-in ammatory actions @35). These results suggest that
astrogliosis may have been a factor as the parietal cortex ¢egnitive de cits associated with damage in white mattects
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may serve as useful functional and neuropathological endpointimes following TBI, and dierent injury models. However,
for assessing delayed e ects of potential therapeutic agents.  although phase III clinical trials of progesterone to date dhav
failed, the neuroprotective e ects of estrogen and progesiero
Chronic “Emotional Dysregulation” in are well-established in animal models of neurotraume-(
Rodent Models of rCBI 81), and it is possible that these hormones are exerting long-

Finally, we employed the EZM and TST, respectively, t(germ protective/therapeutic e ects in this model via biologjic

: o . mechanisms that were unexplored in this study. In addition
assess chronic neuropsychiatric symptoms following rCBI, as . .
. . 0 developmentally programmed sex di erences, the on-going
anxiety and depression are among the most common long-term ) . .
R ‘ . e ects of sex hormones in the brain are far-reaching. Sex
complaints in clinical TBI populations. Injured male, but not

female, mice spent increased amounts of time in the bright angormone receptors are located in glial cells and throughout

open regions of the maze compared to sham controls, suggestiHeumnS’ where they have many actions, including regulation

reduced anxiety, consistent with other studies 1 year faligw of signaling pathways and direct and indirect e ects on gene

(Gl nmice (1719, bt see (9,0t e e prods EXTSES0n, sdng i aterton of mary ofysdoges, nd
(16,53, 65. A curious nding of this study is increased amount ' g

of agitation (less immobility) in the TST of the injured mice on sex hormones and behavior focused on the hypothalamus

compared to the sham controls. Greater amounts of immobilityanOI sexual behaviors, it is now realized that steroids have

. . . e . more global n the brain, including region h h
in this test [and in a similar test, the forced swim test (FST) 1ore g obal e ects on the brain, including regions such as the

. . . L .7 hippocampus, prefrontal cortex, cerebellum, and periacquatiect
are interpreted as a state of despair or “depression” in anlmaiﬂ

models 66, 67). Although they found no di erences in the gray, resulting in sex dierences in addiction, responses to

TST, Gold and colleagues reported greater amounts of ighji>2: 067 P08 B &7 RAR SEARTA, SO0 C IR
mobile” time in the FST in a murine rCBI model with CC Y, P 9

. S L S injury, both neural and glial, genomic and non-genomic, are
atrophy, microgliosis, and astrogliosis 6 months followingiry . . .
' . . p . complex and will require dedicated, targeted study.
(16). This nding was interpreted as a symptom of “emotional
dysregulation,” and in our model, together with hyperadinin
the OF and the increased amount of time in the open quadrant
of the EZM, could suggest a pathological phenotype of agitatio
and risk-taking. However, these ndings do not model the raor . .
. . . In summary, this study employed a moderately severe chronic
common clinical symptoms of depression and anxiety that are . . : ; .
. . . rCBI model in wild-type mice. Consistent with reports of
diagnosed following TBI. Overall it has been noted that coragda : . - .
. : . other investigators 1(7-19), there were signi cant behavioral
to motor and cognitive de cits that are employed in pre-

. . . : L de cits concurrent with ongoing neuroin ammation in axona
clinical studies, ndings regarding neuropsychiatric symipis . L2 e

. . tracts 1 year following the injuries, Furthermore, this iseth

have been much more inconsistent and that further study, as

. . ) . . . 1st long-term rCBI study in rodents that has been inclusive
well as the inclusion of di erent functional testing models, i .
of both sexes, and we have demonstrated that male mice
needed 83 67, 68).

fare worse on two behavioral tasks, despite showing a similar
) ) i ) neuropathological pro le to injured female mice. There is @&de
Sex Differences in Functional De cits for continued development of translational models of chioni
Following TBI rTBI with measurable functional and pathological featureatt
Injured female mice in this study fared better than maleslend themselves to therapeutic intervention.

Unlike injured male mice their weights remained at the same

level as sham controls, they did not exhibit the hyperactive

phenotype in the OF, and they had normal behavior in theETHICS STATEMENT

EZM. Chronic injury-induced astrogliosis cannot explain the

long-term sex-di erences in behavior in this study, as malesAll animal procedures were approved by the Institutional Animal
and females showed the same neuropathological pro le at th€are and Use Committee at the Uniformed Services University
l-year time point. However, we previously showed that malef the Health Sciences (Bethesda, MD) and the mice were housed
mice have increased astrogliosis compared to females at @ man Association for Assessment and Accreditation of Labamat
acute time point ( 1 month) following rCBI (L5). Translational Animal Care-Accredited facilities.

TBI studies are becoming more inclusive of both sexes, and

there is mounting evidence that female rodents may fareebett

acutely (within days following injury) in measures of beltasv. AUTHOR CONTRIBUTIONS

and neuroin ammation than malesi, 30, 69-75). As noted in

a recent review(6), there are also many reports showing no seX.T and JM designed and planned the study. TBI procedures
di erences or that males have better outcomes than femalgs [e were performed by AF. Behavioral testing was performed by
(32, 76-78)], and de nitive conclusions from rodent studies are LT and AV. Immunohistochemical processing and analyses were
di cult at this point as investigators are using di erent spexs at  performed by LT, AF, and AV. Data analyses were performed by
di erent ages, di erent functional testing paradigms at vargi  LT. Final editing of the manuscript by LT and JM.

EONCLUSIONS
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