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Traumatic brain injury (TBI) is a serious public health concern which strikes someone every
15 s on average in the US. Even mild TBI, which comprise as manyas 75% of all TBI
cases, carries long term consequences. The effects of age and sex on long term outcome
from TBI is not fully understood, but due to the increased risk for neurodegenerative
diseases after TBI it is important to understand how these factors in�uence the outcome
from TBI. This study examined the neurobehavioral and neuropathological effects of age
and sex on the outcome 15 days following repetitive mild traumatic brain injury (r-mTBI) in
mice transgenic for human tau (hTau). These mice express thesix human isoforms of tau
but do not express endogenous murine tau and they develop taupathology and memory
impairment in an age-dependent manner. After 5 mild impacts, aged female mice showed
motor impairments that were absent in aged male mice, as wellas younger animals.
Conversely, aged female sham mice outperformed all other groups of aged mice in a
Barnes maze spatial memory test. Pathologically, increases in IBA-1 and GFAP staining
typically seen in this model of r-mTBI showed the expected increases with both injury
and age, but phosphorylated tau stained with CP13 in the hippocampus (reduced in
female sham mice compared to males) and PHF1 in the cortex (reduced in female TBI
mice compared to male TBI mice) showed the only histologicalsigns of sex-dependent
differences in these mice.

Keywords: TBI, hTau, tau, neurobehavior, Neuropathology

INTRODUCTION

Traumatic brain injury (TBI) contributes to in excess of 2.5million emergency department visits a
year in the United States (CDC), with a 70% increase in attendances from 2001 to 2010 (Faul et al.,
2010). Notably, there is a distinct sex bias in TBI presentations,with the majority of hospitalized TBI
occurring in women (National Hospital Discharge Survey 2001–2010), particularly in the elderly
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(Stevens and Sogolow, 2005). In a meta-analysis of the in�uence
of sex on TBI it was reported that, compared to men, women
display worse outcomes from TBI across multiple measures,
including mortality, days of post-traumatic amnesia, memory
impairment, and insomnia (Farace and Alves, 2000), with one
study of 306 individuals with a history of moderate to severeTBI
documenting an increased incidence of self-reported headaches,
dizziness, and depression in women with a history of TBI
(Colantonio et al., 2010). Nevertheless, despite this bias, there
has been limited enquiry into the in�uence of sex on acute or
long-term consequences of TBI.

Pre-clinical research has not yet addressed potential sex-
dependent di�erences and typically focuses on TBI in male
subjects. Treatments that may be bene�cial in one sex may not
bene�t males and females equally, or may be modulated by
additional factors that need to be understood prior to attempting
clinical translation. For example, environmental enrichment has
been studied for its potential therapeutic bene�t following TBI
in rats since 1996, but until 2002 these studies were performed
exclusively with male animals (Hamm et al., 1996). In 2002, a
study by Wagner and colleagues demonstrated a bene�cial e�ect
of environmental enrichment in male rats which did not occur
when female rats were utilized (Wagner et al., 2002). However,
when the rotarod testing was performed to assay the e�ects
of environmental enrichment, bene�ts were seen in both male
and female rats after controlled cortical impact (Monaco et al.,
2013). These results highlight the importance of understanding
the di�erences between TBI recovery and outcome in male
and female animals as these e�ects may impact the e�cacy of
experimental treatments following TBI.

The mechanisms by which sex di�erences in�uence outcome
from TBI and the response to TBI treatments has not been well-
studied, though studies have examined the possibility of using
exogenously administered gonadal steroids as a treatment for
TBI. Based on some preliminary data showing better outcome in
females after TBI, a number of studies have examined potential
neuroprotective e�ects of female sex hormone administration
on the consequences of experimentally induced TBI (Behl et al.,
1995; Pelligrino et al., 1998; Shi et al., 1998; Behl, 2002; Wagner
et al., 2004; Xiong et al., 2007). Pre-clinical studies have shown
that progesterone reduces cerebral edema (Roof et al., 1992, 1994;
Wright et al., 2001; Guo et al., 2006) and estrogen maintains
cerebral blood �ow after experimental TBI (Roof and Hall,
2000a), but despite these pre-clinical protective e�ects, attempts
to translate these results into human clinical trials have not been
successful (Skolnick et al., 2014; Howard et al., 2016; Schumacher
et al., 2016).

The disconnection between pre-clinical neuroprotective
e�ects of female sex hormones, and their translation to clinical
trials in humans may be due in part to an insu�cient
understanding of the role of sex in TBI and how it interacts
with other biological factors such as age. For example, in clinical
trials testing progesterone administration after TBI, the inclusion
criteria for each trial involved patients spanning a very widerange
of age at TBI of 18–60 years of age or more, and heterogeneity of
the patient population of these studies has been cited as a concern
for the ability of the trial design to yield relevant results(Ma et al.,

2012). Both pre-clinical research in animals and clinical research
in humans have shown an age-related risk for neurodegenerative
disorders and a linear increase in the risk of mortality and poor
outcome following TBI, but the mechanisms by which age at the
time of TBI plays a role in in�uencing outcome from TBI have not
been elucidated and age remains an under-studied factor in TBI
(Hukkelhoven et al., 2003; Uryu et al., 2003; Stocchetti et al., 2012;
Gardner et al., 2014). Women are known to be disproportionately
represented in Alzheimer's disease (AD) patient populations,
where they comprise approximately two thirds of the AD patient
population in the United States (Brookmeyer et al., 1998). In
contrast to this, there are very few reports in the literatureof
chronic traumatic encephalopathy (CTE) in women (Roberts
et al., 1990; Hof et al., 1991). This may be a selection bias as most
of the donated brains have been from males, but more researchis
needed to rule out the possibility of a sex-dependent e�ect on the
risk for developing CTE.

In the current study, we utilize our preclinical mouse model of
repetitive mild TBI (Mouzon et al., 2012, 2014; Ojo et al., 2013)
to study the roles of age and sex on behavioral and pathological
outcomes after repetitive mild brain injury. We have conducted
these studies in mice transgenic for all six isoforms of human tau
protein (hTau). Tau pathology has been documented in brain of
humans after severe TBI and in sport athletes who sustained a
number of concussions/mild TBI resulting in CTE, (McKee et al.,
2009) and as the precise role of tau in TBI pathogenesis is not yet
clear we wanted to mimic human patients as closely as possible
with our model. Moreover, the interaction of sex and age with
tau pathology after TBI is an area that has not been investigated
before, although Tau aggregation after TBI is associated with
impaired glymphatic function, which also reduces with age (Ili�
et al., 2014; Kress et al., 2014). Since the role and interaction
of sex and age on TBI has not been thoroughly investigated in
the literature, it is important that we improve our understanding
of the interaction of these factors to inform future attemptsto
translate potential treatments into the clinic.

MATERIALS AND METHODS

Animals
Young (aged 8–10 weeks) and aged (aged 11 to 12 months)
male and female mice, expressing all six isoforms of human
tau (hTau) on a C57BL/6 and null murine tau background
(Jackson Laboratories, Bar Harbor ME), were housed singly
under standard laboratory conditions (23� C � 1� C, 50 � 5%
humidity, and 12-h light/dark cycle) with free access to food
and water throughout the study. All procedures were carried out
under Institutional Animal Care and Use Committee approval
and in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals.

Injury Groups and Schedule
Forty-eight young and 52 aged hTau mice were randomly
assigned to TBI or sham conditions (unless otherwise noted,
young male TBIn D 11, young female TBIn D 12, young
male shamn D 11, young female shamn D 11, aged male TBI
n D 11, aged female TBIn D 14, aged male shamn D 12, aged
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female shamn D 16). Histochemical studies were performed
with n D 4 per group (male TBI, female TBI, male sham, female
sham, for both aged and young mice). Mice assigned to repetitive
mild TBI (r-mTBI) conditions received �ve injuries over a 9
day period, with an inter-injury interval of 48 h. Sham (r-sham)
animals underwent anesthesia as per their r-mTBI counterparts
(frequency and exposure time), but were not exposed to
injury.

Injury Protocol
Mice were subjected to closed, mild TBI as previously described
(Mouzon et al., 2012). Mice were anesthetized with 1.5 l/min
of oxygen and 3% iso�urane prior to mTBI. The top of the
head was then shaved for both sham and TBI animals, followed
by transfer to a stereotaxic frame (Just For MiceTM Stereotaxic,
Stoelting, Wood Dale, IL). Animals were placed on a heating
pad to maintain body temperature at 37� C. A 5 mm blunt metal

FIGURE 1 | Effect of repetitive mild traumatic brain injury (r-mTBI) onrotarod performance in(A) young and (B) aged hTau mice. Values were recorded with a total of 4
trials within a week after the last injury/anesthesia with three 5 min accelerating trials. Results are the mean� SEM of the time animals remained on the rotarod before
falling and normalized to baseline. There was no impairmentwith multiply injured animals in young male and female between days 1 and 7 of testing after last mTBI or
anesthesia (p > 0.05). In the aged cohort, Female TBI mice performed worse than their sham counterparts (p < 0.001) and worse than the male r-mTBI group
(p < 0.001) on all days of Rotarod testing. *p < 0.05.
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impactor tip was retracted and positioned midway relative to
the sagittal suture before each impact. The injury was triggered
using the myNeuroLab controller at a strike velocity of 5 m/s,
strike depth of 1.0 mm, and dwell time of 200 milliseconds. The
impact occurred over intact skin and produced no skull fractures,
hematomas, or other gross signs of pathology. No mortality
was observed with these mice during these experiments. At
the end of the procedure, each animal was removed from the
stereotaxic table, allowed to recover on a heating pad and,
becoming ambulatory, was returned to its home cage. To control
for the e�ects of repeated anesthesia sham animals underwent
the same procedures and were exposed to anesthesia for the same
length of time as the mTBI animals, but did not receive a hit.

Neurobehavior
Experimenters were blinded to group assignments during all
neurobehavioral testing. Rotarod testing was performed as
previously described with modi�cations (Mouzon et al., 2012).
One day of pre-training and baseline testing was performed on
the day prior to the start of the injury or sham procedure. All mice
were given 3 trials to acclimate to the Rotarod at a constant speed
of 5 revolutions per minute (RPM). Following the acclimation
trials, the Rotarod was set to an accelerating speed of 5–50 RPM
over a period of 5 min for baseline testing and post-injury testing.

One day after the administration of the last r-mTBI or r-sham
procedure, Rotarod testing was resumed. Mice were then tested
every other day after surgery starting on day 1 and ending on day
7 (total of 4 trials), at an accelerating speed of 5–50 RPM over a
period of 5 min. Three trials were given with a 3 min rest period
between trials. Latency to fall and the speed of the Rotarod at the
moment of the fall was recorded for each trial and the latencyto
fall was averaged within each day. The post-baseline daily latency
to fall averages were then reported as a proportion of baseline.
Descriptive statistics, including means and standard errors, were
calculated from the percent baseline fall latency times for each
group and sex at each post-baseline study time for both young
and aged mice. Separately for young and aged mice, the Rotarod
data were �t to the following linear mixed model:

Fall Latencyijk D � C groupi C sexj C groupi � sexj C " ijk

where� is the overall mean percent baseline fall latency time,
groupi is the e�ect of theith group (iDmTBI or Sham),sexj
is the e�ect of thejth sex (jDfemale or male),groupi � sexj is
the interaction e�ect betweengroupi and sexj , and " ijk is the
leftover di�erence of thekth subject that is unexplained by the
model. In addition to these model terms, an auto-regressive
[AR(1)] repeated measure for study day within an animal was
included such that multiple trials on the same mouse were

FIGURE 2 | (A) Evaluation of spatial memory retention (probe) using the Barnes maze on days 8–14 after last mTBI in young mice.(B) Survival analysis chart of the
time to �nd the target hole in the Barnes maze probe trial.(C) Evaluation of spatial memory retention (probe) using the Barnes maze on days 8–14 after last mTBI in
aged mice. (D) Survival analysis chart of the time to �nd the target hole in the Barnes maze probe trial. Bars represent standard error butare biased by ceiling effects
within the data.
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considered together and correlated with respect to time and not
independently. This model was used to estimate the size and
signi�cance of the di�erence in average percent baseline fall
latency between injury groups (both overall and within sex) and
between sexes (both overall and within injury group).

Following Rotarod, Barnes maze testing was administered
as previously described immediately after the �rst rotarod test
(Mouzon et al., 2012). Each mouse was given 90 s to explore the
maze and enter the goal box. On the 7th day the goal box was
removed and the mouse was given a 60 s probe trial starting in
the center of the table. Each mouse's orientation and movement
was recorded by Noldus Ethovision XT software. The primary
outcome in the Barnes maze data is time (in seconds) to reach the
goal box. The e�ects of interest in this analysis were once again
sex, injury group (TBI vs. Sham), and their interaction.

Since time-to-target data tends not to be normally distributed
and contains ceiling e�ects from mice reaching the maximum
trial time, the behavioral outcome was evaluated using survival
analysis methods. Here, survival time, or equivalently event time,

is the time (in seconds) to reach the goal box. Comparisons of
event time distributions are superior to comparisons of event
rates in the presence of censoring, and they have the added
advantage that they are sensitive to di�erences in both the time
to event as well as the overall percentage of events between
groups.

For both young and aged mice, the event time distributions
(proportion of animals in each group that have not reached
the target hole at any given time) and median time-to-target
were estimated within sex and injury group using Kaplan-Meier
methods. The median time-to-target is the time at which half
of the animals have reached the goal box. For time-to-target
data, the median is preferred to the mean for two reasons: (1)
censoring biases the mean and (2) time-to-target data tendsnot
to be normally distributed.

Next, the Cox proportional hazards regression model was used
to test the e�ects of sex, injury group, and their interaction on
time to reach the goal box for young and aged mice separately.
The sex by injury group interaction e�ect, the main e�ects of

FIGURE 3 | Amyloid Precursor protein (APP) immunohistochemistry of sagittal sections of the mouse brain at� 0.4 mm lateral to midline in the corpus callosum in
female(A–D) and male (E–H). Black box (I) indicates the area of interest shown at higher magni�cation(A–H) in a sagittal section of a mouse brain. Tissue staining
from young and aged sham(A,C,E,G) was negative for APP immunostaining. Immunoreactive axonalpro�les were observed as discrete axonal pro�les in the corpus
callosum of all injured animals(B,D,F,H). The number of APP-positive pro�les was greater in young vs. aged mice among females (p < 0.01) and overall (averaged
over sex,p < 0.001) (J,K). The interaction between age and sex was not signi�cant. ***p < 0.0001.

Frontiers in Aging Neuroscience | www.frontiersin.org 5 December 2017 | Volume 9 | Article 416

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Ferguson et al. Impact of Sex on TBI

sex and injury group, and the e�ect of injury group within sex,
and sex within injury group were also tested. Wald chi-square
test statistics were used to evaluate the signi�cance of model
parameters. For a single degree-of-freedom hypothesis (TBI vs.
sham), the Wald chi-square test statistic reduces to a standard
normal deviate, or the regression coe�cient estimate divided by
its standard error. The estimated hazard ratio is computed by
exponentiating the regression coe�cient for the group e�ect,and
it loosely represents the relative risk of reaching the goal box at
any given time in the TBI vs. sham group. Values< 1 indicate
longer times to reach the goal box in the TBI group vs. the sham
group.

Histology
All mice were euthanized 15 days after the last mTBI/sham
injury by anesthetization with iso�urane, followed by transcardial
perfusion with heparinized PBS (pH 7.4) and then by PBS

containing 4% paraformaldehyde. After perfusion, brains were
post-�xed in 4% paraformaldehyde (4� C) for 48 h. Brains were
then blocked para�n embedded using Tissue-Tek VIP (Sakura,
USA), cut at 6mm on a 2030 Biocut microtome (Reichert/Leica,
Germany) and mounted on positively charged glass slides (Fisher,
Superfrost Plus). Prior to staining, sections were depara�nized
in xylene, and rehydrated in an ethanol to water gradient.
Slides were analyzed under bright �eld microscope (BX60,
Leica, Germany) and digital images visualized and acquired
using a MagnaFire SP camera (Olympus, Tokyo, Japan). Sets
of adjacent sections were stained for glial �brillary acid protein
(GFAP, 1:20,000; Dako, Glostrup, Denmark, ZO334), ionized
calcium binding adaptor molecule 1 (Iba1. 1:5000; Abcam,
Cambridge, MA, ab5076), or amyloid precursor protein (APP,
1:40,000; Millipore, Billerica, MA, MAB348). As a negative
control, a single section was processed for immunostaining
with the exception of the primary antibody. Tissue sections

FIGURE 4 | Glial �brillary acid protein (GFAP) immunohistochemistry of sagittal sections of the mouse brain at� 0.4 mm lateral to midline in the corpus callosum in
male (A–D) and female(E–H). Black box (I) indicates the area of interest shown at higher magni�cation(A–H) in a sagittal section of a mouse brain. Healthy astrocytes
with quiescent morphology were observed in sham animals in both young and aged mice. The average percent area for the r-mTBI group was greater compared to
the sham control group for females (averaged over age,p < 0.0001), males (averaged over age,p < 0.0001), aged (averaged over sex,p < 0.0001), young (averaged
over sex,p < 0.0001), and overall (averaged over sex and age,p � 0.0001) (J,K). Additionally, the average percent area for the young mice was lower compared to
the aged mice for females (averaged over injury group,p D 0.0423) and overall (averaged over sex and injury group,p D 0.0077). Tissue sections were counterstained
with hematoxylin. ***p < 0.0001.
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were subjected to antigen retrieval with either heated tris-
ethylenediaminetetraacetic acid (EDTA) bu�er (pH-8.0) or
modi�ed citrate bu�er (Dako, Glostrup, Denmark, S1699)
under pressure for 7 min. Endogenous peroxidase activity was
quenched with a 15 min H2O2 treatment (3% in water).
Tau immunohistochemistry was performed using the following
monoclonal antibodies at a 1:500 dilution: AT8 [Ser202, Thr
205] (ThermoFisher Scienti�c, Waltham, MA MN1020), CP13
[pS202]; PHF1 [pS396/404]; RZ3 [pThr231]. CP13, PHF1, and
RZ3 generously provided by Dr. Peter Davies, The Feinstein
Institute for Medical Research, Bronx, NY. Each section was
rinsed and incubated with the appropriate blocking bu�er
(ABC Elite kit, MOM kit, Vector Laboratories, CA) for 20 min,
before applying the appropriate primary antibody overnight
at 4� C. Then, the diluted biotinylated secondary antibody
from the ABC Elite Kit was applied. Antibodies were detected
using the avidin-peroxidase complex, after incubation with the
chromogen 3,3-diaminobenzidine (DAB) peroxidase solution

(0.05% DAB� 0.015% H2O2 in 0.01 M PBS, pH 7.2) for 6–7 min
and counterstained with hematoxylin. Immuno�uorescence was
performed with antibodies for the microglial marker Iba1
(1:300), astrocyte marker GFAP (1:5000), and Phospho-syk
[Tyr525/526, (1:200) Antibody #2711, Cell Signaling]. Prior to
immunostaining, samples were depara�nization in xylene and
rehydration in ethanol solutions of decreasing concentrations
(2 � 100%, 95%, 70%). Antigen retrieval was performed by
heating slides in a citric acid bu�er (Dako, Glostrup, Denmark,
S1699) under pressure, washed with PBS and transferred into
a Sudan black solution (15 min) to inhibit auto�uorescence.
Before primary antibody treatment slides were blocked for 1 h
with 10% donkey serum. Primary antibodies for Iba1, GFAP,
PSyk were applied on the slides and left overnight at 4� C.
The next day, secondary antibodies Alexa488, Alexa568 and
Alexa647 were applied for PSyk, Iba1, and GFAP, respectively.
Slides were cover slipped with ProLong Gold Antifade DAPI
Mount.

FIGURE 5 | Immunohistochemical labeling for microglia with anti-Iba1.Sagittal sections of the mouse brain at� 0.4 mm lateral to midline in the corpus callosum in
female(A–D) and male (E–H). Black box (I) indicates the area of interest shown at higher magni�cation(A–H) in a sagittal section of a mouse brain. Black lines
indicate the approximate boundary of the corpus callosum body within each image. There was no microglial activation in the sham groups(A,C,E,G). An increased
area of anti-Iba1 immunoreactivity was observed in the corpus callosum at 15 days post r-mTBI in young and aged animals(B,D,F,H). The average percent area for
the young mice was lower compared to the aged mice (averaged over injury and sex,p < 0.05, J,K). Additionally, the average percent area for the young micewas
lower compared to the aged mice for males (averaged over injury group, p < 0.05; J,K). ***p < 0.0001.
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TABLE 1 | Summary of GFAP and Iba1 quanti�cation.

Age of Mice Gender Treatment Group Mean Percent Area

(Std. Error)

GFAP Young Sham (Control) Female 3.35 (0.41)

Male 3.05 (0.90)

mTBI Female 11.18 (2.21)

Male 14.32 (1.26)

Aged Sham (Control) Female 4.50 (0.92)

Male 6.31 (0.94)

mTBI Female 16.13 (1.80)

Male 16.09 (1.90)

Iba1 Young Sham (Control) Female 2.65 (0.34)

Male 2.21 (0.36)

mTBI Female 11.92 (1.16)

Male 9.51 (0.65)

Aged Sham (Control) Female 4.28 (0.37)

Male 3.34 (0.31)

mTBI Female 10.56 (1.39)

Male 12.76 (1.85)

Immunohistochemical Quanti�cation
Mice from both age groups were euthanized 15 days post-injury.
For each animal, sets of sagittal (n D 4) sections were stained
and analyzed by an observer blinded to experimental conditions
using ImageJ software (US National Institutes of Health,
Bethesda, MD). Using this software, images were separated
into individual color channels (red hematoxylin counter stain
and DAB brown chromagen) using the color deconvolution
algorithm. Three non-overlapping areas of 100mm2 from each
of two sagittal sections in the corpus callosum (CC) were
randomly selected within which the area of GFAP or Iba-1
immunoreactivity was calculated and expressed as a percentage
of the �eld of view. The numbers of APP-positive pro�les were
counted in three non-overlapping areas of 100mm2 within
the CC.

The immunohisotochemical outcomes were percent area of
GFAP and Iba-1 and the number of APP-positive pro�les. The
e�ects of interest in this analysis were sex, injury group (mTBI
vs. sham), age (young v aged), and their interactions. Descriptive
statistics, including means and standard errors, were calculated
from the percent area of GFAP and Iba-1 measurements for each
age, injury group, and sex. Average percent areas were calculated
within an animal (across sections), prior to calculating age,
injury group, and sex averages and standard errors. Descriptive
statistics, including medians and 25th and 75th percentiles, were
calculated from the number of APP-positive pro�les for each
age, injury group, and sex. The raw percent area data were
assessed for normality using the Shapiro-Wilk test as well as
four alternative transformations (square-root, base-10 logarithm,
logit, and arcsine square-root). The transformation that closest
approached normality was used for all subsequent analysis.
Separately for GFAP and Iba-1, the percent area data was �t with

the following mixed ANOVA model:

Percent Areaijklm D � C agei C groupj C sexk C agei � groupj
C agei � sexk C groupj � sexk C agei � groupj
� sexk C " ijkl

where� is the overall mean percent area,agei is the e�ect of the
ith age (i D Young or Aged),groupj is the e�ect of thejth group
(j D mTBI or sham),sexk is the e�ect of thekth sex (k D female
or male),agei � groupj is the interaction e�ect betweenagei and
groupj , agei � sexk is the interaction e�ect betweenagei andsexk,
groupj � sexk is the interaction e�ect betweengroupj and sexk,
and agei � groupj � sexk is the interaction e�ect betweenagei ,
groupj , andsexk. The" ijkl term represent the leftover di�erence
of thelth observation ofagei , groupj , andsexk that is unexplained
by the model. In addition to these model terms, a random
variance component for mouse was included such that multiple
observations on the same mouse were weighted together and
not individually. This model was used to estimate the size and
signi�cance of the di�erence in percent area between ages, injury
groups, and between sexes.

For the APP data, no APP positive pro�les were detected in
any of the sham animals. As a result, the analysis for these data
was subset to the mTBI injury groups. Analysis of the number
of APP-positive pro�les determined using the following Poisson
regression model:

Number of APP� positive pro�lesiklm D � C agei C sexk C agei
� sexk C " ikl

where� is the overall rate of the number of APP-positive pro�les,
agei is the e�ect of the ith age (iDYoung or Aged),sexk is
the e�ect of thekth sex (kDfemale or male), andagei � sexk
is the interaction e�ect betweenagei and sexk. The " ijkl term
represent the leftover di�erence of thelth observation ofagei ,
groupj , and sexk that is unexplained by the model. In addition
to these model terms, a random variance component for mouse
was included such that multiple observations on the same mouse
were weighted together and not individually. This model was
used to estimate the size and signi�cance of the di�erence in
the number of APP-positive pro�les between ages and between
sexes. All statistical analysis of the immunoreactivity data was
performed using SAS (ver. 9.4) and all results are reported using
the 0.05 level of signi�cance.

RESULTS

Neurobehavior
Motor function was evaluated 24 h following the last
mTBI/anesthesia (Figure 1). Neither young male or female
mice had sensorimotor de�cits by the end of the trials (male
r-sham 132� 10%; vs. male r-mTBI 124� 11%; and female
r-sham 115� 17%; vs. female r-mTBI 104� 12% on day 7).
However, in the aged cohort, female r-mTBI mice showed
shorter Rotarod fall times when compared to their female sham
counterparts (female r-sham 137� 10%; vs. female r-mTBI 87�
10%;p < 0.001 on day 7) and performed worse than their male
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FIGURE 6 | Immunohistochemical assessment of soluble phosphorylatedtau pSer-202 (CP13) at approximately 0.5 mm lateral to midline in the CA1 region of the
hippocampus (A–H) and in the neocortex(I–P) at 15 days after injury in young and aged female and male mice.Qualitatively, the r-mTBI group showed greater
dendritic and membranous staining in both the CA1 (arrows inC,D,G,H) and cortical neurons (arrows inJ,L,N,P) when compared to their respective shams. In in the
aged group, intraneuronal immunoreactivity for CP13 was generally more intense within the perikarya and proximal apical dendrite of neurons in the hippocampal CA1
�eld of the male r-sham group (F). In addition, regardless of their sex and aged, some of the injured mice showed more intense CP13 immunoreactivity in long
dendritic process when compared to their respective sham(Q).
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r-mTBI counterparts (female r-mTBI 87� 10%; vs. male r-mTBI
152� 17%;p < 0.001 on day 7).

Cognitive de�cit at 15 days post-last mTBI/anesthesia was
evaluated with the Barnes Maze behavioral test. The probe trial
analysis of the average time to reach the target zone, (de�ned by
the target escape hole and its adjacent north and south holes)
revealed that the performance of the young r-mTBI mice was
markedly impaired compared to the sham group when data are
combined across sexes (Figure 2, p < 0.02). Results of �tting
the Cox proportional hazards model indicated no interaction
between sexes and injury group (p D 0.776), and no sex e�ect
(p D 0.726).

For aged mice, the median time to reach the target hole was
also lengthened in the r-mTBI group compared to the r-Sham

group for females (p < 0.004) and for both sexes combined
(p D 0.001). Results of �tting the Cox proportional hazards
model indicated no interaction between sexes and injury group
(p D 0.499), and only a marginal e�ect of sex (p D 0.063).

APP Immunostaining
APP-immunoreactive axonal pro�les, a marker of axonal injury,
were observed 15 days post-injury in the corpus callosum
(CC) (Figure 3I) of both young and aged r-mTBI groups
(Figures 3B,D,F,H) but not in their controls (Figures 3A,C,E,G).
These APP immunoreactive axonal pro�les were observed
as small, granular immunoreactive pro�les within the CC
(Figure 3). There were no APP-positive pro�les observed in the
Sham animals. Analysis found that the number of APP-positive

FIGURE 7 | Immunoblots of cortical brain extracts of mice probed with monoclonal antibody CP-13 (pS202/pT205), PHF1, (pS396/404) orb-actine at 15 days
post-injury in young (left panels) or aged animals (right panels). For the CP13 data(A), there were no difference observed between gender, age, or treatment (*,
p > 0.05). For the PHF1 data(B), the average percent of PHF1 for the young mice was lower compared to aged mice averaged over gender and treatment
(p < 0.0001) as well as within female mice (averaged over treatment, p D 0.0362), within male mice (averaged over treatment,p < 0.0001), within the mTBI treatment
group (averaged over gender,p D 0.0024), and within the sham treatment group (averaged overgender, p D 0.0015). Additionally, the average percent of PHF1
among female mice was lower compared to the male mice averaged within the mTBI treatment (averaged over age,p D 0.0244). All densitometry values for CP13,
PHF1, DA9 for individual bands were normalized to the beta actin (b-actin) value for their respective lane and this ratio used for statistical analysis. The primary
outcomes in the Western Blot analysis were the percent of CP13 and PHF1 antibodies relative to the total (DA9).N D 4 (injured/sham). *p < 0.05; ***p < 0.0001.
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pro�les was signi�cantly greater in young vs. aged mice among
females (p D 0.0016) and overall (averaged over gender,p D
0.0005), but the e�ect was only marginally signi�cant among
males (p D 0.0643) (Figures 3J,K). The interaction between
age and gender was not signi�cant, which indicates that age
e�ects can be combined across genders and gender e�ects can be
combined across ages. There were no signi�cant gender e�ects
detected.

GFAP Immunostaining
The e�ect of mTBI and sex on astroglial activation was
evaluated at 15 days post-injury in both young and aged
animals in the body of the CC (Figure 4I). For mice subjected
to r-mTBI, immunostaining for GFAP revealed evidence of
a reactive astrogliosis in the CC of both aged groups
(Figures 4B,D,F,H; p < 0.0001). Astrocytes with quiescent
morphology were observed in sham animals at both time points
(Figures 4A,C,E,G). No sex e�ect was observed among the sham
or injured groups at 15 days post-injury (p > 0.05). Additionally,
the average percentage area of astroglial activation for theyoung
mice was lower compared to the aged mice for females (averaged
over injury group,p < 0.05) and overall (averaged over sex and
injury group,p < 0.05) (Figures 4J,K).

Iba1 Immunostaining
The pattern and distribution of activated microglia revealed in
staining for Iba-1 was similar to GFAP. In the sham animals,
none of the regions of interest showed cells with structural
characteristics of activated microglia (hypertrophic and bushy
morphology); (Figures 5A,E,C,G; p > 0.05). However, in the
CC (Figure 5I), the r-mTBI mice showed a notable increase
in Iba1-immunoreactivity with clusters of activated microglias

(Figures 5B,F,D,H; p < 0.0001). Additionally, the average
percent area of Iba1-immunoreactivity for the young mice was
lower compared to the aged mice for males (averaged over injury
group,p < 0.05), young sham mice were signi�cantly lower than
the aged sham group (averaged over sex,p < 0.05), and overall
(averaged over sex and injury group,p < 0.05) (Figures 5J,K).
There were no sex e�ects detected (p > 0.05). The quanti�cation
of GFAP and Iba1 immunostaining is summarized inTable 1.

Tau Immunohistochemistry
To investigate the e�ect of TBI on tau in this model, we
performed immunohistochemical analyses using CP13, RZ3,
AT8, and PHF1 (an antibody that recognizes early tau pathology).
Immunohistochemical analyses revealed no sex or aged e�ect
in the localization or accumulation for the p-tau epitopes CP13
and RZ3. However, all injured groups exhibited somatodendritic
accumulation of CP13 immunoreactivity in the hippocampal
sub�elds CA1 (seeFigures 6A–H), and CA3 (data not shown) as
well as in the neurons in the super�cial layer of the cerebral cortex
(seeFigures 6I–P). Additionally, intense dendritic staining was
noticed in some injured mice regardless of sex or age (see
Figure 6Q). Interestingly, intraneuronal CP13 immunoreactivity
in aged male sham mice was generally more intense than the
aged females but only in the CA1 subregion of the hippocampus.
The same brain region was devoid of neurons positive for RZ3,
PHF1, and AT8 regardless of the injury status (see Supplemental
Figure 1).

For the CP13 western blot data, there were no signi�cant
di�erences observed in the percent of total data between
treatment, gender, or age nor were any interactions betweenage,
treatment group, or gender detected. For the PHF1 western blot
data, signi�cantly lower percent of total values were observed

FIGURE 8 | Immunohistochemical labeling for P-SYK, anti-Iba1 and GFAP.Sagittal sections of the mouse brain at� 0.5 mm lateral to midline in the corpus callosum
in aged male animal(A–H). Sham mice show an absence of P-SYK immunoreactivity (green�uorescent signal) in the corpus callosum(A–D) whereas r-mTBI mice
demonstrate the presence of activated SYK(E–H) in microglia (white arrow,F). Of note, GFAP and Iba-1 immunoreactivity is increased in r-mTBI compared to sham
mice revealing astrogliosis and microgliosis.
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in the young mice, compared to aged mice, within both
treatments, within both age groups, and averaged over treatment
and age (Figure 7). Additionally, signi�cantly lower percent of
total values were observed in female mice, compared to male
mice, within the mTBI treatment group, within aged mice, and
averaged over age and treatment. No interactions between age,
treatment group, or gender were detected in the PHF1 data.

Phospho Syk Immunohistochemistry
Our previous work on Alzheimer Disease (AD) demonstrated
that Syk regulates Tau phosphorylation by controlling the
activation of glycogen synthase 3b (Paris et al., 2014), thus
sections were immunostained for p-Syk. At 15 days post-injury
we observed in both young and aged injured animals an increase
of p-Syk immunoreactivity in activated microglia within the
corpus callosum regardless of their sex (Figure 8), while p-Syk
immunoreactivity was absent in their respective shams.

DISCUSSION

In the current study, we have examined the e�ect of sex on
neurobehavioral and pathological outcomes in young and aged
hTau mouse after repetitive mild TBI. Our results demonstrate
that young (aged 8–10weeks) animals exposed to r-mTBI have
short-term behavioral abnormalities that manifest as impaired
spatial memory, but no de�cits in motor function. The injury
used in the experiment is mild in nature, producing no skull
fracture, bleeding, or other gross pathology and requires minimal
time under anesthesia since no incision is necessary. No sex-
speci�c e�ects were observed during neurobehavioral testing
of young animals. In contrast, in aged animals we observed
impaired motor coordination in the Rotarod task and spatial
memory in the Barnes maze task exclusively in female TBI mice,
in keeping with an age-dependent e�ect of sex on outcomes from
r-mTBI in this model.

In the Rotarod test, aged female mice exclusively exhibited
impaired motor performance after TBI. This e�ect does not
appear to correlate with either the neuroin�ammatory nor the
tau pathology seen in these animals, but may be driven by e�ects
in the vestibular nuclei that we have yet to be investigated.
Future studies will examine additional pathological markers
across additional brain regions and at additional time points
post-injury, to better understand these sex-speci�c di�erences in
the response to TBI in the aged brain. Relevant TBI-dependent
pathology may reside, for instance, in regions of the basal ganglia,
not yet analyzed, and may require analysis of markers not yet
employed by our studies. For example, Uryu and colleagues have
previously reported transient increases in synuclein pathology
that were speci�c to aged mice, with increases in alpha and
beta synuclein present 1 week following TBI with antibodies
for conformationally altered and nitrated both showing positive
staining within the striatum (Uryu et al., 2003). Peripheral
nervous system de�cits may also be a contributing factor in these
results; TBI is known to be associated with motor neuron disease-
like peripheral pathology (Wright et al., 2016) and mild closed
head injury has been shown to exacerbate rotarod de�cits and
increase markers of denervation in a G93A transgenic mouse

model of ALS (Evans et al., 2015). Although sex-di�erences
have not been shown as a factor in these studies, our �ndings
suggest that it may be an important area for future studies to
examine.

Neurobehavioral testing of spatial memory did not show
any sex-dependent e�ects of TBI in young mice, where TBI
impaired the spatial memory of male and female mice equally
at 15 days post-injury, but in the aged mice a TBI-dependent
e�ect on Barnes maze testing was speci�c to female mice. The
absence of a TBI e�ect in the male mice was driven by worsened
performance of male sham mice. To our knowledge, this age and
sex-dependent e�ect on Barnes maze spatial memory has not
been previously reported in hTau mice (P. Davies, pers. comm.).
Aged male sham, male TBI, and female TBI mice all exhibited
qualitatively higher levels of perikaryal tau immunoreactivity by
CP13 in the hippocampus than female sham mice, potentially
explaining the di�erences in spatial memory that we observed in
these aged mice.

Young hTau mice exhibited a pronounced r-mTBI dependent
astroglial/microglial activation in the corpus callosum of both
male and female htau mice, indicating no sexual dimorphism for
the glial response at 15 days post-injury. The e�ect of sex and
age on white matter degeneration was similar among all groups
suggesting that male and females may be equally susceptible to
axonal injury. While multiple reports have noted that female
rodents appear to be protected against the acute CNS trauma
and stroke (Roof and Hall, 2000b; Dang et al., 2011; Wright
et al., 2011), we report no e�ect of sex on the glial response
or axonal transport interruption in our study. In contrast, our
data are in agreement with the recent study of Villapol et al,
where female mice are acutely more resistant to moderate to
severe TBI compared with male mice during the acute and
subacute phase (3–7 days) post-injury but comparable to their
male counterpart at 30 days post-injury (Villapol et al., 2017).
Future studies will be conducted to determine if there are any
sex-dependent histological di�erences in these hTau mice at
shorter post-injury timepoints. We further report that, while
no sexual dimorphism was observed in tau pathology in the
young animal, a trend for an increased phopho tau pathology
in neuronal cell body and somatodendritic compartments of the
aged sham male comparable to the injured animals. Western
blots showed no sexual dimorphism in the cortical levels of
CP13 in young or aged mice, but did reveal signi�cantly lower
PHF1 levels in aged female TBI mice compared to male TBI
mice, validating sexual dimorphisms of phospho tau levels in
these mice. While more studies are required to establish whether
an increase of CP13 in the underlying hippocampal region
and PHF1 in the cortex can be harnessed to worse cognitive
outcome, this is the only observation that corroborates with
the impaired performance of the aged male sham group. This
observation is supported by data from Rubenstein et al also
using a model of closed head injury in mice, suggesting that
there is a link between cognitive dysfunction and an increase
of p-tau (Rubenstein et al., 2017). The tyrosine kinase Syk
is known to phosphorylate tau (Lebouvier et al., 2008) and
in this study we have found phosphorylated Syk exclusively
in TBI mice colocalized with Iba1. In this study, microglial
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Iba1 pathology associated with injury and age, but no sexual
dimorphisms were observed and are unlikely to be the source of
the di�erential phospho tau levels seen in our male and female
mice.

While the reduced tau pathology and improved spatial
memory of aged female sham mice may suggest a neuroprotective
role of female sex, this e�ect appears to be limited to the
age-dependent tau pathology and does not protect against
TBI-dependent alterations. Additionally, TBI-dependent motor
de�cits observed in Rotarod testing of aged female hTau
mice demonstrates that the neuroin�ammatory and phospho-
tau markers examined in the cortex, corpus callosum, and
hippocampus as part of this study do not provide a complete
picture of TBI-dependent de�cits which may be mediated by
additional cortical or vestibular changes we have yet to examine.
In humans, both peripheral and central damage to the vestibular
system is known to occur at various injury levels and produces
some of the most common side e�ects of mild TBI, including
dizziness and disruptions to coordinated eye movement (Gizzi
et al., 1996; Balaban et al., 2016; Wallace and Lifshitz, 2016; Ho�er
et al., 2017). Although most pathology seen in our model of
r-mTBI was localized to the corpus callosum, we saw no e�ect
of sex on any of the markers under analyses. Damage to the
vestibular system, whether central or peripheral, is far less studied
in the pre-clinical literature, though it has been previously
discussed as a source of TBI-dependent di�erences in rotarod
performance, and transient increases in glucose metabolismhas
been observed in the vestibular nuclei after blast TBI in rats
(Awwad et al., 2015; Guley et al., 2016).

In this study, we have found age-dependent sex-speci�c
di�erences in the response to repetitive mild TBI in hTau
transgenic mice. Young mice exhibited no sex-dependent
di�erences in behavioral or pathological outcomes at 15 days
post-injury. However, aged female mice revealed worse motor
outcome after injury compared to males, independent of
neuroin�ammatory or tau pathology. Conversely, the Barnes
maze impairments and increased tau phosphorylation found in
aged male mice shows a potential correlation between spatial
memory and age-dependent phospho tau pathology. These
�ndings underscore the need for further study of how sex-
dependent e�ects of TBI change with age, and it is important
to note that the tau-centric nature of the sexual dimorphisms

of our �ndings suggest that these results may be speci�c to the
hTau mice used. There is a pressing need for additional studies
both pre-clinically and clinically to understand how these factors
in�uence TBI outcomes, and to improve our understanding of
sex-dependent TBI outcomes in additional mouse strains and
genotypes, including wild type animals which may not exhibit
these e�ects. Preclinical models need to adequately study the
variables in�uencing TBI-pathogenesis in order to e�ectively
serve as platforms for discovery and development of therapeutics,
and our data suggest that sex-dependent e�ects on cognition
with aging and TBI may be driven in part by di�erences in
sex-dependent tau phosphorylation.

AUTHOR CONTRIBUTIONS

FC conceived and designed the research. CiL, CaL, AM, SF,
and BM performed experiments on mice. SF, BM, GC, BC, and
GB analyzed data and prepared �gures. SF and BM prepared
the initial draft; WS, FC, EM, and MM revised the manuscript.
All authors reviewed the �nal manuscript and approved its
publication.

ACKNOWLEDGMENTS

This material is based upon work supported by the U.S.
Army Medical Research and Material Command and from
the U.S. Department of Veterans A�airs [Chronic E�ects of
Neurotrauma Consortium] under Award No. W81XWH-13-2-
0095. The U.S. Army Medical Research Acquisition Activity,
820 Chandler Street, Fort Detrick MD 21702-5014 is the
awarding and administering acquisition o�ce. Any opinions,
�ndings, conclusions or recommendations expressed in this
publication are those of the author(s) and do not necessarily
re�ect the views of the U.S. Government, or the U.S. Department
of Veterans A�airs, and no o�cial endorsement should be
inferred.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2017.00416/full#supplementary-material

REFERENCES

Awwad, H. O., Gonzalez, L. P., Tompkins, P., Lerner, M., Brackett, D. J., Awasthi,
V., et al. (2015). Blast overpressure waves induce transient anxiety and regional
changes in cerebral glucose metabolism and delayed hyperarousal in rats.Front.
Neurol.6:132. doi: 10.3389/fneur.2015.00132

Balaban, C., Ho�er, M. E., Szczupak, M., Snapp, H., Crawford, J., Murphy, S., et al.
(2016). Oculomotor, vestibular, and reaction time tests in mild traumatic brain
injury. PLoS ONE11:e0162168. doi: 10.1371/journal.pone.0162168

Behl, C. (2002). Oestrogen as a neuroprotective hormone.Nat. Rev. Neurosci.3,
433–442. doi: 10.1038/nrn846

Behl, C., Widmann, M., Trapp, T., and Holsboer, F. (1995). 17-b estradiol protects
neurons from oxidative stress-induced cell deathin vitro.Biochem. Biophys. Res.
Commun.216, 473–482. doi: 10.1006/bbrc.1995.2647

Brookmeyer, R., Gray, S., and Kawas, C. (1998). Projections of alzheimer's disease
in the United States and the public health impact of delaying diseaseonset.Am.
J. Public Health88, 1337–1342. doi: 10.2105/AJPH.88.9.1337

Colantonio, A., Harris, J. E., Ratcli�, G., Chase, S., and Ellis, K.(2010). Gender
di�erences in self reported long term outcomes following moderate to
severe traumatic brain injury.BMC Neurol.10:102. doi: 10.1186/1471-2377-
10-102

Dang, J., Mitkari, B., Kipp, M., and Beyer, C. (2011). Gonadal steroids prevent
cell damage and stimulate behavioral recovery after transient middle cerebral
artery occlusion in male and female rats.Brain Behav. Immun.25, 715–726.
doi: 10.1016/j.bbi.2011.01.013

Evans, T. M., Jaramillo, C. A., Sataranatarajan, K., Watts, L., Sabia, M.,
Qi, W., et al. (2015). The e�ect of mild traumatic brain injury on
peripheral nervous system pathology in wild-type mice and the G93A

Frontiers in Aging Neuroscience | www.frontiersin.org 13 December 2017 | Volume 9 | Article 416



Ferguson et al. Impact of Sex on TBI

mutant mouse model of motor neuron disease.Neuroscience298, 410–423.
doi: 10.1016/j.neuroscience.2015.04.041

Farace, E., and Alves, W. M. (2000). Do women fare worse: a metaanalysis
of gender di�erences in traumatic brain injury outcome.J. Neurosurg.93,
539–545. doi: 10.3171/jns.2000.93.4.0539

Faul, M., Xu, L., Wald, M., and Coronado, V. (2010).Traumatic Brain Injury in
the United States: Emergency Department Visits, Hospitalizations, and Deaths.
Atlanta, GA: Centers for Disease Control and Prevention. National Center for
Injury Prevention and Control.

Gardner, R. C., Burke, J. F., Nettiksimmons, J., Kaup, A., Barnes, D. E., and
Ya�e, K. (2014). Dementia risk after traumatic brain injury vs nonbrain
trauma: the role of age and severity.JAMA Neurol. 71, 1490–1497.
doi: 10.1001/jamaneurol.2014.2668

Gizzi, M., Riley, E., and Molinari, S. (1996). The diagnostic value of imaging
the patient with dizziness. a Bayesian approach. Arch. Neurol.53, 1299–1304.
doi: 10.1001/archneur.1996.00550120111024

Guley, N. H., Rogers, J. T., Del Mar, N. A., Deng, Y., Islam, R. M., D'Surney, L.,
et al. (2016). A novel closed-head model of mild traumatic brain injuryusing
focal primary overpressure blast to the cranium in mice.J. Neurotrauma33,
403–422. doi: 10.1089/neu.2015.3886

Guo, Q., Sayeed, I., Baronne, L. M., Ho�man, S. W., Guennoun, R.,and Stein,
D. G. (2006). Progesterone administration modulates AQP4 expression and
edema after traumatic brain injury in male rats.Exp. Neurol.198, 469–478.
doi: 10.1016/j.expneurol.2005.12.013

Hamm, R. J., Temple, M. D., O'DELL, D. M., Pike, B. R., and Lyeth, B.
G. (1996). Exposure to environmental complexity promotes recovery of
cognitive function after traumatic brain injury.J. Neurotrauma13, 41–47.
doi: 10.1089/neu.1996.13.41

Hof, P., Knabe, R., Bovier, P., and Bouras, C. (1991). Neuropathological
observations in a case of autism presenting with self-injury behavior. Acta
Neuropathol.82, 321–326. doi: 10.1007/BF00308819

Ho�er, M. E., Balaban, C., Szczupak, M., Buskirk, J., Snapp, H., Crawford, J., et al.
(2017). The use of oculomotor, vestibular, and reaction time tests to assess mild
traumatic brain injury (mTBI) over time.Laryngoscope Investig. Otolaryngol.2,
157–165. doi: 10.1002/lio2.74

Howard, R. B., Sayeed, I., and Stein, D. G. (2016). Suboptimal dosing
parameters as possible factors in the negative phase iii clinical trials of
progesterone for traumatic brain injury.J. Neurotrauma34, 1915–1918.
doi: 10.1089/neu.2015.4179

Hukkelhoven, C. W., Steyerberg, E. W., Rampen, A. J., Farace, E., J., Habbema,
D. F., Marshall, L. F., et al. (2003). Patient age and outcome following severe
traumatic brain injury: an analysis of 5600 patients.J. Neurosurg.99, 666–673.
doi: 10.3171/jns.2003.99.4.0666

Ili�, J. J., Chen, M. J., Plog, B. A., Zeppenfeld, D. M., Soltero, M., Yang,
L., et al. (2014). Impairment of glymphatic pathway function promotes
tau pathology after traumatic brain injury.J. Neurosci.34, 16180–16193.
doi: 10.1523/JNEUROSCI.3020-14.2014

Kress, B. T., Ili�, J. J., Xia, M., Wang, M., Wei, H. S., Zeppenfeld, D., et al. (2014).
Impairment of paravascular clearance pathways in the aging brain.Ann. Neurol.
76, 845–861. doi: 10.1002/ana.24271

Lebouvier, T., Scales, T. M., Hanger, D. P., Geahlen, R. L., Lardeux, B., Reynolds, C.
H., et al. (2008). The microtubule-associated protein tau is phosphorylated by
Syk.Biochim. Biophys. Acta1783, 188–192. doi: 10.1016/j.bbamcr.2007.11.005

Ma, J., Huang, S., Qin, S., and You, C. (2012). Progesterone for acute
traumatic brain injury. Cochrane Database Syst. Rev. 10:CD008409.
doi: 10.1002/14651858.CD008409.pub3

McKee, A. C., Cantu, R. C., Nowinski, C. J., Hedley-Whyte, E. T., Gavett, B. E.,
Budson, A. E., et al. (2009). Chronic traumatic encephalopathy in athletes:
progressive tauopathy after repetitive head injury.J. Neuropathol. Exp. Neurol.
68, 709–735. doi: 10.1097/NEN.0b013e3181a9d503

Monaco, C. M., Mattiola, V. V., Folweiler, K. A., Tay, J. K., Yelleswarapu,
N. K., Curatolo, L. M., et al. (2013). Environmental enrichment promotes
robust functional and histological bene�ts in female rats after controlled
cortical impact injury.Exp. Neurol.247, 410–418. doi: 10.1016/j.expneurol.
2013.01.007

Mouzon, B., Chaytow, H., Crynen, G., Bachmeier, C., Stewart, J.,Mullan, M.,
et al. (2012). Repetitive mild traumatic brain injury in a mouse model

produces learning and memory de�cits accompanied by histological changes.
J. Neurotrauma29, 2761–2773. doi: 10.1089/neu.2012.2498

Mouzon, B. C., Bachmeier, C., Ferro, A., Ojo, J. O., Crynen, G., Acker, C.
M., et al. (2014). Chronic neuropathological and neurobehavioral changes in
a repetitive mild traumatic brain injury model.Ann. Neurol.75, 241–254.
doi: 10.1002/ana.24064

Ojo, J.-O., Mouzon, B., Greenberg, M. B., Bachmeier, C., Mullan,M., and
Crawford, F. (2013). Repetitive mild traumatic brain injury augments tau
pathology and glial activation in aged hTau mice.J. Neuropathol. Exp. Neurol.
72, 137–151. doi: 10.1097/NEN.0b013e3182814cdf

Paris, D., Ait-Ghezala, G., Bachmeier, C., Laco, G., Beaulieu-Abdelahad, D., Lin,
Y., et al. (2014). The spleen tyrosine kinase (Syk) regulates alzheimer amyloid-
b production and Tau hyperphosphorylation.J. Biol. Chem.289, 33927–33944.
doi: 10.1074/jbc.M114.608091

Pelligrino, D. A., Santizo, R., Baughman, V. L., and Wang, Q. (1998). Cerebral
vasodilating capacity during forebrain ischemia: e�ects of chronic estrogen
depletion and repletion and the role of neuronal nitric oxide synthase.
Neuroreport9, 3285–3291. doi: 10.1097/00001756-199810050-00026

Roberts, G. W., Whitwell, H. L., Acland, P. R., and Bruton, C. J. (1990). Dementia in
a punch-drunk wife.Lancet335, 918–919. doi: 10.1016/0140-6736(90)90520-F

Roof, R. L. and Hall, E. D. (2000b). Gender di�erences in acute CNS trauma and
stroke: neuroprotective e�ects of estrogen and progesterone.J. Neurotrauma
17, 367–388. doi: 10.1089/neu.2000.17.367

Roof, R. L., Duvdevani, R., Braswell, L., and Stein, D. G. (1994). Progesterone
facilitates cognitive recovery and reduces secondary neuronal loss caused
by cortical contusion injury in male rats.Exp. Neurol. 129, 64–69.
doi: 10.1006/exnr.1994.1147

Roof, R. L., Duvdevani, R., and Stein, D. G. (1992). Progesterone treatment
attenuates brain edema following contusion injury in male and female rats.
Restor. Neurol. Neurosci.4, 425–427.

Roof, R. L., and Hall, E. D. (2000a). Estrogen-related gender di�erence
in survival rate and cortical blood �ow after impact-acceleration head
injury in rats. J. Neurotrauma17, 1155–1169. doi: 10.1089/neu.2000.
17.1155

Rubenstein, R., Chang, B., Grinkina, N., Drummond, E., Davies, P., Ruditzky, M.,
et al. (2017). Tau phosphorylation induced by severe closed head traumatic
brain injury is linked to the cellular prion protein.Acta Neuropathol. Commun.
5, 30. doi: 10.1186/s40478-017-0435-7

Schumacher, M., Denier, C., Oudinet, J., P., Adams, D., and Guennoun, R. (2016).
Progesterone neuroprotection: the background of clinical trial failure.J. Steroid
Biochem. Mol. Biol.160, 53–66. doi: 10.1016/j.jsbmb.2015.11.010

Shi, J., Panickar, K. S., Yang, S.-H., Rabbani, O., Day, A. L.,and Simpkins, J. W.
(1998). Estrogen attenuates over-expression ofb-amyloid precursor protein
messager RNA in an animal model of focal ischemia.Brain Res.810, 87–92.
doi: 10.1016/S0006-8993(98)00888-9

Skolnick, B. E., Maas, A. I., Narayan, R. K., van der Hoop, R. G., MacAllister, T.,
Ward, J. D., et al. (2014). A clinical trial of progesterone for severetraumatic
brain injury.N. Engl. J. Med.371, 2467–2476. doi: 10.1056/NEJMoa1411090

Stevens, J. A., and Sogolow, E. D. (2005). Gender di�erences for non-fatal
unintentional fall related injuries among older adults.Inj. Prev.11, 115–119.
doi: 10.1136/ip.2004.005835

Stocchetti, N., Paternò, R., Citerio, G., Beretta, L., and Colombo, A. (2012).
Traumatic brain injury in an aging population.J. Neurotrauma29, 1119–1125.
doi: 10.1089/neu.2011.1995

Uryu, K., Giasson, B. I., Longhi, L., Martinez, D., Murray, I., Conte, V., et al. (2003).
Age-dependent synuclein pathology following traumatic brain injury in mice.
Exp. Neurol.184, 214–224. doi: 10.1016/S0014-4886(03)00245-0

Villapol, S., Loane, D. J., and Burns, M. P. (2017). Sexual dimorphismin
the in�ammatory response to traumatic brain injury.Glia 65, 1423–1438.
doi: 10.1002/glia.23171

Wagner, A. K., Kline, A. E., Sokoloski, J., Zafonte, R. D., Capulong, E.,
and Dixon, C. E. (2002). Intervention with environmental enrichment
after experimental brain trauma enhances cognitive recovery in male but
not female rats.Neurosci. Lett.334, 165–168. doi: 10.1016/S0304-3940(02)
01103-5

Wagner, A. K., Willard, L. A., Kline, A. E., Wenger, M. K., Bolinger, B. D., Ren,
D., et al. (2004). Evaluation of estrous cycle stage and gender onbehavioral

Frontiers in Aging Neuroscience | www.frontiersin.org 14 December 2017 | Volume 9 | Article 416



Ferguson et al. Impact of Sex on TBI

outcome after experimental traumatic brain injury.Brain Res.998, 113–121.
doi: 10.1016/j.brainres.2003.11.027

Wallace, B., and Lifshitz, J. (2016). Traumatic brain injury and vestibulo-ocular
function: current challenges and future prospects.Eye Brain8, 153–164.
doi: 10.2147/EB.S82670

Wright, D. K., Liu, S., van der Poel, C., McDonald, S. J., Brady, R.D., Taylor, L.,
et al. (2016). Traumatic brain injury results in cellular, structural andfunctional
changes resembling motor neuron disease.Cereb. Cortex27, 4503–4515.
doi: 10.1093/cercor/bhw254

Wright, D. K., O'Brien, T. J., Shultz, S. R., and Mychasiuk, R. (2011). Sex matters:
repetitive mild traumatic brain injury in adolescent rats.Ann. Clin. Transl.
Neurol.4, 640–654. doi: 10.1002/acn3.441

Wright, D. W., Bauer, M. E., Ho�man, S. W., and Stein, D. G. (2001).
Serum progesterone levels correlate with decreased cerebral edema
after traumatic brain injury in male rats.J. Neurotrauma18, 901–909.
doi: 10.1089/089771501750451820

Xiong, Y., Mahmood, A., Lu, D., Qu, C., Goussev, A., Schallert, T.,et al.
(2007). Role of gender in outcome after traumatic brain injury and
therapeutic e�ect of erythropoietin in mice.Brain Res.1185, 301–312.
doi: 10.1016/j.brainres.2007.09.052

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2017 Ferguson, Mouzon, Lynch, Lungmus, Morin, Crynen, Carper,
Bieler, Mufson, Stewart, Mullan and Crawford. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 15 December 2017 | Volume 9 | Article 416


