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Abstract

To date, clinical trials have failed to find an effective therapy for victims of traumatic brain injury (TBI) who live with

motor, cognitive, and psychiatric complaints. Pre-clinical investigators are now encouraged to include male and female

subjects in all translational research, which is of particular interest in the field of neurotrauma given that circulating female

hormones (progesterone and estrogen) have been demonstrated to exert neuroprotective effects. To determine whether

behavior of male and female C57BL6/J mice is differentially impaired by TBI, male and cycling female mice were injured

by controlled cortical impact and tested for several weeks with functional assessments commonly employed in pre-clinical

research. We found that cognitive and motor impairments post-TBI, as measured by the Morris water maze (MWM) and

rotarod, respectively, were largely equivalent in male and female animals. However, spatial working memory, assessed by

the y-maze, was poorer in female mice. Female mice were generally more active, as evidenced by greater distance traveled

in the first exposure to the open field, greater distance in the y-maze, and faster swimming speeds in the MWM. Statistical

analysis showed that variability in all behavioral data was no greater in cycling female mice than it was in male mice.

These data all suggest that with careful selection of tests, procedures, and measurements, both sexes can be included in

translational TBI research without concern for effect of hormones on functional impairments or behavioral variability.
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Introduction

Traumatic brain injury (TBI) affects millions worldwide

and can result in profound, long-term functional deficits, in-

cluding personality changes, motor incoordination, and neuropsy-

chiatric and cognitive issues. Subsequent to the initial insult

causing the injury, a series of secondary pathophysiological cas-

cades persist for days to months,1–3 providing multiple targets and a

relatively large window for potential therapeutic intervention.

Animal models of TBI provide a controlled environment in which

the biological and functional effects of injury can be studied and

manipulated, and a number of pharmaceutical agents have dem-

onstrated efficacy in mitigating the effects of brain injury in a

laboratory setting.4 However, despite the number of potential

treatments that have shown promise in pre-clinical TBI studies,

more than 30 agents have failed in phase III prospective clinical

trials5; at present, there is no U.S. Food and Drug Administration–

approved drug for brain injury, and treatment continues to be based

on supportive therapies and symptom management.

Methodological challenges to pre-clinical TBI investigations and

questions of relevance to the clinical setting are numerous, including

choice of experimental details, such as injury method, species, strain,

and sex of animals. A new challenge to pre-clinical studies in all

disciplines of biomedical research is the recent National Institutes of

Health (NIH) requirement that female animals or cells be employed

in all laboratory translational studies.6–8 Efforts continue to urge

researchers to incorporate female animals in translational studies,9

but TBI research, and biomedical research in general, has continued

to focus largely on males. It was recently estimated that male bias is

most pronounced in the neuroscience discipline, with male animals

in experiments outnumbering female animals 5.5 to 1.10 One reason

for the exclusion of females from animal research is the belief that the

fluctuating hormones resulting from the estrous cycle in females

introduces variability, complicating interpretation of the effects of

experimental manipulations. However, a recent meta-analysis of 293

studies reporting behavioral, molecular, physiological, and mor-

phological measures in male and female mice concluded that the data

obtained from female mice in random stages of estrous do not have

greater variability than data collected from male mice.11

Inclusion of female animals in pre-clinical research is of par-

ticular concern in the context of TBI, given that circulating sex

hormones (progesterone and estrogen) have been demonstrated to
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have neuroprotective effects by acting through multiple pathways

in the secondary injury process.12–15 However, potential advan-

tages incurred by females after brain injury owing to higher levels

of endogenous progesterone and estrogen are uncertain. Although

some clinical studies have concluded that females fare better after

moderate to severe TBI than men,16,17 others have shown that

gender-dependent differences are dependent on the functional tests

employed18 or that memory performance of male TBI patients is

superior to that of female patients.19 A recent systematic review

concluded that a poorer long-term outcome after mild or concussive

brain injury is associated with female gender.20

Differences in outcome between males and females post-TBI are

also unclear in the laboratory setting. There is substantial evidence

to suggest that female mice and rats fare better on many biological

measures after brain injury, for example, reduced cerebral edema

and increased release of anti-inflammatory cytokines, and these

differences can be attributed to levels of estrogen or progesterone.

However, changes in these measures do not translate to reductions

in cortical and hippocampal injury or neurodegeneration.21–24

Although administration of progesterone has been demonstrated

to improve behavioral performance in male rats post-TBI,25,26 di-

rect comparisons of postinjury functional differences between male

and female rodents are sparse. O’Connor and colleagues reported

that after diffuse brain injury, female rats performed better than

males on the rotarod test of motor coordination and also incurred a

slight advantage on the Barnes maze test of learning and memory.27

Male rats subjected to controlled cortical impact (CCI) also showed

inferior motor performance to females assessed using beam balance

and walking tasks, but cognitive performance on the Morris water

maze (MWM) was equally impaired in both sexes.28,29 In female

rats, estrous cycle stage (and resulting levels of circulating hor-

mones) at the time of TBI had a slight effect on motor performance

shortly after the injury, but hormonal level had no effect on MWM

performance 2 weeks postinjury.28 Further, a recent study also

demonstrated that certain motor and cognitive tasks were unaf-

fected by estrous cycle stage at the time of CCI in female rats

housed in standard cages or enriched environments.30 To date, there

is only one study directly comparing male and female functional

performance post-TBI in mice: Females outperform males after

brain injury on a grid-walking foot-fault test, but have equivalent

cognitive deficits in a modified version of the MWM.31

The aim of this work was to gain a more comprehensive un-

derstanding of sex differences on several behavioral tasks com-

monly selected to assess post-TBI function, recovery, and potential

therapies. We employed male and cycling female C57BL/6J mice,

a strain commonly used as a background for transgenic and

knockout manipulations, and used CCI, a popular brain injury

model, to deliver the injury. We hope to provide pre-clinical in-

vestigators with preliminary understanding and expectations of the

practical implications of including female animals in translational

TBI research. Exploratory, cognitive, and motor performance after

mild or severe brain injury induced by CCI was assessed long term

to determine sex-specific effects of the injury on function. Our

findings from repeated open field (OF), rotarod, y-maze, and MWM

testing demonstrate that the behavioral effects of TBI are largely

comparable in male and female mice. Further, female mice, at

random stages of the estrous cycle at time of injury, did not have

greater variability in performance than male mice. These findings

suggest that including female mice that sustained brain injury at

various or undetermined stages of the estrous cycle will not con-

tribute to behavioral variability and obscure the effects of injury,

and that labor-intensive monitoring of female estrous cycles at

times of the injury and postinjury testing may be unnecessary.

However, female mice had greater levels of activity in many tests,

and this must be considered in the context of experimental design

and data interpretation.

Methods

Animals and housing

Male and female C57BL/6J mice seven weeks of age were ob-
tained from The Jackson Laboratory (Bar Harbor, ME) and group-
housed (3–5 mice in same-sex cages for study duration) in the same
room of Association for Assessment and Accreditation of La-
boratory Animal Care–accredited facilities with a standard 12-h
light-dark cycle. Standard rodent chow and water was available
ad libitum, and mice were allowed to acclimate after arrival for at
least 1 week before sham or CCI procedures. Surgical procedures
and behavioral testing were performed by female investigators,32

and all behavioral testing took place during the light phase of the
cycle. Procedures were approved by the institutional animal care
and use committee at the Uniformed Services University of the
Health Sciences (Bethesda, MD).

Controlled cortical impact and sham procedures

Cages of mice were randomly assigned to sham (male, n = 18;
female, n = 18), mild CCI (male, n = 18; female, n = 19), or severe
CCI (male, n = 18; female, n = 17) conditions, and each mouse was
weighed before surgical procedures. Male and female mice
weighed 20–28 and 15–20 g at the time of procedures, respectively,
and female mice were at random (undetermined) stages of the es-
trous cycle. All CCI or sham procedures were performed in an
aseptic manner, as previously described.33 Induction of anesthesia
was achieved in a rodent volatile anesthesia box with 3% isoflurane
in 100% oxygen. Once corneal and paw-withdrawal reflexes were
absent, protective eye ointment (Lacri-Lube�) was applied, head
hair clipped, and mice were placed into a standard rodent stereo-
taxic device and secured into position with an incisor bar and ear
bars (Stoelting, Wood Dale, IL). Maintenance of anesthesia was
achieved with 1.5% isoflurane/oxygen administered by a flow-
through nose cone, and body temperature was maintained at 37�C
throughout the procedure using an isothermal heating pad with
feedback controller (Stoelting). A unilateral 5-mm craniectomy
over the parietal cortex was performed with a high-speed drill. The
CCI device (Impact OneTM; Leica Microsystems, Buffalo Grove,
IL) is an electronically controlled, electromagnetically driven im-
pactor, fitted with a 3.0-mm-diameter steel tip and mounted on a
stereotax micromanipulator. The tip of the impactor was centered
over the injury site (2.5 mm posterior to bregma and 1.5 mm left of
midline) at a 15-degree angle relative to the sagittal plane, and the
injury was produced with the following parameters: 5.0 m/sec ve-
locity with a dwell time of 0.1 sec, and a depth of 1.0 mm (mild
CCI) or 2.0 mm (severe CCI). Postinjury, the skin incision was
closed with a silk suture and mice were placed into a warm, clean
housing cage and monitored until ambulatory. Sham-operated mice
underwent all described procedures except the cortical impact.

Open field

All mice were tested in an OF environment for 20 minutes on
days 1, 7, 14, and 21 post-CCI or sham procedures. The OF arena
was 40 · 40 cm with opaque black walls (Stoelting) and a light level
of approximately 175 lux. Mice were individually placed into the
center of the OF, and a camera above the apparatus recorded ac-
tivity in the apparatus and was connected to a computer with Any-
Maze tracking software (Stoelting). The software detected and
tracked the mouse and reported total distance traveled, average
speed, number of mobile episodes (with mobility defined as at least
35% of the animal moving for at least 2 sec), and distance traveled
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in a software-defined 20 · 20 cm center region of the arena (ex-
pressed as a percent of the total distance traveled). Additionally, the
arena was equipped with photobeam arrays positioned on either
side of the apparatus, allowing the measurement of vertical rearing.

Rotarod

Motor coordination was assessed on days 1, 2, 3, 7, 14, and 21
post-CCI or sham procedures on an accelerating rotarod (Ugo-Basile,
Collegeville, PA). Before the first trial on day 1 post-TBI or sham
surgery, mice were placed on the slowly rotating rod (four rotations
per minute; RPM) and allowed to acclimate to the apparatus for
1 min. After the 1-min acclimation, the rod accelerated from 4 to 60
RPM over a period of 3 min. Latency to fall from the rod (or cling to
and rotate with the rod for three consecutive rotations) was recorded
for three trials on each testing day, allowing 5–10 min of rest with
access to food and water between each trial. A mouse that remained
on the rod for the entire 3 min was assigned a score of 180 sec for that
trial. Scores from the three trials on each testing day were averaged to
give a single score for each mouse on each testing day.

Y-maze spontaneous alternation

The y-maze spontaneous alternation behavior (SAB) test, to
assess hippocampal-dependent working (short-term) memory, was
performed on postinjury day 10, as previously described.34,35 The
apparatus consisted of three arms at a 120-degree angle to one
another with a triangular central zone. Each arm was 36 cm in
length, enclosed by walls 16 cm high, and a small visual cue was
placed at the distal wall of each arm. Other objects in the room
provided further spatial cues to mice during testing. Each mouse
was placed at the end of a randomly chosen arm and allowed to
freely explore the maze for 5 min. An animal with nonimpaired
working memory is expected to exhibit SAB, visiting all three arms
in alternation, not immediately returning to either of the arms that
had been most recently explored. An overhead camera linked to
Any-Maze computer software (Stoelting) recorded movements of
the mouse and reported the distance traveled by each mouse during
the test. Visits to arms were manually scored; a visit to an arm of the
maze was counted when all four paws of the mouse entered the arm.
An alternation was counted when the mouse visited three different
arms consecutively, and the percent correct alternation was cal-
culated as 100 · total number of alternations

total arm entries� 2
.

Morris water maze

Spatial learning and memory was assessed by standard MWM36

training trials on postinjury days 23–26 followed by a probe trial
approximately 1 h after the final training trial. The apparatus was a
circular white tank 122 cm in diameter, filled with water (23 – 1�C) to
a depth of approximately 30 cm. A transparent acrylic platform
(11 cm diameter) was submerged approximately 1.0 cm below the
surface of the water and was located approximately 15 cm from the
edge of the maze. A ceiling camera directly over the water maze was
connected to a computer with Any-Maze tracking software (Stoelt-
ing). Within the software, the water maze was divided into four equal
quadrants, with the platform located in the northwest (NW) quadrant.
Large visual cues (black and white geometric shapes) were posi-
tioned around the apparatus in locations that could be viewed by mice
during testing. Each mouse received four training trials (with an
intertrial interval of 4–5 min) for 4 days. Four start positions were
designated along the perimeter of the tank, and the order in which
these positions were used was changed each day. For each training
trial, the mouse was gently placed in the designated start position,
facing the wall. Mice were allowed 60 sec to locate the platform
using the spatial cues in the room, after which the animal remained
on the platform for 15 sec. If the mouse did not find the platform in
the allotted 60 sec, it was gently guided to the platform and allowed
to remain there for 15 sec and received the maximum score of 60 sec

for that trial. After each trial, mice were towel dried and placed into a
heated cage. Latency to platform, distance swam during the test
trials, and swimming speed were recorded by the software and av-
eraged over the four trials each training day.

Approximately 1 h after the final training trial on postinjury day
26, a single probe trial was conducted in which the platform was
removed from the tank and the mouse was placed against the wall,
opposite the former location of the platform. The mouse was al-
lowed to swim for 60 sec, during which time the software recorded
the amount of time spent in the NW quadrant (that previously
housed the platform), number of times the mouse crossed the pre-
vious exact location of the platform, and amount of time spent in the
precise platform location.

Beginning on day 27 postinjury, reversal training trials were
conducted to assess behavioral flexibility. These trials were con-
ducted identically to the original training trials on postinjury days
22–26, except the platform was moved to the opposite quadrant
(southeast; SE) of the apparatus. A reversal probe trial in which the
platform was removed from the tank was conducted approximately
1 h after the final reversal training trial on postinjury day 30.

Histological assessment of injury

Immediately after the conclusion of behavioral testing on day 30
postinjury, mice were deeply anesthetized (60 mg/kg of ketamine
with 60 mg/kg of xyalzine, intraperitoneally) and transcardially
perfused with 0.1 M of phosphate buffer followed by 4% parafor-
maldehyde (PFA) in 0.1 M of phosphate buffer. Brains were post-
fixed for 24 hours in 4% PFA, followed by 24 hours of
cryoprotection in 20% sucrose solution in 0.1 M of phosphate
buffer. After cryoprotection, each brain was blocked identically,
weighed, frozen in powdered dry ice, and stored at -80�C.

Eight of the brains from each sex and injury group were ran-
domly chosen for lesion volume analysis. A Leica cryostat was
used to cut serial sections through the lesion site 30 lm thick;
sections were stained with cresyl violet. Slides were scanned with
an Epson scanner, and the area of serial sections at 540-lm inter-
vals (approximately 10 sections for each brain) was measured with
ImageJ software (NIH, Bethesda, MD).37 Lesion area for each
section was calculated as the area of the contralateral hemisphere
minus the area of the ipsilateral hemisphere. The sum of the area
values for each mouse brain was multiplied by 0.54 mm (the dis-
tance between each measured section) to estimate lesion volume.38

Statistical analyses

Effects of injury and sex on behavioral measures were evaluated
using SPSS software (version 20; IBM SPSS Statistics, Armonk,
NY). A mixed-design three-way analysis of variance (ANOVA)
was performed on measures from tests on which mice were tested
repeatedly over time (rotarod, OF, and MWM training and reversal
training trials), with injury (sham, mild CCI, and severe CCI) and
sex (male, female) as between-subjects variables and test day as a
within-subject variable. Wilks’ lambda F-statistics resulting from
multivariate tests with measures from each testing day as separate
dependent variables are reported. When interaction effects were
significant, subsequent univariate two-way ANOVAs were per-
formed for each day, and Bonferroni-adjusted t-test values were
used to determine significant differences between groups.

For lesion volume data and for tests that were only performed at
one time point (MWM probe trial measures, MWM reversal probe
trial measures, and Y-maze test), two-way ANOVAs with sex and
injury as between-subjects variables were performed and
Bonferroni-adjusted t-test values were used to determine specific
group differences. For data that failed to meet the homogeneity of
variance assumption as assessed by Levene’s test of equality of
error variance, variables were transformed to square root or re-
ciprocal values. Transformed variables passed homogeneity of
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variance tests. Where main statistical effects of sex were found,
effect size (Cohen’s d) was calculated as j lfemale � lmale

spooled
j, where

spooled ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

female
þ s2

male

2

q
.

Finally, variability of behavioral data was compared between
injury and sex groups. To control for potential differences in scale
across the behavioral measures, the coefficient of variation (CV;
standard deviation/mean) for each of the six treatment groups was
calculated separately for each behavioral variable for which an
ANOVA was performed. Repeated measures (e.g., distance traveled
in OF) were collapsed across days to yield a single CV for each
treatment group for that variable. A two-way (injury · sex) ANOVA
was performed to compare mean CVs for each group. Additionally,
Levene’s test for equality of variances was conducted to compare the
distributions of CVs for each group11,39: The median CV for each
treatment group was determined, and absolute values of the differ-
ences between the CVs for each behavioral measure and the median
were calculated. A two-way ANOVA with sex and injury as
between-subjects variables was performed on these values.

Data summarized in all figures represent the mean – standard
error of the mean (SEM), and results were considered significant
when the p value was less than or equal to 0.05. For ease of viewing,
results from behavioral tests measured over multiple days (i.e., OF,
rotarod, and MWM) are divided into two panels on a single figure,
with comparisons between mild CCI and sham controls on one
panel, and comparisons between severe CCI and sham controls on a
separate panel. The same group of sham controls are represented on
both panels of these figures.

Results

Extent of injury

Figure 1A shows representative cresyl violet–stained brain

sections from each injury group for both males and females. The

extent of injury was comparable in male and female mice. Mild

CCI, defined as impact delivered at a velocity of 5.0 m/s and a depth

of 1.0 mm, resulted in very little gross, observable damage to the

cortex and underlying hippocampal formation. The severe level of

CCI (velocity, 5.0 m/s; depth, 2.0 m/s) delivered substantial dam-

age to the left cortex and hippocampal formation. Lesion volume

analysis (Fig. 1B) confirmed that there was no main effect of sex

(F1,42 = 0.12; p = 0.731) or interaction between sex and injury

(F2,42 = 0.03; p = 0.971). However, mice that had sustained severe

CCI had significantly larger lesions than mice that had undergone

sham procedures or mild CCI (F2,42 = 218.04; p < 0.0001). The

difference in lesion volume between mice with mild CCI and

sham-operated mice was not significant ( p = 0.104).

Open field test

Analysis of distance traveled during a 20-min test session on

days 1, 7, 14, and 21 after sham or TBI surgery revealed significant

day · sex (F3,100 = 3.22; p = 0.026) and day · injury (F6,200 = 4.05;

p = 0.001) interactions (Fig. 2A [mild CCI vs. sham controls] and

2B [severe CCI vs. sham controls]). Subsequent univariate analyses

of each day revealed that female mice were more active than male

mice in the OF, as measured by distance traveled on the first day

postinjury (F1,102 = 6.70; p = 0.011), but not on any other days

tested. Univariate analyses for each day also showed that injury had

an effect on distance traveled on all days tested (F2,102 = 10.68,

F2,102 = 26.62, F2,102 = 37.91, and F2,102 = 31.54 for postinjury days

[PIDs] 1, 7, 14, and 21, respectively; p £ 0.0001 for all days), mice

with both mild and severe CCI traveled a greater distance in the

arena than sham-operated mice (Bonferroni’s t-test comparisons

sham < mild CCI and severe CCI; p < 0.025).

The number of movement bouts for mice with mild or severe CCI,

compared to sham controls, is shown in Figure 2C,D, respectively.

Male and female mice engaged in the same number of mobile epi-

sodes (F1,102 = 1.05; p = 0.309), and sex did not interact with either

injury status (F2,102 = 0.55; p = 0.578) nor day of testing

(F3,100 = 0.61; p = 0.610). There was a significant day · injury inter-

action for the number of mobile episodes exhibited by animals in OF

testing (F6,200 = 8.03; p < 0.0001; Fig. 2B). On the first day post-

injury, all animals engaged in the same number of mobile episodes.

Injury status had a significant effect on mobility on days 7, 14, and 21

postinjury (F2,102 = 17.28, 39.05, and 31.65, respectively;

p < 0.0001). Mice with mild CCI were indistinguishable from sham

controls in mobility on day 7, but engaged in fewer bouts of move-

ment on days 14 and 21 (Bonferroni’s t-test comparison; p < 0.029),

indicating greater continuity of movement with fewer stops. Mice

with severe CCI had fewer mobile episodes than sham-treated mice

on days 7, 14, and 21 (Bonferroni’s t-test comparison; p £ 0.0002).

FIG. 1. Extent of injury post-CCI. Representative brain sections
(stained with cresyl violet) at 30 days after traumatic brain injury
(A). The severe level of CCI (velocity, 5 m/s; depth, 2.0 mm)
resulted in substantial injury to the ipsilateral cortex and under-
lying hippocampus. Mild CCI (velocity, 5 m/s; depth, 1.0 mm)
resulted in little macroscopic damage. Lesion volume analysis (B)
showed that mice that sustained severe CCI had significantly
greater tissue loss than mice that sustained mild CCI or sham
procedures. Horizontal bars in (A) represent 1 mm. Pound sign (#)
in (B) represents a main effect of injury on lesion volume, Severe
CCI > Sham. CCI, controlled cortical impact.
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FIG. 2. Motor behavior in an open field after traumatic brain injury (TBI). Mice that sustained mild or severe CCI were significantly
hyperactive on all days tested postinjury in the open field, as measured by total distance traveled (mild CCI [A] and severe CCI [B]).
Additionally, female mice were more active than male mice in the open field on the day postinjury (day 1, A and B). The increase in
activity in the injured mice was the result of fewer episodes of mobility (injured mice stopped and started moving less often, C and D)
and of greater speed when mobile (E and F). Injured mice and sham-treated mice are represented by broken lines and solid lines,
respectively; pound sign (#) denotes a significant effect of the represented injury level on the given test day. Asterisks (*) in (A) and (B)
represents a main effect of sex (female > male) on distance traveled on day 1. CCI, controlled cortical impact.
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Analysis of movement speed during mobile episodes (Fig. 2E

[mild CCI vs. sham controls] and 2F [severe CCI vs. sham controls])

showed that male and female mice moved at similar speeds

(F1,102 = 0.65; p = 0.423) regardless of injury condition (F2,102 = 1.31;

p = 0.273) or test day (F3,100 = 1.51; p = 0.217). A day · injury inter-

action was found for the average speed of animals in the OF arena

(F6,200 = 2.32; p = 0.035; Fig. 2E,F); injury status affected speed on

all days tested (F2,102 = 28.92 [day 1], F2,102 = 25.23 [day 7],

F2,102 = 24.10 [day 14], and F2,102 = 18.93 [day 21]; p < 0.0001 for all

days). Sham-operated controls moved slower than mice with either

mild or severe CCI on each test (Bonferroni’s t-test comparison;

p < 0.042 and p < 0.0001, respectively).

A day · sex (F3,100 = 3.42; p = 0.02) interaction was found for

vertical movement as assessed by rearing activity (number of

rearing events for mice with mild or severe CCI compared to sham

controls; Fig. 3A,B, respectively). Male and female mice were

equal in rearing on the day postinjury, but on all other days tested,

female mice reared less than male mice (F1,102 = 6.23, p = 0.014;

F1,102 = 8.05, p = 0.005; and F1,102 = 12.09, p = 0.001 for PIDs 7, 14,

and 21, respectively). A significant day · injury (F6,200 = 5.97;

p < 0.0001) interaction was also reported; TBI reduced the number

of rearing episodes only on the day after the procedure

(F2,102 = 7.46; p = 0.001), and only mice with the severe level of

CCI were different from sham-operated controls (Bonferroni’s

t-test comparison; p = 0.001).

A three-way ANOVA performed on distance traveled in the

center zone of the OF (expressed as a percent of the total distance

traveled) revealed no main sex differences (F1,102 = 2.79; p = 0.098)

or interactions between sex and injury (F2,102 = 0.89; p = 0.414) or

test day (F3,100 = 1.84; p = 0.145), but we found a significant

day · injury interaction (F6,200 = 2.57; p = 0.020). Injury (mild CCI,

Fig. 3C; severe CCI, Fig. 3D) significantly reduced distance trav-

eled by mice in the center of the apparatus (expressed as a percent

of the total distance traveled) on all days tested (injury factor main

effect: F2,102 = 50.40, p < 0.0001; F2,102 = 13.51, p < 0.0001;

F2,102 = 10.49, p < 0.0001; and F2,102 = 5.15, p = 0.007 for PIDs 1, 7,

14, and 21, respectively). Mice with severe brain injury traveled

less distance in the center than sham-operated controls on all days

tested (Bonferroni’s t-test comparison; p £ 0.0001 for PIDs 1, 7, and

14 and p = 0.006 for PID 21), but mice that had sustained a mild CCI

FIG. 3. Rearing and center activity in the open field after traumatic brain injury (TBI). Vertical movements (rearing) were unaffected
by mild CCI (A), but were reduced on day 1 postinjury in mice that sustained severe CCI (B). On all other days tested (7, 14, and 21),
female mice had reduced vertical movements, compared to male mice. Assessment of activity in the center of the apparatus, expressed
as a function of total activity, suggested that mice with mild TBI were anxious on the first day postinjury (C), and severe TBI resulted in
anxiety on all days tested postinjury (D). Injured mice and sham-treated mice are represented by broken lines and solid lines,
respectively; pound sign (#) denotes a significant effect of the represented injury level on the given test day. Asterisks (*) in (A) and (B)
represents a main effect of sex (male > female) on rearing on days 7, 14, and 21. CCI, controlled cortical impact.
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were less active in the center of the apparatus than sham-treated

animals only on the day postinjury (Bonferroni’s t-test comparison;

p < 0.0001).

Rotarod

Analysis of motor coordination as assessed by the latency to fall

from an accelerating rotarod found a sex · injury interaction that

neared significance (F2,102 = 2.84; p = 0.063); Figure 4A (mild CCI

vs. sham controls) and 4B (severe CCI vs. sham controls) shows that

for the sham-treated groups, females may have outperformed males.

Performance was affected by brain injury for 1 week postinjury

(F2,102 = 15.72, p < 0.0001; F2,102 = 16.10, p < 0.0001; F2,102 = 14.92,

p < 0.0001; and F2,102 = 3.90, p = 0.023 for PIDs 1, 2, 3, and 7, re-

spectively), but injured animals performed equivalent to controls on

PIDs 14 and 21 (day · injury interaction; F10,196 = 1.90; p = 0.048).

Bonferroni-adjusted t-tests after univariate analyses revealed that

mice that had sustained a severe CCI fell from the rotating rod faster

than sham-operated mice on all days for which a significant effect of

injury was found ( p < 0.0001 for PIDs 1, 2, and 3; p = 0.019 for PID

7; Fig. 4B). Mice with a mild brain injury were impaired compared to

sham-operated mice on the 3 days after CCI ( p < 0.0001 for PIDs 1,

2, and 3), but their performance was equal to uninjured animals on all

subsequent rotarod tests of motor coordination (Fig. 4A).

Y-maze spontaneous alternation behavior

Figure 5A shows working memory performance in the y-maze

SAB test of male and female mice post-TBI. There were significant

main effects of both sex (F1,102 = 4.75; p = 0.032) and injury

(F2,102 = 5.46; p = 0.006) on memory performance on this test. Fe-

male mice showed inferior performance to male mice in this

working memory task. Additionally, female mice were more active

in the y-maze apparatus than male mice, as evidenced by greater

distance traveled (Fig. 5B; F1,102 = 11.97; p = 0.001). Although

mild CCI did not affect SAB in male and female mice, severely

injured mice had significantly impaired working memory com-

pared to sham-controls, as evidenced by a lower SAB score

(Bonferroni’s t-test comparison; p = 0.005).

Morris water maze

Analysis of swimming speed in the MWM showed that female

mice swam significantly faster than male mice during standard

training trials (F1,102 = 9.08; p = 0.003) and reversal training trials

(F1,102 = 4.23; p = 0.04; Figure 6A). Injury did not impact swimming

speed during standard or reversal training trials (F2,102 = 0.78,

p = 0.459 and F2,102 = 0.44, p = 0.664, respectively; data not shown).

Distance swam before reaching the platform was employed as

the measurement of animals’ cognitive performance during MWM

training trials (Fig. 5B,C [left plots, labeled ‘‘standard’’] for mild or

severe CCI vs. sham controls, respectively). Analysis of spatial

learning, as assessed by the distance swam before locating a sub-

merged platform in a pool of water, revealed a significant

day · injury · sex interaction during standard training days 23–26

postinjury (F6,200 = 2.22; p = 0.043). Subsequent two-way (injury

· sex) ANOVAs for each day showed that the three-way interaction

from the repeated-measures ANOVA resulted from an injury · sex

interaction on the third training day that almost reached statistical

significance (F2,102 = 2.98; p = 0.055). Injury status did not affect

cognitive performance on the first day of standard training, but

there was a significant effect of injury status on the subsequent

3 days (F2,102 = 6.96, p = 0.001; F2,102 = 7.97, p = 0.001; and

F2,102 = 10.26, p < 0.0001, respectively). Mice with mild CCI were

not impaired on this cognitive task (Fig. 6B), but severe CCI re-

sulted in significantly longer distances swam, when compared to

sham-operated controls, on those 3 days (Bonferroni’s t-test com-

parison; p = 0.001, 0.001, and 0.0002, respectively; Fig. 6C).

FIG. 4. Motor coordination assessed on an accelerating rotarod. Both mild and severe levels of CCI significantly impaired motor
coordination on the 3 days immediately after traumatic brain injury (TBI; A and B, respectively). Mice with severe CCI continued to
show impairments 1 week postinjury, but all mice had equivalent performance to sham controls by 14 days post-CCI. Injured mice and
sham-treated mice are represented by broken lines and solid lines, respectively; pound sign (#) denotes a significant effect of the
represented injury level on the given test day. CCI, controlled cortical impact.
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During reversal training trials on PIDs 27–30 (Figure 6B,C; right

plots, labeled ‘‘reversal’’), the three-way ANOVA on distance to

platform revealed no main sex differences (F1,102 = 0.04; p = 0.551),

nor sex · injury (F2,102 = 1.93; p = 0.151) or sex · training day

(F3,100 = 1.13; p = 0.342) interactions. There was a significant

day · injury interaction (F6,200 = 4.90; p = 0.0001); injury status had a

significant effect on learning on PIDs 28–30 (F2,102 = 13.06,

p < 0001; F2,102 = 4.55, p = 0.017; and F2,102 = 8.92, p = 0.0003, re-

spectively), but not on PID 27. Severe CCI, compared to sham

procedures, resulted in longer distances swam before the platform

was found on PIDs 28 and 30 (Bonferroni’s t-test comparison;

p < 0.0001 and p = 0.001, respectively).

Analysis of the time spent in the NW quadrant during the probe

trial after standard training on PID 26 (Fig. 7A) showed no significant

main effect of sex (F1,102 = 1.30; p = 0.256), nor a sex · injury in-

teraction (F2,102 = 0.36; p = 0.696). There was a significant effect of

injury (F2,102 = 10.10; p < 0.0001); the severe level of CCI, but not

mild CCI, reduced the amount of time spent in the NW zone (Bon-

ferroni’s t-test; p = 0.001). Time spent in the exact platform location

(Fig. 7B) was also unaffected by sex (F1,102 = 0.520; p = 0.473), and

there was no sex · injury interaction on this measure (F2,102 = 0.54;

p = 0.582); there were also no main effects of sex (F1,102 = 0.75;

p = 0.390) or sex · injury interaction (F2,102 = 0.51; p = 0.600) for the

number of times the platform location was crossed (Fig. 7C).

There were significant main effects of injury (F2,102 = 8.33,

p = 0.0004; F2,102 = 8.21, p = 0.0005) for time in platform location

(Fig. 7B) and platform crossings (Fig. 7C). Mice with the severe

level of brain injury had poorer memory of the platform than sham-

control mice did ( p = 0.0002 for time in platform location;

p = 0.0004 for number of crossings), but mildly injured mice per-

formed equally to sham-operated mice.

Similar results were found after the reversal probe trial on PID 30.

There were no main effects of sex on any of the probe trial variables

FIG. 6. Spatial learning in the Morris water maze. Female mice
swam faster than male mice during both standard and reversal training
trials (A). Mice with mild CCI had equivalent learning abilities to
sham controls (B), but all mice with severe CCI were impaired in their
ability to learn the location of a hidden platform in the Morris water
maze, during both standard training and reversal training trials (C).
Brain-injured mice and sham-treated mice are represented by broken
lines and solid lines, respectively. Asterisks (*; A) denote faster
swimming speeds of female mice; pound sign (#; C) represents poorer
performance of mice with severe CCI, compared to sham controls, on
the denoted training days. CCI, controlled cortical impact.

FIG. 5. Activity in a y-maze. Working memory was impaired 10
days postinjury in mice with severe, but not mild, CCI as assessed
by spontaneous alternation behavior (A). Female mice were also
more active in the y-maze, having a greater distance traveled during
the test session (B). Asterisks (*) represent a main effect of sex on
percent correct alternations (female < male; A) and on distance
traveled in the y-maze (females > male; B); pound sign (#) denotes
inferior performance of all mice with severe CCI, compared to
sham-treated animals (A). CCI, controlled cortical impact.

SEX DIFFERENCES IN BEHAVIOR POST-TBI 887



(F1,102 = 2.07, p = 0.154; F1,102 = 1.28, p = 0.260; and F1,102 = 1.95,

p = 0.166 for time in SE quadrant [Fig. 7D], time in island zone [Fig.

7E], or number of island crossings [Fig. 7F], respectively). An in-

teraction between sex and injury for time in the SE quadrant neared

significance (F2,102 = 3.05; p = 0.052); there were no sex · injury in-

teractions found for time in the platform zone or number of platform

location crossings (F2,102 = 0.20, p = 0.818 and F2,102 = 0.28,

p = 0.759, respectively). However, injury significantly impacted the

ability of mice to remember the location of the platform, as assessed

by the amount of time spent in the SE quadrant (Fig. 7D;

F2,102 = 14.91; p < 0.0001), amount of time spent in the specific for-

mer location of the platform (Fig. 7E; F2,102 = 7.79; p = 0.001), and

FIG. 7. Results from probe trials, designed to assess memory for the location of the platform, are shown in (A) through (C) and (D) through
(F) for the standard probe trial and the reversal probe trial, respectively. Time in the quadrant formerly housing the platform (northwest
quadrant for the standard probe trial [A], southeast quadrant for the reversal probe trial [D]) was significantly reduced in mice with severe CCI,
indicating memory impairments. Specific platform measurements—time in platform zone (B and E) and number of platform crossings (C and
F)—distinguished all mice with severe CCI from sham-operated controls. #Severe CCI versus sham. CCI, controlled cortical impact.

Table 1. Mean Coefficients of Variation on Each Behavioral Measure for all Treatment Groups
a

Sham (%) Mild CCI (%) Severe CCI (%) Summary (%)

Male Female Male Female Male Female Mean – SEM

Open field—distance traveled 16.5 13.6 14.2 21.9 15.2 19.8 16.9 – 1.3
Open field—speed while mobile 8.3 8.7 8.8 10.7 10.4 9.4 9.4 – 0.4
Open field—no. of mobile episodes 13.9 13.2 15.3 22.9 24.9 27.4 19.6 – 2.5
Open field—center distance 17.2 17.2 15.1 18.1 13.7 21.2 17.1 – 1.1
Open field—rearing 47.1 37.7 37.7 49.8 50.3 59.8 47.0 – 3.4
Rotarod—latency to fall 20.7 12.8 23.5 19.5 23.2 31.4 21.8 – 2.5
Y-maze—% alternations 14.9 16.9 23.4 13.7 11.5 19.8 16.7 – 1.8
Y-maze—distance traveled 24.1 13.7 30.7 18.1 32.1 16.1 22.5 – 3.2
MWM (standard)—speed 14.1 9.4 11.1 10.3 12.4 13.7 11.8 – 0.8
MWM (reversal)—speed 12.8 9.3 10.4 12.6 22.1 12.0 13.2 – 1.9
MWM (standard)—distance to platform 24.7 19.4 26.4 17.6 20.3 15.6 20.7 – 1.7
MWM (reversal)—distance to platform 25.5 26.4 27.8 42.0 20.3 23.3 27.6 – 3.1
MWM probe (standard)—NW time 26.9 47.2 31.3 41.8 32.2 28.8 34.7 – 3.3
MWM probe (reversal)—SE time 21.0 28.9 31.0 27.9 45.1 31.1 30.8 – 3.2
MWM probe (standard)—island crossings 42.7 53.0 53.1 50.4 71.4 44.1 52.5 – 4.2
MWM probe (reversal)—island crossings 51.8 51.3 52.5 62.4 82.5 58.7 59.9 – 4.9
MWM probe (standard)—island time 46.3 63.9 68.7 55.0 77.0 48.5 59.9 – 4.9
MWM probe (reversal)—island time 59.6 56.6 61.4 68.4 87.7 64.9 66.4 – 4.6
Mean 27.1 27.7 30.1 31.3 36.2 30.3
SEM 3.6 4.4 4.3 4.5 6.2 4.1

aNo statistical differences in mean variation were observed between levels of injury or sex.
MWM, Morris water maze; CCI, controlled cortical impact; NW, northwest; SE, southeast; SEM, standard error of the mean.
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number of times mice entered/crossed the former platform location

(Fig. 7F; F2,102 = 9.61; p = 0.0002). Mice that had sustained severe

TBI were impaired, compared to sham-operated controls, on all

measures (Bonferroni’s t-tests; p < 0.002), but mice with mild CCI

had similar memory performance to uninjured animals.

Variability in behavioral results

Table 1 lists the CVs for each group, on each reported behavioral

measure. Mean CVs for all reported behavioral measures (n = 18) were

not significantly affected by injury (F2,102 = 0.81; p = 0.448) or sex

(F1,102 = 0.14; p = 0.712). Figure 8 provides a graphical depiction of the

CV values as an illustration of the range of values for each behavioral

test. Distribution of variability in behavioral results (Fig. 8), compared

with Levene’s test of equality of variances, was also not affected by

injury (F2,102 = 0.17; p = 0.842) or sex (F1,102 = 0.30; p = 0.582).

Discussion

Summary of sex differences in behavioral measures

The data presented in this article confirm numerous previous

studies describing behavioral changes in mice post-CCI. Of the 18

behavioral measures reported in Table 1, there were no sex · in-

jury significant interactions, suggesting that the effects of CCI are

equivalent in male and female mice. However, there were five

measures for which significant main effects of sex were found

(Table 2), and power and effect size suggest that these variables

manifest important sex differences. Although one of the measures

(percent alternation in the y-maze) suggests inferior memory

performance of female mice, the remaining measures relate to

activity levels, with female mice moving a greater distance or at

a greater speed than male mice. These differences are consid-

ered below in the interpretation of the effects of brain injury on

behavior.

Females are more active during the first exposure
to open field

The OF test provides a wealth of information regarding explo-

ration, anxiety, and motor abilities. Although both male and female

mice with TBI had increased distance traveled in the OF on all days

tested, there was a main effect of sex on distance traveled on the

first day of exposure to the OF arena, the day after sham or CCI

procedures, with females having increased activity in the OF arena

compared to the male mice. Forty years ago, John Archer noted that

although reports are not entirely consistent, the majority of studies

on male and female C57BL/6 mice demonstrate greater ambulation

in female mice during exposure to a novel OF.40 A more recent

FIG. 8. Variability in behavioral data. Coefficients of variation are shown for 18 behavioral measures for each of the six groups. There
was no effect of sex or injury on the mean coefficients of variation (data not shown), and the distribution of variability was also
unaffected by sex or injury as assessed by Levene’s test of equality of error variance. Open and closed symbols represent males and
females, respectively, and circles, triangles, and squares represent sham, mild and severe injury, respectively. MWM, Morris water
maze; CCI, controlled cortical impact.

Table 2. Summary of Significant Differences Between Male (n = 54) and Female (n = 54) Mice
a

Main effect of Sex p value Power Effect size (Cohen’s d)

OF distance traveled, day 1 female > male 0.027 0.604 0.4317
Y-maze, distance traveled female > male 0.001 0.938 0.6800
Y-maze, % alternation (memory) male > female 0.044 0.523 0.3921
MWM swim speed, standard trials female > male 0.003 0.854 0.5856
MWM swim speed, reversal trials female > male 0.039 0.544 0.4022

aShown are the behavioral measures in the current experiment for which a significant main effect of sex was found. p values from analyses of variance,
power (1 – b), and calculated effect sizes (Cohen’s d) are provided. Cohen’s d = j lfemale �lmale

spooled
j.

OF, open field; MWM, Morris water maze.
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review also concluded that female mice are more active than male

mice in an OF,41 and estrogen has been shown to increase fear

learning, anxiety, and home cage activity, suggesting that the

hormone increases arousal.42 However, studies are fundamentally

inconsistent. A trend toward or significantly greater OF activity in

female C57BL/6 mice is frequently reported,43–49 but almost an

equal number of other studies find no differences.50–55 Inconsonant

observations regarding sex differences could be the result of vari-

ations in specific testing conditions, such as lighting level,56 or

subtle aspects of the laboratory environment even when efforts are

made to make conditions identical.57 A difference in performance

between female and male mice during the first exposure to the OF

in our experiment could be a behavioral characteristic that would

not be observed in replications, or it could be indicative of an

‘‘emotional’’ reaction by female mice to a novel environment. In

support of this suggestion, we also found that female mice were

more active in the y-maze (Fig. 5B), also a novel environment.

Preinjury habituation or baseline testing may prevent postinjury sex

differences that interact and confound interpretation of the exper-

imental question. Additionally, the possibility of sex-related dif-

ferences should be considered in other assessments that require

exposure of mice to a novel environment, such as the novel object

recognition test for which sex differences in performance have been

noted in C57BL/6 mice.58

Mild or severe traumatic brain injury induces
hyperactivity in male and female mice

Significant hyperactive exploration in the OF is a frequently re-

ported effect of CCI delivered over parietal cortex in mice.33,59–63 In

the current experiment, hyperactivity in injured mice (Fig. 2A,B)

was the result of more-continuous exploration in mice with TBI

(fewer starts and stops; Fig. 2C,D), as well as greater speed while

mice were mobile (Fig. 2E,F). The precise biological mechanisms by

which parietal contusion injuries increase activity in the OF remains

unexplained. A comprehensive review of experiments demonstrating

hyperactive phenotypes in animals concluded that a variety of ex-

perimental manipulations can result in increased locomotion, and the

author suggested the existence of a complex control system that

modulates and suppresses activity.64 Any lesion or manipulation that

results in impairment in this system, located along the axis con-

necting the olfactory bulb and entorhinal cortex, may result in hy-

peractive behavior. This control system would especially include the

parietal cortex and dorsal hippocampus at the parietal location,

which typically sustains significant damage from CCI. Given the

significant association between TBI and attention deficit hyperac-

tivity disorder in clinical populations,65 increased study of OF

activity and agents that reduce pathological alterations in locomotion

could significantly benefit translational TBI research.

Severe traumatic brain injury induces anxiety equally
in male and female mice as measured in open field

Anxiety is a common neuropsychiatric symptom post-TBI.66,67

We found that, compared to male mice, female mice exhibited less

rearing behavior in the OF (Fig. 3A,B). A recent review noted that

measurements of rearing are often used as an indicator of anxiety, but

that there is no consensus of how rearing is related to anxiety, or

whether rearing simply relates to general exploration.68 Female and

male mice did not differ with respect to activity in the center of the OF

in this experiment, which is suggested to be indicative of an anxiety-

like state in rodents.69,70 Although the number of females suffering

from anxiety disorders greatly outnumbers male anxiety patients in

the clinical population,71 findings regarding sex differences in rodents

on tests of anxiety are notably contradictory. Oddly, most data from

studies employing animal models of anxiety suggest an opposite re-

sult to the human condition, with male mice displaying greater

anxiety-like behaviors than female mice,41 calling into question the

relevance of rodent models for the study of sex-related differences for

this human neuropsychiatric symptom. Further, as noted previously

for the effects of TBI on center-zone activities in OF, any sex dif-

ferences reported in these measures should be interpreted in the

context of possible differences in levels of general arousal.

In the current study, brain-injured mice traveled less distance in

the center region (main effect of injury; Fig. 3C,D), corroborating

previous findings in C57BL/6 mice when tested in an OF after

parietal CCI.33,59,62 However, testing of anxiety in the classic ele-

vated plus maze (EPM) post-TBI yields disparate results. Wa-

shington and colleagues72 reported that cortically injured mice

spent a greater amount of time in anxiogenic regions of the EPM on

the 20th day postinjury and concluded that brain injury results in

increased ‘‘risk-taking’’ behaviors in mice. Chauhan and col-

leagues, however, reported anxiety-like behavior in the EPM at an

earlier time point; 24–48 h postinjury.73 It has been noted that data

and conclusions regarding the effects of TBI on anxiety in rodents

are inconsistent and that additional research is warranted.74 In

particular, further studies are needed to determine whether there is a

time course postinjury for expression of anxiety-like behavior,

whether different testing paradigms yield different conclusions, or

whether reduced time in the center of the OF (increased thigmo-

taxis) is related to hyperlocomotion postinjury and possibly not

indicative of increased anxiety at all.

Traumatic brain injury equally impairs motor
coordination on the rotarod in males and females

Mice with mild and severe TBI in this experiment confirmed

previous reports75–78 of transient impairments in motor coordina-

tion as measured on an accelerating rotarod, and here brain-injured

males and females had equivalent performance (Fig. 4). In contrast,

sex-related differences in sensorimotor function post-TBI, with

females faring better than males, have been shown in rats on a beam

walk28 and mice using a grid/foot-fault test.31 Beam walking is a

more sensitive test of mouse motor coordination post-TBI; per-

formance of brain-injured mice typically improves to sham-level

performance on the rotarod within 1 week, whereas a beam-walk

task still detects motor deficits up to 4 weeks postinjury.76 Thus, the

rotarod test, which reliably evaluates rhythmic motor abilities post-

TBI, does not discriminate between sexes postinjury, compared to

tasks that place greater challenge on maintaining postural balance

and coordination in placement of the extremities.

Females performed poorly compared to males
on the y-maze working memory test

The y-maze test of hippocampal-dependent working memory is a

brief, convenient test that relies on naturalistic exploration and re-

quires no training, food, or water deprivation. Mice prefer to enter a

maze arm that was not previously explored, so the test requires the

animals to recall which arm was most recently entered.35 Overall,

performance of sham-treated mice was significantly superior to that

of animals with severe CCI, as described previously,34 but there was a

statistical main effect of sex, with females having poorer performance

(Fig. 5A). There is a long-standing controversy in the literature

regarding the existence, magnitude, and reliability of sex differences

in rodent models of cognition that is beyond the scope of this article.
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Superior working memory performance of male mice has been

observed in the water radial-arm maze,79 but a lack of sex differences

in working memory performance has been demonstrated in the y-

maze80 and radial arm maze81 in C57BL/6 mice. A meta-analysis in

2005 failed to find any studies demonstrating sex differences in

working memory in any mouse strain, although some rat studies

affirmed a male advantage.82 Thus, the primary conclusion from the

y-maze working memory results in this study is that spontaneous

alternation behavior in this paradigm effectively detected cognitive

impairments post-TBI. The poorer performance of female mice in

this study is unexplained and calls for replication. However, the

greater activity of female mice, compared to males (Fig. 5B), may

have an effect on attention as the animal navigates and makes choices,

thereby contributing to lower spontaneous alternation behavior.

Females swim faster but have equivalent cognitive
performance to males on spatial navigation
tasks after traumatic brain injury

The MWM is a commonly employed test for cognitive function

post-TBI, and our findings are consistent with a history of literature

demonstrating the robustness of the test in the detection of learning

and memory deficits after CCI in mice.33,72,78,83–86 Female mice in

this study swam significantly faster than male mice during both

standard training and reversal training trials (Fig. 6A), consistent

with our results from OF and y-maze that suggest greater levels of

activity in female mice. Faster swim speeds of female mice have

been previously reported.87 Although the measure most commonly

employed to report cognitive performance in the MWM is latency

to find the platform, this measure is confounded if there are sig-

nificant differences between groups in speed of swimming. Using

the distance swam or path length as the measure of cognitive ability,

we found no differences in the performance on the MWM between

male and female mice. In humans, males perform better than fe-

males on a virtual water maze task,88 but it seems that most C57BL/

6 mouse studies have concluded a lack of sex differences in spatial

task performance in the MWM.44,87,89–92 Cognitive differences

between male and female mice post-TBI are largely unexplored.

Xiong and colleagues employed an alternative MWM protocol in

which the platform was moved to random locations within the target

quadrant; male and female mice had equivalent performance in this

paradigm post-CCI.31 In rats, a lack of sex differences in MWM

performance has also been reported post-CCI.28,93 Further, estrous

cycle stage at time of injury had no impact on post-TBI cognitive

performance in rats.28 Thus, it appears that use of the MWM for

cognitive testing post-TBI does not discriminate between males and

females for many species and strains of rodents. However, ex-

trapolation of this conclusion to other cognitive tests would be

premature given that sex differences are observed in other behavior

tasks. For example, significant differences in performance between

C57BL/6 male and female mice have been reported in the novel

object recognition test94 and passive-avoidance test95 (but not in

the Barnes maze spatial navigation test96,97), and our data suggest

poorer performance of female mice on the y-maze test of sponta-

neous alternation behavior. These tests all rely on natural explor-

atory activities, and activational effects of estrogen42 may influence

attention and cognitive performance in these paradigms.

Implications for inclusion of female animals
in pre-clinical traumatic brain injury research

We have demonstrated that gross histological effects and behav-

ioral results from many popular functional assessments post-TBI

are largely comparable in age-matched male and female C57BL/6

mice. However, greater activity (distance traveled) of female mice

during the first exposure to the OF suggests that a preinjury ha-

bituation to the apparatus may minimize sex differences during the

first exposure to the novel environment postinjury. We failed to

find a sex difference in motor performance as measured by the

rotarod, and this may be test specific given that female advantages

post-TBI have been previously reported using the more sensitive

beam-walk task. Further cognitive testing in males and females

post-TBI is warranted. Although this is the second study to dem-

onstrate a lack of sex differences in spatial learning and memory

post-CCI in mice,31 we have shown that working memory assessed

in a y-maze may be sex dependent, although this sex difference did

not preclude an effect of brain injury on cognitive performance on

this task. Finally, we have shown that variability in behavioral data

from cycling female mice is not greater than that measured in

males, and use of sex as a between-subjects factor in statistical

analyses should not abrogate or confound a main effect of injury,

given that no sex · injury interactions were reported in the current

studies. The statement of Mogil and Chanda98 is germane: ‘‘If

there is no apparent sex difference in a particular experiment, one

is no further behind by testing five males and five females and

collapsing their data into n = 10 than one would be by testing 10

males in the first place.’’

Although we attempted to provide results from the most com-

monly used behavioral tests in pre-clinical TBI research, these

experiments ultimately employed a relatively small subset of the

behavioral paradigms available in animal research. Descriptions of

post-TBI sex differences are warranted in other behavioral do-

mains, in particular for neuropsychiatric symptoms such as anxiety,

depression, and aggression. Alternative species and strains may

also yield different conclusions. For example, behavioral results

from C57BL/6 females is not dependent on estrous cycle stage in

OF, rotarod, acoustic startle reflex, and tail flick test for pain, but

OF results varied by stage of cycle in Balb/C females.99 These

strain differences in effects of circulating hormones on behavior

may also have implications for post-TBI functional assessments.

Model of TBI must also be considered; CCI-induced injury gen-

erally reveals few histopathological differences between males and

females,23, 24 whereas other methods of inflicting TBI often reveal

sex differences favoring females.21,100,101

Finally, the ultimate goal of translational research is to identify

and test potential therapeutic agents for biomedical maladies.

Physiological differences between men and women, particularly in

pharmacokinetics and pharmacodynamics,102 cannot be ignored in

this context. Clinical data indicate that adverse effects of drugs are

more common and more severe in women,103 and some pre-clinical

studies also suggest differential effects of treatments, including

efficacy, on functional improvements in male and female animals

post-TBI.29,104,105 However, follow-ups to these studies often do

not confirm initial findings of sex differences in response to treat-

ment or lack of efficacy in one sex,30 emphasizing the need for

replications of basic research and pre-clinical trials. The data pre-

sented here would also benefit from replication in other laboratory

environments and using alternative and additional testing proce-

dures. However, at present, these results suggest that there are many

functional assessments that, with consideration of sex differences

in activity levels, reliably detect behavioral effects of CCI in male

and female animals equally without the need to monitor estrous

cycle stage at the time of injury and/or testing, and these tests can be

employed in the pursuit of potential TBI therapies in both male and

female animals.
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