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Abstract

The inflammatory response to moderate-severe controlled cortical impact (CCI) in adult male mice has been shown to

exhibit greater glial activation compared with age-matched female mice. However, the relative contributions of resident

microglia and infiltrating peripheral myeloid cells to this sexually dimorphic neuroinflammatory responses remains

unclear. Here, 12-week-old male and female C57Bl/6 mice were subjected to sham or CCI, and brain samples were

collected at 1, 3, or 7 days post-injury for flow cytometry analysis of cytokines, reactive oxygen species (ROS), and

phagocytosis in resident microglia (CD45intCD11b+) versus infiltrating myeloid cells (CD45hiCD11b+). Motor (rotarod,

cylinder test), affect (open field), and cognitive (Y-maze) function tests also were performed. We demonstrate that male

microglia had increased phagocytic activity and higher ROS levels in the non-injured brain, whereas female microglia had

increased production of tumor necrosis factor (TNF) a and interleukin (IL)-1b. Following CCI, males showed a significant

influx of peripheral myeloid cells by 1 day post-injury followed by proliferation of resident microglia at 3 days. In

contrast, myeloid infiltration and microglial activation responses in female CCI mice were significantly reduced. No sex

differences were observed for TNFa, IL-1b, transforming growth factor b, NOX2, ROS production, or phagocytic activity

in resident microglia or infiltrating cells at any time. However, across these functions, infiltrating myeloid cells were

significantly more reactive than resident microglia. Female CCI mice also had improved motor function at 1 day post-

injury compared with male mice. Thus, we conclude that sexually dimorphic responses to moderate-severe CCI result

from the rapid activation and infiltration of pro-inflammatory myeloid cells to brain in male, but not female, mice.
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Introduction

Traumatic brain injury (TBI) is a leading cause of mor-

bidity and mortality worldwide, affecting more than 1.7 mil-

lion individuals annually in the United States.1 The overall death

rate of TBI is roughly three times higher for males than for fe-

males,2 and only recent research has begun to address the complex

role that sex has on outcomes after TBI. Clinical data are conflicting

regarding sex differences in recovery following head injury. Some

clinical studies report better outcomes in females,3,4 whereas others

report no difference5,6 or worse outcomes in females compared

with males.7–10 Injury severity (concussion/mild vs. severe), age of

TBI onset (pediatric, pre- vs. post-menopause, geriatric), and co-

morbidities can influence brain injury outcomes in a sex-dependent

manner,11 yet existing clinical evidence for sex differences in

functional outcomes after TBI remains controversial.12

For many years, the majority of experimental TBI research has

been carried out in male subjects. Pre-clinical studies that have

compared male and female animals report mixed and unclear re-

sults with regard to effects of biological sex on secondary injury

mechanisms and TBI outcomes.13–21 Microglia and infiltrating

myeloid cells (inflammatory monocytes and neutrophils) play

central roles in acute neuroinflammatory responses following TBI,

and persistent microglial activation can lead to chronic neuro-

degeneration and loss of neurological function.22–24 However, the

role of sex differences in post-traumatic neuroinflammatory re-

sponses has been debated and the data are currently conflict-

ed.15,17,25–27 An early study reported that sex did not affect

microglial activation status in the hippocampus after moderate-

severe TBI.26 In contrast, more recent studies have demonstrated

significant sex differences in microglial and astrocyte activation

during acute phase responses after moderate-severe TBI.25,28,29
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Nevertheless, all studies to date have used immunohistochemical

assessments that provide excellent spatial and morphological res-

olution of post-traumatic neuroinflammation, but are limited in

their ability to provide phenotypic and functional assessments of

immune cell function in either resident (microglia) or infiltrating

(myeloid, lymphocytes) cells in the central nervous system (CNS).

Flow cytometry approaches can distinguish microglia from infil-

trating myeloid cells in the brain based on the relative expression of

the CD45 antigen, and provide the added advantage of assessing

functional responses ex vivo.30–32

In the present study, we used advanced flow cytometry ap-

proaches to investigate phenotypic and functional responses in

microglia and infiltrating myeloid cells following moderate-severe

TBI in adult male and female C57Bl/6 mice in order to provide

novel insight into sex differences in post-traumatic neuroinflam-

mation. We also performed motor and cognitive function assess-

ments in sham and TBI mice during the acute phase post-injury to

correlate changes in post-traumatic neuroinflammation with neu-

rological outcomes. Studies have recently demonstrated that infil-

trating myeloid cells promote a robust acute neuroinflammatory

response to TBI22,33–36; therefore, we hypothesized that peripherally-

derived myeloid cells initiate acute neuroinflammatory responses

in the injured brain, which are sexually dimorphic and exaggerated

in males compared with female TBI mice. Our data show that

although microglia in males and females have similar functional

responses following TBI, there are significant sex differences in

peripheral immune activation and infiltration after TBI that are

associated with transient sex differences in acute neurobehavioral

outcomes.

Methods

Animals

Young adult male and female C57BL/6 mice (12 weeks old)
from Taconic Biosciences (Germantown, NY) were housed on
standard bedding in a specific pathogen free facility (12 h light/dark
cycle). All animals had access to chow and water ad libitum. An-
imal procedures were performed in accordance with National In-
stitutes of Health guidelines for the care and use of laboratory
animals, and approved by the Animal Care Committee of the
University of Maryland School of Medicine. The average body
weight at the time of injury was 26.3 – 0.7 g for males and
20.3 – 0.3 g for females. We used random cycling of female mice to
better reflect clinical applicability. We measured 17b-estradiol in
the serum of females and males by enzyme-linked immunosorbent
assay (ELISA) assay (Cayman Chemicals Corporation; 17b-
estradiol; Ann Arbor, MI) according to manufacturer’s instructions.
Sham and controlled cortical impact (CCI) male and female mice at
1, 3, and 7 days post-injury (randomly selected n = 4/group) were
analyzed (Table 1), and males had significantly reduced 17b-
estradiol levels than females at each time-point ( p < 0.05). Notably,
sham and CCI females had equivalent levels of estradiol at each
time-point, indicating random cycling and no effect of TBI on 17b-
estradiol levels

Controlled cortical impact

Our custom-designed CCI injury device consists of a
microprocessor-controlled pneumatic impactor with a 3.5 mm di-
ameter tip. Briefly, mice were anesthetized with isoflurane evapo-
rated in a gas mixture containing 70% N2O and 30% O2 and
administered through a nose mask. Mice were placed on a heated
pad and core body temperature was maintained at 37�C. The head
was mounted in a stereotaxic frame, a 10-mm midline incision was
made over the skull and the skin and fascia were reflected. A 5-mm

craniectomy was made on the central aspect of the left parietal
bone. The impounder tip of the injury device was then extended to
its full stroke distance (44 mm), positioned to the surface of the
exposed dura, and reset to impact the cortical surface. Moderate-
level CCI was induced using an impactor velocity of 6 m/sec and
deformation depth of 2 mm. After injury, the incision was closed
with interrupted 6-0 silk sutures, anesthesia was terminated, and the
animal was placed into a heated cage to maintain normal core
temperature for 45 min post-injury. Sham animals underwent the
same procedure as CCI mice except for craniectomy and cortical
impact.31

Flow cytometry

Immediately after mice were euthanized using Euthasol (Virbac
Corp., Fort Worth, TX), blood (200 lL) was drawn by cardiac
puncture with heparinized needles and later spun down for plasma
analysis. Following transcardial perfusion with 60 mL of ice-cold
sterile PBS, the brains were removed and the ipsilateral hemisphere
was processed by mechanical disruption on a 70-lm filter screen
and resuspended in a total of 5 mL of RPMI (Lonza Group, Basel,
Switzerland). Papain (Sigma-Aldrich, St. Louis, MO), DNase II
(Sigma), and Collagenase (Sigma) were added to the brain sus-
pension and incubated on a shaker for 1 h at 37�C for mechanical
and enzymatic digestion of the brain tissue. After incubation, leu-
kocytes were separated from other brain cells by a Percoll gradient
(GE Healthcare, Little Chalfont, U.K.).

Leukocytes were then washed and blocked with mouse Fc
Block (clone 93; eBioscience, San Diego, CA) prior to staining
with primary antibody-conjugated fluorophores including CD45-
eF450 (30-F11), CD11b-APCeF780 (M1/70), TNF-PE-Cy7 (MP6-
XT22), IL-1b-PerCP-eF710 (NJTEN3; eBioscience), transforming
growth factor (TGF) b-APC (TW7-16B4; Biolegend, San Diego,
CA), NOX2-gp91-A647 (BIOSS, Boston, MA), and H2AX pS139-
PE, MACS Miltenyi Biotec (130-107-585; Bergisch Gladbach,
Germany). For live/dead cell discrimination, a fixable viability dye,
Zombie AquaTM (Biolegend), was dissolved in dimethyl sulfoxide
(DMSO) according to the manufacturer’s instructions and added to
cells in a final concentration of 1:50. Data were acquired on a LSRII
using FACsDiva 6.0 (BD Biosciences, San Jose, CA) and analyzed
using FlowJo (Tree Star, San Carlos, CA). A standardized gating
strategy was used to identify microglia (CD45intCD11b+Ly6C-)
and infiltrating myeloid (CD45hiCD11b+Ly6C+) populations as
shown (Supplementary Fig. 1; see online supplementary material at
http://www.liebertpub.com). Hereafter, these cells will be abbre-
viated and referred to as CD45int microglia and CD45hi infiltrating
myeloid cells. Cell-specific fluorescence minus one (FMO) con-
trols were used to determine the positivity of each antibody. The
entirety of each sample are run through the cytometer until there are
zero events to obtain an absolute cell count/hemisphere.

Table 1. 17b-Estradiol Levels in Sham and CCI Male

and Female Mice

17b-estradiol in pg/mL – SEM

Sham 1 dpi 3 dpi 7 dpi

Male 48.3 – 6.2 53.4 – 5.3 53.0 – 2.4 42.8 – 1.6
Female 72.3 – 15.3 72.8 – 13.8 64.7 – 6.7 62.03 – 12.2

17b-Estradiol was measured from serum of males and females sham and
CCI across each time-point (n = 4 per group). Females mice had significantly
higher 17b-estradiol levels compared with male mice ( p < 0.05). Levels of
17b-estradiol in females were the same in the sham and CCI groups across
each time-point, indicating no injury effect on plasma 17b-estradiol levels
( p > 0.05). 17b-estradiol levels are expressed in pg/mL (mean – SEM).

CCI, controlled cortical impact; SEM, standard error of the mean; dpi,
days post-injury.
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For intracellular cytokine staining, leukocytes were collected as
described above, and 1 lL of GolgiPlug containing brefeldin A (BD
Biosciences) was added to 500 lL complete RPMI. Cells were
resuspended in Fc Block, stained for surface antigens and washed in
100 lL of fixation/permeabilization solution (BD Biosciences) for
20 min. Cells were then washed twice in 500 lL Permeabilization/
Wash buffer (BD Biosciences) and resuspended in an intracellular
antibody cocktail of cytokine antibodies and fixed. To measure
reactive oxygen species levels, leukocytes were incubated with
dihydrorhodamine (DHR) 123 (5mM; 1:500 in RPMI; Ex/Em: 500/
536), a cell-permeable fluorogenic probe (Life Technologies, In-
vitrogen). DHR123 passively diffuses into cells and is oxidized by
peroxide and peroxynitrite, causing a reaction that produces a green
fluorescence.37 Cells were loaded for 20 min in a 37�C water bath,
washed twice with FACS buffer (without NaAz), then stained
for surface markers including viability dye and subsequently fixed
in paraformaldehyde (PFA). Phagocytic activity was assessed as
described before with minor modification.31 Briefly, Texas-red
fluorescent carboxylate-modified polystyrene latex beads (0.5 lm
mean diameter; Sigma) were added to freshly isolated cells in a
final dilution of 1:500 (in RPMI). After 1 h incubation in a 37�C
water bath, the cells were washed three times, re-suspended in
FACS buffer, stained for surface markers and viability dye, and
fixed in PFA. Ex vivo flow cytometry studies were performed by an
investigator blinded to sex and surgical condition.

Neurobehavioral testing

Sham and CCI mice underwent a battery of neurological tests,
including Rotarod, Cylinder, Open field, and Y-maze tests as out-
lined below. Investigators were blinded to surgical condition during
testing and analysis.

Rotarod. Motor function was assessed in sham and CCI mice
at baseline (day 0), and 1, 2, and 3 days post-injury using an ac-
celerating rotarod test (Ugo-Basile, Collegeville, PA).38,39 In brief,
in each trial the rotarod accelerated from 4 to 60 RPM over a period
of 3 min. Mice were trained on the rotarod test for 2 days prior to
sham or CCI surgery, and each mouse had three trials per day. La-
tency to fall from the rod (or cling to and rotate with the rod for two
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. Scores from the three trials on each testing day were
averaged to give a single score for each mouse on each testing day.

Cylinder test. Forearm preference was assessed by the cyl-
inder test on Day 2 post-injury as previously described.40,41 This
test evaluates forelimb use asymmetry following acute brain injury.
The mouse was placed in a clean and transparent 2-liter glass
beaker. A mirror was placed behind the beaker and the mouse was
videotaped throughout the test. Forelimb use of the first contact
against the wall after rearing and during lateral exploration was
recorded. Forelimb use was scored using described criteria: 1) the
first forelimb to contact the wall during a full rear was recorded as
an independent wall placement for that limb; 2) simultaneous use of
both the left and right forelimb by contacting the wall of the cyl-
inder during a full rear and for lateral movements along the wall
was recorded as ‘‘both’’ movement; 3) after the first forelimb (for
example right forelimb) contacted the wall and then the other
forelimb was placed on the wall, but the right forelimb was not
removed from the wall, a ‘‘right forelimb independent’’ movement
and a ‘‘both’’ movement were recorded; however, if the other (left
forelimb) made several contacting movements on the wall, a ‘‘right
forelimb independent’’ movement and only one ‘‘both’’ movement
was recorded; and 4) when the mouse explored the wall laterally,
alternating both forelimbs, it was recorded as a ‘‘both’’ move-
ment.’’40 A total of 20 movements were recorded during the 10-min
test. The final score = (nonimpaired forelimb movement - impaired

forelimb movement)/(nonimpaired forelimb movement + impaired
forelimb movement + both movement).

Open field. The open field test was performed on Day 6 post-
injury to assess locomotor activity as previously described.42 Sham
and CCI mice were individually placed in a corner facing the wall
of the open field chamber (22.5 · 22.5 cm), and allowed to freely
explore the chamber for 5 min. The distance traveled and average
speed was recorded by Any-Maze tracking software (Stoelting Co.,
Wood Dale, IL).

Y-maze spontaneous alternation. The Y-maze spontane-
ous alternation behavior test, to assess hippocampal-dependent
working (short-term) memory, was performed on Day 5 post-
injury, as previously described.32 Briefly, the Y-maze (Stoelting
Co.) consisted of three identical arms, each arm 35 cm long, 5 cm
wide, and 10 cm high, at an angle of 120� with respect to the other
arms. One arm was randomly selected as the ‘‘start’’ arm, and the
mouse was placed within and allowed to explore the maze freely for
5 min. Arm entries (arms A-C) were recorded by analyzing mouse
activity using ANY-maze tracking software (Stoelting Co.). An
arm entry was attributed when all four paws of the mouse entered
the arm, and an alternation was designated when the mouse entered
three different arms consecutively. The percentage of alternation
was calculated as follows: total alternations · 100/(total arm entries
-2). If a mouse scored significantly >50% alternations (the chance
level for choosing the unfamiliar arm), this was indicative of
hippocampal-dependent working memory.

Estradiol measurement

17b-estradiol was measured in plasma from sham and CCI mice
at each time-point using an ELISA assay (Cayman Chemical
Company, Ann Arbor, MI). Plasma 17b-estradiol levels were de-
termined according to the manufacturer’s instructions and ex-
pressed as mean – standard error of the mean (SEM).

Statistical analyses

Data from individual experiments were analyzed for normal
distribution and are presented as mean – SEM. Baseline differences
in ex vivo microglial functional responses were determined by
unpaired t-test. Behavioral differences on Rotarod were analyzed
by two-way analysis of variance (ANOVA) with repeated measures
and a Tukey post hoc analysis. Cylinder, Y maze, and Open field
tests were analyzed by two-way ANOVA with a Tukey post hoc for
multiple comparisons. Myeloid and microglial cell functional re-
sponses over time were analyzed by a two-way ANOVA with a
Tukey post hoc analysis. Myeloid versus microglial cell compari-
sons were analyzed per time-point by one-way ANOVA with Tu-
key post hoc analysis. Raw data (mean fluorescence intensities)
were converted into a ratio of CD45himyeloid:CD45intmicroglial
functional responses and are presented in Figure 5. Sex differences
in plasma 17b-estradiol levels were analyzed by Student’s test at
each time-point. Statistical analysis was performed using GraphPad
Prism Software v. 6.0 (GraphPad Software, Inc., La Jolla, CA), and
a p < 0.05 was considered statistically significant.

Results

Microglial functional responses differ
at baseline between male and female mice

To establish baseline microglial function in adult male and female

mice, we used flow cytometry and an established gating strategy for

viable microglia (CD45intCD11b+Ly6C-; Supplementary Fig. 1)30,35

to assess microglial morphological features and functional re-

sponses. Analysis of microglial size, as defined by forward scatter
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(FSC), revealed a significant increase in cell size in females com-

pared with males ( p < 0.01; Fig. 1A), whereas microglial cellular

granularity, defined by side scatter, was not different between male

and females at baseline ( p > 0.05; Fig. 1B). We then assessed mi-

croglial functional responses and their ability to produce ROS and

cytokines, as well as phagocytose inert latex beads. Our ex vivo

analysis revealed that female microglia had decreased phagocytic

activity and lower ROS levels ( p < 0.05 and p < 0.01 respectively),

compared with male microglia (Fig. 1C, 1D). Analysis of cytokine

production in microglia showed that despite no sex difference in anti-

inflammatory TGFb production at baseline ( p > 0.05; Fig. 1E), there

was a significant increase in pro-inflammatory TNFa and IL-1b
production in microglia from females compared with males

( p < 0.05; Fig. 1F, 1G). Therefore, our data demonstrate that adult

male and female microglia have different baseline characteristics

that may reflect sex-specific homeostatic functions. Under homeo-

static conditions, male microglia have greater phagocytic potential

and higher oxidative stress levels, whereas female microglia are

larger in size and exhibit elevated levels of TNFa and IL-1b.

Robust proliferation of resident microglia is preceded
by early infiltration of peripheral myeloid cells
in the injured brain of male mice compared
with female mice

To provide novel insight into sex-dependent effects on the

neuroinflammatory response during the acute phase post-injury, we

examined the functional dynamics of resident microglia (CD45int

CD11b+) and infiltrating myeloid cells (CD45hiCD11b+). We in-

duced moderate-level CCI in adult male and female mice, and

euthanized cohorts of injured mice at 1, 3, and 7 days post-injury

(dpi) along with time-point matched sham mice (pooled) for phe-

notypic and functional analyses. Representative dot plots show that

under sham conditions, the majority of cells in the brain are resident

microglia (> 90% CD45intCD11b+; Fig. 2A). Within one day of

TBI, there is a significant influx of peripherally derived CD45hi

myeloid cells (14%; Fig. 2A).

Statistical analysis of CD45hi myeloid cell counts (infiltrating

myeloid cells) revealed an effect of TBI [F(3,130) = 8.255; p <
0.0001)] and sex [F(3,130) = 46.84; p < 0.0001]. Specifically, there

was a robust and significant increase in the number of peripherally

derived CD45hi myeloid cells in the injured brain at 1 and 3 days

post-injury ( p < 0.001 vs. sham; Fig. 2B). At 7 days post-injury the

numbers of CD45hi myeloid cells in the injured brain returned to

sham levels. Notably, post-hoc analyses revealed a sex-dependent

effect on CD45hi myeloid cell infiltration at 1 day post-injury, with

significantly increased numbers of cells in the injured brain of

males versus females ( p < 0.0001 vs. female TBI 1dpi; Fig. 2B).

The levels of infiltrating CD45hi myeloid cells in the brains of

males and females were equivalent at 3 and 7 days post-injury.

Statistical analysis of CD45int cell counts (microglia) revealed

an effect of TBI [F(3,230) = 9.326; p < 0.0001)] and sex [F(1,230) =
4.842; p = 0.0288]. Specifically, CD45int cell count analysis dem-

onstrated a significant increase in microglial cell number at 3 and

7 days post-injury ( p < 0.05 vs. sham; Fig. 2C), indicative of robust

proliferative response to injury at these time-points. There was

a sex difference on microglial activation at 3 days post-injury, but

it failed to reach statistical significance in post hoc analysis

( p = 0.0781, male TBI 3 dpi vs. female TBI 3 dpi; Fig. 2C). Thus,

our analysis revealed an early and robust CD45hi myeloid cell in-

filtration response in the brain of male mice compared with female

mice at 1 day post-injury, as well as exaggerated microglial pro-

liferation at 3 days post-injury. By 7 days post-injury, the levels of

peripheral myeloid cell infiltration and microglial numbers were

similar between male and female mice.

Microglial phenotypic or functional responses
after TBI are not significantly altered by sex

We next evaluated the expression level of various pro- and anti-

inflammatory cytokines (TNFa, IL-1b, and TGFb), as well as the

nicotinamide adenine dinucleotide phosphate oxidase subunit

NOX2, in microglia from sham and TBI mice. Statistical analysis

revealed an effect of TBI for each marker [TNFa: F(3,104) = 51.38,

p < 0.0001; IL-1b: F(3,75) = 78.51, p < 0.0001; TGFb: F(3,74) =
16.26, p < 0.0001; NOX2: F(3,74) = 32.02, p < 0.0001], and an ef-

fect of Sex for IL-1b and TGFb only [TNFa: F(1,104) = 1.607,

p = 0.2077; IL-1b: F(1,75) = 5.755, p = 0.0189; TGFb: F(1,75) =
8.689, p = 0.0043; NOX2: F(1,74) = 0.2727, p = 0.6031]. Specifi-

cally, following a moderate-level CCI, microglia up-regulated pro-

inflammatory TNFa, IL-1b and anti-inflammatory TGFb, starting

at 1 day post-injury ( p < 0.05 – p < 0.0001 vs. sham; Fig. 3A-C),

and NOX2 starting at 3 days post-injury ( p < 0.0001 vs. sham;

Fig. 3D). Injury-induced levels of TNFa, IL-1b, and NOX2 were

elevated through 7 days post-injury ( p < 0.01 – p < 0.0001 vs.

sham); however, TGFb returned to sham levels by 7 days post-

injury. There were no sex differences in microglial TNFa, IL-1b, or

NOX2 levels at any time-point (Fig. 3A, 3B, and 3D). However,

at 1 day post-injury, there was a significant decrease in TGFb
expression in female microglia ( p = 0.0003 vs. male TBI 1 dpi;

Fig. 3C); thereafter, female levels normalized to male TGFb levels

at 3 and 7 days post-injury.

We then assayed injury-induced microglial ROS production and

phagocytosis activity in sham and TBI mice. Statistical analysis

revealed an effect of TBI [ROS: F(3,74) = 42.74, p < 0.0001;

phagocytosis: F(3,60) = 65.11, p < 0.0001], but no effect of sex

[ROS: F(1,74) = 1.002, p = 0.3201; phagocytosis: F(1,60) = 0.2543,

p = 0.6159]. Specifically, TBI resulted in increased microglial ROS

production at 1 day post-injury ( p = 0.0036 vs. sham; Fig. 3E) and

phagocytic activity at 1 and 3 days post-injury ( p < 0.0001 vs.

sham; Fig. 3E, 3F), before both functional markers returned to sham

levels at 7 days post-injury. There were no sex differences in mi-

croglial ROS production or phagocytic function at any time-point

(Fig. 3E, 3F). Finally, because elevate oxidative stress levels and

pro-inflammatory cytokines can lead to apoptosis and cell death,

we measured DNA damage in microglia at 7 days post-injury using

phosphorylated (s139) H2AX, a histone complex that marks im-

paired DNA. Statistical analysis revealed an effect of TBI

[F(1,21) = 17.77, p = 0.0004], but no effect of sex [F(1,21) = 4.142e-

005, p = 0.9949; Fig. 3G) on H2AX phosphorylation in microglia.

Sex does not alter cytokine, ROS, or phagocytosis
levels in infiltrating myeloid cells after TBI

We then evaluated expression levels of TNFa, IL-1b, TGFb, and

NOX2 in peripherally derived CD45hi myeloid cells in the brain of

male and female TBI mice at 1, 3, and 7 days post-injury. Sham

mice do not accumulate CD45hi myeloid cells in the brain (Fig. 2A)

and were not included in this analysis. Statistical analysis revealed

an effect of TBI for each marker [TNFa: F(2,71) = 82.35, p <
0.0001; IL-1b: F(2,74) = 53.69, p < 0.0001; TGFb F(2,51) = 110.6,

p < 0.0001; NOX2: F(2,51) = 103, p < 0.0001], and an effect of sex

for TNFa only [TNFa: F(1,71) = 12.67, p = 0.0007; IL-1b: F(1,74) =
0.5305, p = 0.4687; TGFb: F(1,51) = 2.561, p = 0.1157; NOX2:

F(1,51) = 1.242, p = 0.2703]. There was a robust up-regulation

SEX DIFFERENCES IN NEUROINFLAMMATION FOLLOWING TBI 1043



FIG. 1. Basal microglial function in adult male and female mice. Flow cytometry analysis of adult microglia isolated from male and female
brains without any surgical condition demonstrated a significant difference in size as measured by forward size scatter (FSC) (A), but showed
no sex differences in granularity as measured by side scatter (SSC) (B). Male microglia demonstrated increased levels of phagocytosis as
measured by mean fluorescence intensity (MFI) of 0.5 lm latex bead uptake when compared with female microglia (C). Male microglia
exhibited higher reactive oxygen species levels as measured by dihydrorhodamine (DHR) 123 MFI (D). Analysis of intracellular cytokines
demonstrated that male and female microglia produced similar levels of transforming growth factor (TGF) b (E). However, female microglia
produced more tumor necrosis factor (TNF) a and interleukin (IL)-1b compared with male microglia as measured by MFI (F, G). Student t-
test, *p < 0.05; mean – standard error of the mean; n = 12-15/group. Color image is available online.
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FIG. 2. Time course of peripheral myeloid cell infiltration and microglial activation in male and female mice following controlled
cortical impact (CCI). Flow cytometry analysis of brains from male and female mice from sham and CCI through 7 days post-injury.
Representative dot plots at 1 day post-injury demonstrated that in male and female traumatic brain injury (TBI), there are similar numbers
of microglia (CD45intCD11b+), but more infiltrating myeloid cells (CD45hiCD11b+) in male TBI (A). Both males and females showed a
significant injury effect in the number of infiltrating cells in the brain compared with sham at 1 (***) and 3 (***) days post-injury;
however, there were significantly more infiltrating myeloid cells in the male TBI brain at 1 day post-injury compared with the female TBI
brain (+++) (B). When compared with sex-matched shams, TBI resulted in a significant increase in numbers of microglia both in male and
female TBI brains at 3 (*) and 7 (*) days post-injury. Sex and injury effects were analyzed by two-way analysis of variance, and Tukey
post hoc analysis was performed for multiple comparisons where *p < 0.05, ***p < 0.01 for Sham vs. TBI, +p < 0.05, +++p < 0.001 for male
vs. female. Mean – standard error of the mean; n = 8-15/group. Color image is available online.
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of TNFa and IL-1b in CD45hi myeloid cells in the brain follow-

ing TBI, with highest protein expression levels of both pro-

inflammatory cytokines at 1 day post-injury, and reduced expression

at 3 and 7 days post-injury (TNFa, IL-1b: p < 0.05 – p < 0.0001 for

1 dpi vs. 3 dpi; p < 0.0001 for 1 dpi vs. 7 dpi; Fig. 4A, 4B). A sex

difference in TNFa expression in infiltrating CD45hi myeloid cells

was observed, with increased TNFa in female TBI compared with

male TBI mice at 1 day post-injury ( p = 0.0043 vs. male TBI 1 dpi;

Fig. 4A), but not at later time-points. There was no sex difference in

IL-1b expression across all time-points (Fig. 4B). There was a

delayed but robust increase in anti-inflammatory TGFb in CD45hi

myeloid cells in the brain following TBI (Fig. 4C). At 1 day post-

injury, there were few CD45hi TGFb + myeloid cells in the brain,

but TGFb was greatly increased in CD45hi myeloid cells at 3 and

7 days post-injury ( p < 0.0001 for 1 dpi vs. 3 dpi; p < 0.0001 for

1 dpi vs. 7 dpi; Fig. 4C); there was no sex difference in TGFb ex-

pression at any time-point.

NOX2 was highly expressed in CD45hi myeloid cells within

1 day of TBI, and there was a significant increase in NOX2 ex-

pression at 7 days post-injury ( p < 0.0001 for 1dpi vs. 7 dpi;

Fig. 4D). There was no sex difference in NOX2 expression at any

time-point. We then assessed ROS production and phagocytic ac-

tivity in infiltrating CD45hi myeloid cells and statistical analysis

revealed an effect of TBI [ROS: F(2,50) = 37.59, p < 0.0001;

phagocytosis: F(2,41) = 11.47, p < 0.0001], but no effect of sex

[ROS: F(1,50) = 0.0032, p = 0.9549; phagocytosis: F(1,41) = 0.01574,

p = 0.9008]. Functional analysis of ROS production in CD45hi

myeloid cells demonstrated high ROS levels in peripherally de-

rived cells in the brain at 1 and 3 days post-injury, and peak ROS

production in CD45hi myeloid cells was observed at 7 days post-

injury ( p < 0.001 for 1 dpi vs. 7 dpi; Fig. 4E). There was no sex

difference in ROS production at any time-point. Finally, periph-

erally derived CD45hi myeloid cells were highly phagocytic after

TBI, with increased phagocytic activity in infiltrating CD45hi

myeloid cells at 1, 3, and 7 days post-injury ( p < 0.05 for 1 dpi vs.

7 dpi; Fig. 4F). There was no sex difference in CD45hi myeloid

phagocytic activity at any time-point.

Infiltrating myeloid cells are the predominant producers
of inflammatory cytokines and ROS, and exhibit high
phagocytic activity during acute brain injury

Our flow cytometry analyses demonstrated that despite resi-

dent microglia and infiltrating myeloid cells releasing cytokines,

producing high levels of ROS, and having enhanced phago-

cytic activity during the acute phase after TBI, the effect of sex on

these functional outcome measures was minor. To determine

whether relative numbers of infiltrating myeloid cells with a pro-

inflammatory and reactive phenotype could be responsible for a

divergent neuroinflammatory response to TBI in males versus fe-

male mice, we compared expression levels of cytokines, ROS and

phagocytosis in microglia (CD45int) and infiltrating myeloid cells

(CD45hi) at 1, 3, and 7 days post-injury (Fig. 5). At 1 day post-

injury, peripherally derived CD45hi myeloid cells in the brain were

producing 3-5 times more TNFa and IL-1b compared with mi-

croglia (TNFa, IL-1b: p < 0.001 CD45hi vs. CD45int; Fig. 5).

CD45hi myeloid cells also produced more NOX2 and ROS, and this

was associated with increased phagocytic activity when compared

with levels in resident CD45int microglia (NOX2, ROS, phagocy-

tosis: p < 0.001 CD45hi vs. CD45int). Peripherally derived CD45hi

myeloid cells also produced higher levels of cytokines, NOX2/

ROS, and had greater phagocytic activity than microglia at 3 and

7 days post-injury (All: p < 0.001 CD45hi vs. CD45int).

Of note, while there were significantly fewer CD45hi myeloid

cells infiltrating the injured brain at 7 days post-injury ( p < 0.01

CD45hi 1dpi vs. 7 dpi; Fig. 2B), those that did accumulate in the

injured brain at 7 days produced >5 times more ROS than the

resident CD45int microglia. Therefore, given sex differences in

CD45hi myeloid cell infiltration at 1 day post-injury (Fig. 2B), the

influx of CD45hi myeloid cells with an increased pro-inflammatory

and ROS phenotype may be responsible for the exaggerated neu-

roinflammatory responses in male mice compared with female

mice acutely after TBI.

Female mice exhibit reduced motor coordination
deficits acutely after TBI

To correlate brain immune function with neurological recovery,

sham and CCI mice underwent a battery of neurobehavioral tests to

assess motor and cognitive function. Assessment of motor co-

ordination using an accelerating Rotarod test revealed TBI

[F(3,114) = 9.152, p < 0.0001] and sex [F(3,38) = 10.15, p < 0.0001]

effects on motor function. When compared with sham levels, TBI

mice spent significantly reduced time on the accelerating Rotarod

on days 1, 2, and 3 post-injury ( p < 0.01 – p < 0.0001 vs. sham;

Fig. 6A). Notably, female TBI mice performed significantly better

than male TBI mice at 1 day post-injury and spent increased time on

the Rotarod ( p = 0.038 vs. male TBI 1 dpi). Sex differences in acute

motor performance were transient because male and female TBI

mice had equal Rotarod latencies on Days 2 and 3 post-injury.

We also assessed forelimb function using a Cylinder test on Day

2 post-injury. Statistical analysis revealed a TBI effect [F(1,31) =

FIG. 3. Microglial functional responses to controlled cortical impact (CCI) are minimally altered by biological sex. Flow cytometry
analysis of resident microglia (CD45intCD11b+) in male and female mice from sham and (CCI) through 7 days post-injury. Traumatic
brain injury (TBI) significantly increased microglial tumor necrosis factor (TNF) a in males and females at each post-injury time-point
(***), but TNFa production was independent of sex (A). In both sexes, microglial interleukin (IL)-1b production was significantly
increased at 1 (*), 3 (***), and 7 (***) days post-injury compared with sex-matched shams. Two-way analysis of variance (ANOVA)
demonstrated an effect of sex, but post hoc time-point differences were not significant (B). Microglial transforming growth factor (TGF) b
was significantly increased at 1 (***) and 3 (***) days post-injury in both males and females; however, male microglia produced
significantly more TGFb than female microglia at 1 day post-injury (+++) (C). Microglial NOX2 was significantly increased at 3 (***) and
7 (***) days post-injury in both males and females; but NOX2 expression in microglia was independent of sex (D). Examination of
microglial reactive oxygen species (ROS) production demonstrated a significant increase in ROS production at 1 day post-injury (**), and a
decrease in ROS production at 7 days post-injury (***) in both sexes; however, ROS production following TBI was independent of sex
(E). Microglial phagocytic activity was significantly increased at 1 (***) and 3 (***) days post-injury compared with sham, but phagocytic
activity was independent of sex (F). Levels of microglial phosphorylated H2AX were significantly increased at 7 (*) days post-injury
compared with sham, but was independent of sex (G). Sex and injury effects were analyzed by two-way ANOVA, and Tukey post hoc
analysis was performed for multiple comparisons where +p < 0.05, +++p < 0.01 for male vs. female, *p < 0.05, **p < 0.01, ***p < 0.001 for
Sham vs. TBI. Mean – standard error of the mean; n = 8-15/group. Color image is available online.

‰

1046 DORAN ET AL.



87.75, p < 0.0001], but no sex effect [F(1,31) = 0.0005, p = 0.9818]

in forelimb function (Fig. 6B). We also assessed locomotor activity

in sham and TBI mice at 6 days post-injury using an open field test.

Statistical analysis revealed a sex effect in speed [F(1,35) = 7.332,

p = 0.0104] and distance travelled [F(1,35) = 7.595, p = 0.0092] in

the open field, but no TBI effects [speed: F(1,35) = 1.068, p =
0.3085; distance: F(1,35) = 0.9266, p = 0.3423; Fig. 6C]. We also

tested hippocampal-dependent spatial working memory in sham

and TBI mice using a Y-maze task on Day 5 post-injury. Statis-

tical analysis revealed a TBI effect [F(1,33) = 7.297, p = 0.0108),

but no sex effect [F(1,33) = 0.00133, p = 0.9710; Fig. 6D] in the Y-

maze test. Therefore, neurobehavioral testing demonstrated acute

and transient improvements in motor coordination in female TBI

mice compared with male TBI mice at Day 1 post-injury, and

equal performance between sexes in all other motor and cognitive

tasks.
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FIG. 4. Peripheral myeloid cell functional responses to controlled cortical impact (CCI) are not altered by biological sex. Flow cytometry
analysis of infiltrating myeloid cells (CD11b+CD45hi) in male and female mice from sham and CCI through 7 days post-injury. In infiltrating
myeloid cells, traumatic brain injury (TBI) increased tumor necrosis factor (TNF)a protein expression in males and females at each post-injury
time-point. TNFa was significantly increased in females compared with males at 1 day post-injury (+) (A). TBI increased myeloid cell IL-1b
protein at each post-injury time-point in males and females; however, these effects were independent of sex. Myeloid cell IL-1b levels
decreased significantly over time (B). TBI increased myeloid cell transforming growth factor (TGF) b protein at each post-injury time-point in
males and females; however, these effects were independent of sex (C). TBI increased myeloid cell NOX2 protein at each post-injury time-
point in males and females, however, these effects were independent of sex (D). TBI increased myeloid cell reactive oxygen species levels at
each post-injury time-point in males and females; however, these effects were independent of sex (E). TBI increased myeloid cell phagocytic
activity at each post-injury time-point in males and females; however, these effects were independent of sex (F). Sex and injury effects were
analyzed by two-way analysis of variance, and Tukey post hoc analysis was performed for multiple comparisons where +p < 0.05 for male vs.
female. Mean – standard error of the mean; n = 8-15/group. Color image is available online.
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Discussion

To our knowledge, this is the first pre-clinical study to directly

compare the effect of TBI on infiltrating versus resident macro-

phage responses in age-matched sexually mature male and female

adult mice. Here, using advanced flow cytometry and neurobeha-

vioral testing, we demonstrated that female mice had significant,

albeit transient, improvements in acute neurological function after

TBI, which were associated with significantly reduced peripheral

myeloid cell infiltration into the injured brain at 1 day post-injury

and reduced microglial proliferation at 3 days post-injury. Thus,

our flow cytometry analysis confirms prior histological studies that

demonstrated sexually dimorphic neuroinflammatory responses

acutely after TBI, with injured male mice displaying faster and more

pronounced microglial/macrophage activation responses following

moderate-severe CCI, compared with female mice.29

Although sex differences in leukocyte extravasation and mi-

croglial proliferation after TBI were short-lived, our study also

demonstrated basal sex differences in microglial function such that

male microglia had increased ROS production and greater phago-

cytic activity, whereas female microglia had an increased ability to

produce pro-inflammatory cytokines (TNFa, IL-1b). Despite the

observed baseline differences, we did not detect major sex differ-

ences in microglial functional responses, including pro- and anti-

inflammatory cytokine production, ROS release, or phagocytic

activity at any time-point after TBI. However, when we assessed

myeloid cell infiltration dynamics following TBI, significantly more

peripheral immune cells trafficked to the injured brain of male versus

female mice. Importantly, these cells expressed higher levels of pro-

inflammatory cytokines, produced more NOX2/ROS, and had greater

phagocytic activity than resident microglia at each time-point.

The majority of prior experimental studies that investigated

neuroinflammatory responses following TBI have used histological

approaches that do not adequately discriminate between resident

microglia and infiltrating myeloid cells in the brain, because

commonly used antibodies recognize antigens that are expressed on

both resident (microglia) and infiltrating myeloid cells (e.g. Iba1).

Similar to our study, these histological studies demonstrated sexual

dimorphism in neuroinflammatory responses during the acute pe-

riod post-injury (4-72 h), with both sexes reaching similar levels of

glial activation by 3 days post-injury.29 Flow cytometry overcomes

these limitations and can provide multi-dimensional phenotypic

and functional assessments in resident (microglia) versus infiltrating

immune cells (myeloid cells and lymphocytes),30,31,42,43 thereby

providing cell-specific functional readouts of neuroinflammation

after TBI.

In resident CNS myeloid cells (CD45intCD11b+ microglia), we

demonstrated that microglial phagocytic activity and ROS pro-

duction were robustly increased following TBI and remained ele-

vated through 3 days post-injury. Pro-inflammatory cytokines

TNFa and IL-1b also were increased in microglia within 1 day of

TBI, and remained elevated through 7 days post-injury. In addition,

levels of NOX2, the enzyme complex responsible for ROS pro-

duction in phagocytes, were significantly increased in microglia at

3 and 7 days post-injury. In comparison to pro-inflammatory cy-

tokine levels, baseline levels of microglial anti-inflammatory TGFb

FIG. 5. Infiltrating peripheral myeloid cells produce high levels of inflammatory cytokines and reactive oxygen species (ROS), and have
high phagocytic activity following controlled cortical impact. Comparison of infiltrating myeloid cells (CD45hi) versus resident microglial
(CD45int) levels of tumor necrosis factor (TNF) a, interleukin (IL)-1b, transforming growth factor (TGF) b, NOX2, ROS, and phagocytosis at
each post-injury time-point. Males and females MFI values for each marker are represented at each time-point (1, 3, and 7 days post-injury)
and are expressed as a relative CD45hi myeloid / CD45int microglia levels. After traumatic brain injury (TBI), infiltrating myeloid cells express
higher levels of TNFa, IL1b, TGFb, and NOX2 protein, produce more ROS, and have greater phagocytic ability than resident microglia at
each time-point. Student’s t-test, p < 0.01 for all comparisons; n = 6-12/group. Color image is available online.
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FIG. 6. Acute neurobehavioral outcomes in adult male and female mice following controlled cortical injury. Sham and controlled
cortical impact (CCI) male and female mice underwent neurobehavioral testing through 7 days post-injury. (A) In the Rotarod test,
traumatic brain injury (TBI) induced impairments in motor function in males and female mice through 3 days post-injury (*) when
compared with sham mice. At 1 day post-injury, female TBI mice had reduced motor function deficits when compared with male TBI
mice (+). (B) In the cylinder test, both male and female TBI mice showed a significant preference for the ipsilateral paw placement (***)
compared with sham mice, indicating a TBI-induced impairment in forelimb function. However, deficits in forelimb function were
independent of sex. (C) In the open field test, sham female mice had significantly increased average speed and travelled greater distances
than sham male mice (+). There was no effect of TBI in each open field outcome measures. (D) In the Y-maze test, there was a
significant TBI effect resulting in decreased spontaneous alterations in male and female TBI mice (***) compared with sham mice. TBI-
induced deficits in cognition were independent of sex. Sham and CCI male and female mice had equal numbers of total arm entries in
this test. Sex and injury effects were analyzed by two-way analysis of variance (ANOVA), and Tukey post hoc analysis was performed
for multiple comparisons where +p < 0.05 for male vs. female, *p < 0.05 and ***p < 0.01 for Sham vs. TBI. Mean – standard error of the
mean; n = 8-15/group. Color image is available online.
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were reduced, but following TBI there was a significant increase in

TGFb and 1 and 3 days post-injury. However, there were minimal

sex differences in microglial functional responses following TBI.

Statistical analysis showed a significant sex effect for microglial

IL-1b and TGFb only, with IL-1b levels elevated in female mi-

croglia at each post-injury time-point and TGFb levels significantly

reduced in female microglia at 1 day post-injury. These data are

consistent with fluorescent in situ hybridization analysis, which

identified similar sex differences in IL-1b and TGFb messenger

RNA in microglia/macrophages in the injured cortex at 4 and 24 h

post-injury.29

Rapid infiltration of peripheral immune cells, including myeloid

and lymphocyte subsets, play a critical role in the brain’s inflam-

matory response to TBI.22,34,35 Moreover, inhibition of chemokine

signaling, such as the CCL2/CCR2 signaling axis, reduces pe-

ripheral immune cell infiltration, attenuates secondary neuroin-

flammation and improves long-term cognitive function recovery

after TBI.22,23,33,36,44,45 Recent studies from the experimental

stroke field implicate peripherally derived immune cells in sex

differences for infarct volume, neuronal cell death and secondary

neuroinflammation.11,46 For example, adult female mice exhibited

a decrease in infiltrating and activated monocytes/microglia in the

ischemic brain after transient focal cerebral ischemia (MCAO)

compared with males.47 Further, splenectomy prior to MCAO

eliminated sex differences in infarct volume and activated brain

monocytes/microglia.48

In our TBI model, we also observed a rapid activation and in-

filtration of peripherally derived myeloid cells in the injured brain

of male, but not female mice. There was an early and robust CD45hi

myeloid cell infiltration in male compared with female mice at

1 day post-injury, and a non-significant sex difference in infiltration

at 3 days post-injury. The acute infiltration response in male mice

preceded an exaggerated microglial response at 3 days post-injury

that was not seen in females. However, by 7 days post-injury, the

levels of peripheral myeloid cell infiltration and microglial acti-

vation had equalized between male and female TBI mice. The

described peripheral immune cell infiltration dynamics corroborate

prior histological studies, which used F4/80 as a marker of pe-

ripherally derived macrophages and showed significantly increased

infiltration of F4/80+ macrophages in the cortex of male TBI mice

at 1 and 3 days post-injury when compared with female TBI mice.29

Moreover, reduced influx of peripheral F4/80+ macrophages in

females was associated with reduced neuronal cell death and lesion

volume acutely after TBI compared with male mice.29 Here we did

not observe major sex differences in infiltrating myeloid cell function

at any time-point, except for myeloid TNFa, which was significantly

elevated in females compared with males at 1 day post-injury.

However, despite not observing sex differences in myeloid cell

function, we detected an increased number of infiltrating myeloid

cells in the male brain as compared with the female brain at 1 day

post-injury. It follows that because there are more active cells infil-

trating the brain globally, there would be a more pro-inflammatory

milieu in the injured brains of males compared with females at 1 day

post-injury. Moreover, the peripheral myeloid cells that trafficked to

the injured brain were highly reactive and the strongest producers of

pro-inflammatory and neurotoxic mediators. When compared with

levels in resident microglia, the peripheral cells produced very high

levels of NOX2/ROS, pro-inflammatory cytokines, TNFa and IL-1b,

and had elevated phagocytic activity at all time-points analyzed.

Although infiltrating myeloid cell numbers are greatly reduced by

7 days post-injury, the cells that remain are highly reactive and pro-

inflammatory. Therefore, our data indicate that peripheral immune

cells harbored late within the TBI brain may have an impact on injury

resolution and neurological recovery, perhaps by propagating en-

hanced and sustained microglial activation after TBI that lasts for

weeks and months post-injury.24

In neurobehavioral testing, we identified sex differences in lo-

comotor function acutely after TBI using a rotarod test. Male CCI

mice had significantly worse rotarod performance at 1 day post-

injury compared with female CCI mice, but at later time-points

there were no differences in locomotor function between males and

females. Sex differences in the number of peripheral myeloid in-

filtration in the brain at 1 day post-injury coupled with an early

microglial response may explain the sexually dimorphic responses

in acute locomotor function following moderate-severe TBI. Sev-

eral prior studies also report significantly worse locomotor mea-

sures after TBI in male rodents compared with females,14,20,41,49,50

while others report no sex differences.19,51 In tests of cognitive and

anxiety-like function, male and female CCI mice showed simi-

lar TBI impairments during the acute phase response 1 day through

7 days post-injury, as previously reported.19,20,41,52 Overall, our

neurobehavioral results are similar to what has been reported

previously,19,52 where sex differences are present acutely after

TBI but are lost at later time-points. This suggests that although there

may be acute differences in immune cell infiltration and microglial

activation in males versus females following severe TBI, the neu-

roinflammatory response equilibrates at later time-points such that

males and females have equal levels of secondary neuroinflamma-

tion, neuronal cell death, lesion expansion, and long-term neuro-

logical impairments in the weeks and months post-injury.19,29,52

Although the present study highlights important differences

between male and female neuroinflammatory dynamics and func-

tional outcomes following TBI, there are several caveats to note.

Firstly, this study did not distinguish between neutrophils and

monocytes when analyzing CD45hiCD11b+ infiltrating myeloid

cells in the brain. While these two cell types perform different

functions after entering the brain,53,54 we found that monocytes

greatly outnumbered neutrophils in the injured brain (4:1), and

there were no sex differences in the frequencies of neutrophils to

monocytes infiltrating in the brain (Supplementary Fig. 1). The

majority of neutrophils were detected at 1 day post-injury and re-

presented *20% of total infiltrating myeloid cells at this time-

point, whereas only*5% neutrophils trafficked to the injured brain

at 3 days post-injury.

Secondly, we chose to use intact female mice in our study in

order to get a better understanding of sex differences in microglial

function and secondary neuroinflammatory responses at baseline

and during the acute post-traumatic period. Clinical data is cur-

rently conflicted as to whether there is a role for ovarian sex hor-

mones in the setting of TBI because age, TBI heterogeneity, and

severity are all major confounders in clinical studies.56 Analysis of

17b-estradiol levels in the blood were similar in all female mice

tested and across all time-points, indicating that females were in

proestrus stage and that estrogen levels did not change with injury

(Table 1). As predicted, 17b-estradiol levels were elevated in fe-

males compared with males, suggesting that estrogen may be re-

lated to the observed sex differences in our studies. Female sex

steroids have been extensively studied in pre-clinical TBI models,

and exogenous administration of estrogen have documented neu-

roprotective effects.15,57 In fact, there is evidence from pig TBI and

rat repeated mild TBI models that phases of the estrous cycle can

impact female neurological outcomes.20,41,55

With regard to post-traumatic neuroinflammation, an early study

reported that neither sex nor estrogen manipulation by ovariectomy
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surgery affected microglial activation in the hippocampus after

moderate-severe TBI26; however, more recent studies demonstrated

significant sex differences in microglial and astrocyte activation

during acute phase responses after moderate-severe TBI25,28,29—

effects that can be reversed by ovariectomy surgery.28,58 These

later studies support our findings and indicate that endogenous

female sex steroids can regulate the neuroinflammatory response to

TBI leading to acute neuroprotection in female animals. In our

study we also chose to use age-matched male and female C57BL/6

mice with identical injury parameters including impact velocity and

depth of CCI, despite a *5 g difference in body weight. Con-

ventionally, the thinking is that a smaller body weight with a similar

injury would cause more harm.59–61 Notably, we demonstrated that

injured female mice did not have worse neurological outcomes or

post-traumatic neuroinflammatory responses, but rather showed

acute neuroprotection associated with reduced immune cell infil-

tration and microglial activation, despite having lower body mass.

In summary, we demonstrated that at baseline male and female

microglia have different functional activation states during ho-

meostasis, such as differences in cell morphology, cytokine and

ROS production, and phagocytosis. Following moderate-severe

TBI, we observed minimal sex differences in microglial func-

tional responses. However, male mice had significantly increased

numbers of infiltrating peripheral immune cells within the brain

compared with female mice at 1 day post-injury that preceded ex-

aggerated microglial activation at 3 days post-injury; acute neu-

roinflammatory changes correlated with poorer motor function

recovery acutely after TBI. Importantly, infiltrating myeloid cells

produced higher levels of pro-inflammatory cytokines and NOX2/

ROS compared with resident microglia following TBI, indicating

that peripherally derived immune cells dictate sex-dependent post-

traumatic neuroinflammatory responses that impair neurological

outcomes acutely after TBI.
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