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ARTICLE INFO ABSTRACT

Keywords: Traumatic brain injuries (TBI) are the seventh leading cause of disability globally with 48.99 million prevalent
Mild traumatic brain injury cases and 7.08 million years lived with diability. Approximately 80 % of TBI patients are diagnosed with mild TBI
Concussion . (mTBI), or concussion, caused by nonpenetrating mechanical trauma to the head or body along with sudden
CerEbr,OSpmal ﬂl_"d rotational motion of the head. Studies investigating the temporal dynamics of neuroinflammation after mTBI are
Neuroinflammation

Sex differences greatly needed. Without longitudinal studies, translating preclinical studies to clinical studies remains chal-

TBI lenging as the difference in timing remains poorly understood. In this study, we describe a method of minimally
invasive serial cerebrospinal fluid (CSF) collection that enables longitudinal investigation of CSF inflammation.
The method described in this study can easily be adapted by any laboratory prepared for animal studies.
Multiplex immunoassay of serially collected and singly collected CSF samples show collection frequency does not
alter protein expression in the CSF. Further, sex-dependent differences in TBI have been reported, but remain
poorly understood. This study establishes a framework for assessing sex difference in neuroinflammation after a
concussion. We showed that results vary based on the framing of the statistical test. However, it is evident that
males experience a more robust inflammatory response to a single concussion than females.

1. Introduction concussion symptoms (PCS) that are exacerbated with repeated mTBIs

(Levy et al., 2023; Fraunberger et al., 2020; Gold et al., 2018; Gard et al.,

Traumatic brain injuries (TBI) are the seventh leading cause of
disability globally with 48.99 million prevalent cases and 7.08 million
years lived with diability (Guan et al., 2023). Approximately 80 % of TBI
patients are diagnosed with mild TBI (mTBI), or concussion, caused by
nonpenetrating mechanical trauma to the head or body along with
sudden rotational motion of the head (Capizzi et al., 2020; Levy et al.,
2023; Grovola et al., 2023). mTBIs commonly occur in falls, motor
vehicle crashes, contact sports, military duty, and incidences of domestic
violence (Capizzi et al., 2020; Neale et al., 2023; Fraunberger et al.,
2020; Feigin et al., 2019). While the typical prognosis of a single
concussion is positive, with full recovery within 3 months (Levy et al.,
2023), approximately 15 percent of patients also experience post-

2023).

The pathophysiology of mTBI remains poorly understood, primarily
due to heterogeneity in presentation and outcome. mTBI is associated
with structural abnormalities, excitotoxicity, metabolic stress, and
increased inflammation (Visser et al., 2023; Giza and Hovda, 2014;
Howell and Southard, 2021). However, much of our understanding of
mTBI pathophysiology stems from more severe injuries. Major distinc-
tions between mTBI and more severe TBI include the absence of intra-
cranial lesions, hemorrhages, and skull fractures in mTBI (Neale et al.,
2023; Fraunberger et al., 2020; Gold et al., 2018; Shultz et al., 2017).
Further, there are differences in the inflammatory response based on
injury severity. In a study analyzing whole blood from pediatric TBI
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patients, severe TBI caused greater concentrations of TNFa, IL-6, IL-8,
and IL-10 compared to mTBI. However, mTBI patients experience a
greater concentration of IFNy and IL-17A (Ryan et al., 2022). While
some overlap of the neuroinflammatory response across TBI severities is
expected, studies investigating the temporal dynamics of neuro-
inflammation after mTBI are still needed to uncover the mechanisms
behind PCS, as well as to identify potential biomarkers that can be
leveraged to develop more reliable point-of-care diagnostics and ther-
apeutic strategies. Furthermore, identified mechanisms and biomarkers
will need validation in both sexes.

There have been many reported sex-dependent differences in mTBI
(Neale et al., 2023; Fraunberger et al., 2020; Gard et al., 2023; Villapol
et al., 2017; Daisy et al., 2022). Interrogating sex differences in mTBI is
important simply because TBI outcomes exhibit significant sex differ-
ences with women experiencing lower incidences of morbidity and
mortality after TBI than age-matched men (Brotfain et al., 2016). In a
recent publication, Liu et al. reported that males, but not females, treated
with minocycline after a repeat mTBI (rmTBI) experienced an increased
cold thermal threshold and decreased anxiety-like behavior. There was
also sex differences in the microglial response to rmTBI as both males
and females exhibited increased microglia and brain-derived neuro-
trophic factor (BDNF) mRNA in the anterior cingular cortex, but only
males saw an increase in BDNF in the nucleus accumbens (Liu (Steve)
et al., 2023). Another sex difference noted in the literature is the effect of
regulatory T cells (Tregs) on microglial activation. In a hypo-
xia-ischemia model of brain injury, Beckmann et al. found increased
numbers of Tregs and decreased microglial activation in female brains,
but in male brains they found Tregs promoted vascular injury
(Beckmann et al., 2022). While this study was not in TBI, it highlights
the sex-differences in the innate and adaptive immune responses, which
are hypothesized to be affected by sex hormones. Estrogen and proges-
terone have been shown to be neuroprotective after TBI, reducing
mortality and improving neurological outcomes, by reducing neuronal
apoptosis, inhibiting microglial and astrocytic activation, and reducing
brain edema (Brotfain et al., 2016; Chakrabarti et al., 2016; Wang et al.,
2021; Zlotnik et al., 2012). To fully understand the inflammatory
response to TBI, it is vital to assay cerebrospinal fluid (CSF), as it has
been shown that CSF biomarkers such as MAP-2 enhance prognosis ca-
pabilities (Wang et al., 2018). The literature analyzing the CSF proteome
over time after TBI is very limited, primarily due to the lack of a CSF
collection method that is minimally invasive and enables serial collec-
tions (Liu et al., 2010; Yao et al., 2009; Zoltewicz et al., 2013; Han et al.,
2023).

This study has three primary goals: 1) establish a method of mini-
mally invasive serial CSF collection that can be easily utilized by any
laboratory equipped for animal studies without any specialized equip-
ment, 2) determine if serial CSF collection alters CSF protein detection,
and 3) provide a framework for interrogation of sex differences in CSF
proteomics after neurotrauma.

2. Methods
2.1. Animal care and concussion

All experiments, including animal housing conditions, surgical pro-
cedures, and postoperative care, were in accordance with the Institu-
tional Animal Care and Use Committee guidelines at the University of
California-Irvine (UCI). Eighteen male and eighteen female Long-Evans
rats (200-225 g, Charles River Laboratories, San Diego, CA) were
randomly divided into six experimental groups: female concussion with
single CSF withdrawal, female concussion with serial CSF withdrawal,
female sham with serial CSF withdrawal. Male concussion with single
CSF withdrawal, male concussion with serial CSF withdrawal, and male
sham with serial CSF withdrawal. Each group had n = 6 rats.

A pneumatic controlled cortical impact device (TBI-0310 Head
Impactor, Precision Systems and Instrumentation, LLC, Fairfax Station,
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VA) was used for concussion. A foam bed modified from “Marmarou
foam” (Type E Bed, Foam to Size, Inc., Ashland, VA) was modified to fit
on the stage of the CCI device, and a trench was cut out to position
tubing and a nose cone to keep the animal under anesthesia for the
duration of the procedure. All animals spent 10 min under anesthesia,
including shams; 5 min induction at 3.5 % isoflurane, and 2 min to mark
the tail, shave the head, and apply ophthalmic ointment. The animal was
placed onto the modified Marmarou foam and positioned to breathe 3.5
% isoflurane from a nose cone. Lab tape was lightly applied to the ears
and fixed to the foam to position the head level and prevent movement
during breathing. The rat was at the CCI station for 3 min until a 5-mm
diameter probe tip was used to deliver an impact with speed 5.0 m/s,
1.0 mm depth, and 50 ms dwell time. In total, rats are under anesthesia
for 10 min from knockdown to TBI impact. The isoflurane percentages
were designed to minimize head movement from respiration while
zeroing the piston and during impact while still keeping the animal
unresponsive to a toe pinch reflex. Following impact, animals were
moved to a recovery area where righting time was recorded. Sham an-
imals underwent the same 10-min procedure with anesthesia but were
not impacted.

2.2. Cerebrospinal fluid sample collection and storage

This protocol is adapted from Han et al. making the procedure easy to
adapt for any laboratory without the use of custom built equipment or
specialized tools (Han et al., 2023). To prep for CSF collection, an iso-
fluorane nose cone was taped to the short side of a rectangular brick (can
be any raised platform such as a pipette tip box) so the rat’s head could
be positioned vertically while breathing in isofluorane.

Before CSF collection, Long-Evans rats were anesthetized using an
isofluorane induction chamber with 3.5 % isofluorane and shaved. For
serial collections, the shaved area was sterilized with ethanol and
betadine. After the rat is placed on the brick with the nose in the nose
cone, the rat’s head was positioned vertically. The rat skin is then pulled
back to ensure the area around the foramen magnum is tight, and tape is
placed over the shoulder blades.

To start the CSF collection, a sterile hemostat was used to bend the
needle of the 27G winged butterfly needle approximately 90 degrees so
the bent part is about 4 mm (Fig. 2A). Before insertion of the needle, the
foramen magnum needs to be located. The external occipital protuber-
ance was used as a landmark. This should feel like a ridge on the skull.
About 6 mm past the ridge is the foramen magnum (Fig. 2B). The bent
27G winged needle was inserted into the foramen magnum (an
extremely soft spot) with no resistance. Once inserted, the syringe was
pulled to 0.1 mL, and clear CSF fluid flowed into the tubing of the needle
(Fig. 2C). Once CSF stopped flowing, the needle was removed. There
were no visible signs of damage besides the insertion point (Fig. 2D). The
CSF was then transferred from the tubing into a microcentrifuge tube on
ice (Fig. 2E). CSF samples were measured using a pipette then supple-
mented with 1X protease/phosphatase inhibitor cocktail (Cell Signaling
Technologies, #5872). CSF was stored at —80 °C. Final numbers of CSF

Table 1

Sample numbers: Table shows total sample number for each experimental group
at each timepoint. Each group had 6 total animals, except for the male and fe-
male concussion groups which include an additional 6 animals for the single CSF
collection cohorts at the 7 dpi timepoint for a potential total of 12 samples.
Samples were excluded if they became contaminated with blood and clear CSF
could not be collected.

Number of CSF Samples Timepoints
Group Pre-injury 1 dpi 3 dpi 7 dpi 14 dpi
Male Sham (MS) 6 6 4 6 6
Male Concussion (MC) 5 5 5 11 5
Female Sham (FS) 5 5 6 6 6
Female Concussion (FC) 5 4 6 9 6
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samples per gender and timepoint are included in Table 1.

2.3. Luminex xMAP multiplex immunoassay

CSF Samples were thawed on ice and centrifuged. A bead-based
multiplex cytokine kit (LXSARM-17, R&D Systems, Minneapolis, MN,
USA) was used to measure CSF levels of CXCL2, CXCL3, ICAM-1, IFN-y,
IL-1a, IL-1B, IL-2, IL-4, IL-6, IL-10, IL-13, IL-18, L-Selectin, TIMP1, TNF-
a, and VEGF. This kit was chosen due to its published use in rat TBI
studies (Baskin et al., 2023; Heyburn et al., 2023). All samples were run
in duplicate. Results were analyzed using mean fluorescent intensities as
previously reported (Breen et al., 2016; Breen et al., 2015).

2.4. Immunohistochemical labeling of Ibal and GFAP

Brain tissue sections were immunohistochemically labeled with
primary antibodies for Ibal (1:500, 019-19741, FujiFilm Wako) and
GFAP (1:1500, Z033429-2, Agilent). Biotinylated donkey anti-rabbit
(1:500, 715-066-152, Jackson ImmunoResearch) secondary antibodies
were used, followed by VECTASTAIN ® Elite® ABC Kit Peroxidase (PK-
6100, Vector Laboratories) and DAB Substrate Kit, Peroxidase with
Nickel (SK-4100, Vector Laboratories) according to manufacturer’s
instructions.

2.5. Stereological quantification of microglia and astrocytes

Stereological quantification was performed on every 12th brain tis-
sue section with thickness of 30um. The corpus collosum was traced at
the connection between the left and right cerebral hemisphere. An
average of 10 counting frames measuring 80 um x 80 um was imple-
mented. The systematic random sampling (SRS) grid measured 250 ym
x 250 um. The optical dissector height consisted of a guard zone
thickness of 1um and a dissector height of 18um. The CE (Coefficient
Error) was 0.1.

2.6. Semi-quantitative assessment of microbleed presence

A categorical scale of 0-3 was implemented to rate the presence of
microbleeds at three regions of the brain: cerebral cortex, corpus col-
losum, and hippocampus. A score of 0 indicates no visible hemosiderin
granules. A score of 1 indicates that a few hemosiderin granules were
visible. A score of 2 indicates that some hemosiderin granules were
visible. A score of 3 indicates that many hemosiderin granules were

Table 2
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present. The scores for each region were summed up for each section. 5
serial sections were used for each animal. The total sum of all 5 sections
was used for statistical analysis.

2.7. Statistical analysis

For analysis of serially collected samples, statistical analysis was
performed on mean fluorescent intensity (MFI) values for each time-
point normalized to pre-injury values. A two-way mixed effects (for
Tables 2-5) or a three-way mixed effects analysis with a post-hoc Holm-
Sidak’s multiple comparisons test was used (Table 6). For statistical tests
that did not require matching samples, an ordinary two-way ANOVA
with a post-hoc Holm-$idak’s multiple comparisons test was used.

3. Results

3.1. CSF was collected serially from rats with no evidence of negative side

effects

CSF was collected from a total of 36 rats (18 male and 18 female). 24
rats underwent serial collections 1 day before concussion and then 1 day
post injury (dpi), 3 dpi, 7 dpi, and 14 dpi. The remaining 12 rats un-
derwent a single CSF collection at 7 dpi only (Fig. 1). No rats exhibited
signs of pain/distress, weight loss, infection, or swelling. There was no
attrition of animals due to mortality. If CSF samples were contaminated
with blood upon collection, they were immediately centrifuged for 30 s
to separate the CSF from blood, yielding clear CSF samples. Centrifu-
gation has previously been shown not to affect CSF composition (Batllori
et al., 2019). Of the 132 attempts to collect CSF samples, 121 attempts
(92 %) resulted in clear CSF (Fig. 2A-E).

3.2. Serial CSF collection did not alter protein detection

Compared to CSF samples that were collected only at 7 dpi. Analysis
by two-way ANOVA demonstrated that collection frequency did not
alter protein levels in either males (F = 2.492; p = 0.1135) or females (F
= 1.022; p = 0.3140) across 16 of the 17 total protein analytes. Inter-
estingly, TIMP-1 was significantly increased (p = 0.0143 in females and
p = 0.0055 in males) in serially collected CSF samples using a post-hoc
Holm-Sid4k’s multiple comparisons test (Fig. 2F). TIMP-1 is an inhibitor
of matrix metalloproteinases, and has been shown to play a role in
alleviating inflammatory pain associated with wound healing (Knight
et al., 2019). Given the role of TIMP-1 role in inflammatory pain and

Statistical testing comparing injury to sham, ignoring sex. Two-way mixed effects analysis with post-hoc Holm-Sidak multiple comparisons test. Ignoring sex, analyte
mean fluorescent intensities (MFI) at each time point were normalized to pre-injury measurements and compared between concussion and sham. The associated p-

value is reported for all instances of statistical significance.

Sex not considered Two-way Mixed Effects Analysis

Post-hoc Holm-Sidak Multiple Comparisons (Concussion vs Sham)

Protein Time Injury Time x Injury

1 dpi 3 dpi 7 dpi 14 dpi

CXCL3
CXCL2
GM-CSF
ICAM-1
IFNg
IL-1a
IL-1b
IL-2
1L-4
IL-6
IL-10
IL-13
IL-18
L-selectin
TIMP-1
TNFa
VEGF

ns

ns

ns

ns
<0.0001

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns
ns
ns
ns

0.027
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
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Table 3
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Statistical testing comparing injury to sham in females. Two-way mixed effects analysis with post-hoc Holm-Sidak multiple comparisons test comparing concussion vs
sham in female CSF samples only. Analyte mean fluorescent intensities (MFI) at each time point were normalized to pre-injury measurements and compared between

concussion and sham. The associated p-value for significant interactions is reported.

Females Only Two-way Mixed Effects Analysis

Post-hoc Holm-Sidak Multiple Comparisons Males (Concussion vs Sham)

Protein Time Injury Time x Injury

1 dpi

3 dpi 7 dpi 14 dpi

CXCL3
CXCL2
GM-CSF
ICAM-1
IFNg
IL-1a
IL-1b
1L-2
1L-4
IL-6
IL-10
IL-13
IL-18
L-selectin
TIMP-1
TNFa
VEGF

ns
ns
0.0298
ns
0.0065
ns
0.0109
ns
ns
0.0462
ns
ns
ns
0.0065
ns
ns

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
0.0095
ns
ns

ns
ns
ns
ns
ns

0.0388
ns
ns
ns
ns

0.0049

ns ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns

ns
ns
ns
ns

ns ns

Table 4

Statistical testing comparing injury to sham in males. Two-way mixed effects analysis with post-hoc Holm-Sidak multiple comparisons test comparing concussion vs
sham in male CSF samples only. Analyte mean fluorescent intensities (MFI) at each time point were normalized to pre-injury measurements and compared between

concussion and sham. The associated p-value for significant interactions is reported.

Males Only Two-way Mixed Effects Analysis

Post-hoc Holm-Sidak Multiple Comparisons Males (Concussion vs Sham)

Protein Time Injury Time x Injury

1 dpi

3 dpi 7 dpi 14 dpi

CXCL3
CXCL2
GM-CSF
ICAM-1
IFNg
IL-1a
IL-1b
IL-2
IL-4
IL-6
IL-10
IL-13
IL-18
L-selectin
TIMP-1
TNFa
VEGF

ns
ns
ns
ns
0.0111
ns
ns
0.0005
ns
ns
ns
ns
0.0022
0.0094
ns
0.0067
0.0073

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
0.0023
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
0.0412
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
C > §; 0.0051
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns

ns
ns
ns

wound healing, this result is consistent with specific modulation of this
pathway. Together, these data suggest that while detection of protein
changes over time is possible, repeated CSF collection did not result in a
generalized alteration of protein analyte detection.

3.3. 16 of 17 CSF protein analytes were unaltered by a single mTBI when
data were analyzed without consideration of sex

To interrogate the sex differences in post-concussion CSF protein
levels, we took a progressive approach to analyzing the data. First, we
compared CSF protein levels between concussion and sham to assess
how a single concussion alters the proteome of the CSF without
consideration for sex. Several publications presenting clinical concus-
sion data ignore sex, often grouping patients into two groups: concussion
vs sham (Gard et al., 2023; Daisy et al., 2022; Giza et al., 2021; Hicks
et al., 2023; Vedantam et al., 2021). Using this approach, we compared
concussion and sham CSF samples normalized to pre-injury levels using
two-way mixed effects analysis and post-hoc Holm-Sidak’s multiple
comparisons test (Table 2). A single concussion had no significant effect
on any of the 17 analytes, except for interferon-y (IFNy). For IFNy

240

(Fig. 3), both time (F = 14.46; p < 0.0001) and injury (F = 5.408; p =
0.0270) had significant effects, however the interaction (F = 1.023; p =
0.3891) of these two factors had no significant effect.

3.4. Males exhibit a greater inflammatory response to a single concussion
than females

We next separated samples by sex, comparing concussion and sham
animals within each. Using the same statistical approach as before, fe-
males showed significant responses to injury in multiple pro-resolving/
anti-inflammatory proteins, whereas males showed significant re-
sponses to injury in several pro-inflammatory proteins. For females, two-
way Mixed Effects analysis (Table 3) identified a significant interaction
effect for time and injury on IL-13 (F = 3.066, p = 0.0388, Fig. 4A),
however, neither time (F = 0.06031, p = 0.9103) nor injury (F =
0.001776, p = 0.9666) alone had a significant effect on IL-13 levels.
Similarly, VEGF (Fig. 4C) showed comparable results, where the inter-
action of time and injury (F = 5.436, p = 0.0049) had a significant effect
on VEGF levels, but neither time (F = 2.164, p = 0.1352) nor injury (F =
0.006961, p = 0.9348) alone had significant effects on VEGF levels.
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Table 5
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Statistical testing comparing injured males to injured females. Two-way mixed effects analysis with post-hoc Holm-Sidak multiple comparisons test comparing male vs
female in concussion CSF samples only. Analyte mean fluorescent intensities (MFI) at each time point were normalized to pre-injury measurements and compared
between male and female. The associated p-value for significant interactions is reported.

Concussions Only Two-way Mixed Effects Analysis

Post-hoc Holm-Sidak Multiple Comparisons

Concussion (Male vs Female)

Protein Time Sex Time x Sex 1 dpi 3 dpi 7 dpi 14 dpi
CXCL3 ns 0.0019 ns ns ns ns ns
CXCL2 ns ns ns ns ns ns ns
GM-CSF ns 0.0085 ns ns ns ns ns
ICAM-1 ns 0.0211 ns ns ns ns ns
IFNg 0.0012 ns ns ns ns ns ns
IL-1a ns ns ns ns ns ns ns
IL-1b ns 0.0108 0.03 ns ns ns ns
IL-2 ns ns 0.0191 ns ns ns ns
1L-4 ns ns ns ns ns ns ns
IL-6 ns ns ns ns ns M > F; 0.0200 ns
IL-10 ns 0.0186 ns ns ns ns ns
IL-13 ns ns ns ns ns ns ns
IL-18 0.0225 0.0285 ns ns ns M > F; 0.0410 ns
L-selectin 0.0192 0.0303 ns ns ns ns ns
TIMP-1 ns ns ns ns ns ns ns
TNFa ns 0.0496 ns ns M<F; 0.0275 ns ns
VEGF ns 0.0437 0.0014 ns ns M > F; 0.0113 ns

Table 6

Statistical testing comparing all four experimental groups. A three-way mixed effects analysis was used to perform statistical analysis on all four experimental groups
over time with time, sex, and injury being the three variables tested. Analyte mean fluorescent intensities (MFI) at each time point were normalized to pre-injury
measurements and compared between groups. Calculated p-values for all significant interactions are listed in the table.

Three-way Mixed Effects Analysis

Protein Time Sex Injury Time x Sex Time x Injury Sex x Injury Time x Sex x Injury
CXCL3 ns <0.0001 ns ns ns ns ns
CXCL2 ns ns ns ns ns ns ns
GM-CSF ns 0.0196 ns ns ns ns ns
ICAM-1 0.0115 0.0171 ns ns ns ns ns
IFNg <0.0001 0.0309 0.0248 ns ns ns ns
IL-1a 0.0134 ns ns ns ns ns ns
IL-1b 0.0153 0.0003 ns 0.0144 ns ns ns
IL-2 0.0099 ns ns ns ns ns 0.0194
1L-4 ns ns ns ns ns ns ns
IL-6 ns ns ns ns ns ns ns
IL-10 ns 0.0081 ns ns ns ns ns
IL-13 ns ns ns ns ns ns ns
IL-18 <0.0001 0.0029 ns ns ns ns ns
L-selectin <0.0001 ns ns ns ns 0.0161 ns
TIMP-1 ns 0.0386 ns ns ns ns ns
TNFa 0.0079 0.0114 ns ns ns ns ns
VEGF 0.0057 0.0012 ns 0.0224 ns ns 0.0018

Third, time (F = 8.068, p = 0.0065) and injury (F = 7.458, p = 0.0095)
both affected the levels of soluble L-selectin, an adhesion protein found
in leukocytes, (Fig. 4B) in injured female rats but not the interaction of
time and injury (F = 1.267, p = 0.2995).

For males, two pro-inflammatory proteins exhibited clear modula-
tion (Table 4). First, a two-way Mixed Effects analysis reported time (F
= 8.598; p = 0.0005) and the interaction of time and injury (F = 5.732;
p = 0.0023) to be significant factors affecting interleukin-2 (IL-2,
Fig. 4D) levels with a significant increase in IL-2 levels after concussion
at 14 dpi (p = 0.0051) in male rats. Injury alone was not shown to be a
significant factor affecting IL-2 levels over time (F = 2.955; p = 0.0933).
Second, a two-way Mixed Effects analysis reported time (F = 5.549; p =
0.0067) and the interaction of time and injury (F = 3.185; p = 0.0412) to
be significant factors affecting tumor necrosis factor-o (TNFa, Fig. 4E)
levels. Injury alone was not shown to be a significant factor affecting
TNFa levels (F = 0.07991; p = 0.7813), and there were no significant
pairwise comparisons between sham and concussion at any specific
timepoints.

Interestingly, both males and females had several proteins give time
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alone as a significant factor affecting protein levels. In females (Table 3),
time was significant for GM-CSF (F = 3.939, p = 0.0298), IFNy (F =
7.900, p = 0.0065), IL-1B (F = 5.653, p = 0.0109), and IL-6 (F = 3.765, p
= 0.0462). L-Selectin (F = 6.145, p = 0.0056). In males (Table 4), time
was significant for IFNy (F = 7.555, p = 0.0111), IL-18 (F = 9.450, p =
0.0022), L-selectin (F = 7.434, p = 0.0094), and VEGF (F = 3.733,p =
0.0413).

3.5. Sex is a significant factor in CSF protein levels after a single
concussion, with males showing significantly greater levels of pro-
inflammatory proteins up to 7 dpi

Third, we compared the CSF protein levels of males and females in
response to a single concussion (Table 5). Sex was found to be a sig-
nificant factor affecting the levels of 9 proteins: CXCL3 (F = 11.05,p =
0.0019, Fig. 5A), GM-CSF (F = 7.604; p = 0.0085, Fig. 5B), ICAM-1 (F =
6.451, p = 0.0211, Fig. 5C), IL-1p (F = 8.072, p = 0.0108, Fig. 5D), IL-10
(F =6.006; p =0.0186, Fig. 5G), IL-18 (F = 5.137; p = 0.0285, Fig. 5H),
L-selectin (F = 5.585, p = 0.0303, Fig. 5I), TNFa (F = 4.083, p = 0.0496,
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Fig. 1. Experimental timeline schematic. Briefly, pre-injury CSF samples were collected 1 day before injury, except from the single collection CSF group. On day 0, all
groups of rats were given either given a concussion or were shams. Serial collections of CSF were taken at 1 day, 3 days, 7 days, and 14 days post-injury. At 7 dpi, a
group of rats with injury underwent a single CSF collection and were sacrificed. All other groups were sacrificed at 14 dpi.
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Fig. 2. CSF withdrawal procedure. First, a 27G winged needle tip is bent approximately 90° with a 4 mm tip (emphasized by the white rectangle) (A). The needle is
inserted into the foramen magnum, an extremely soft spot approximately 6 mm (emphasized by the white rectangle) past the external occipital proturberance of the
skull (B). Clear CSF (white arrow) should flow into the tubing of the winged needle (C). After removal of the needle, there should not be any visible signs of damage
on the skin, aside from the insertion point (white arrow) (D). On average, 90-100 pL of clear CSF can be collected (E). Our statistics show that collection frequency
does not affect the expression of any analyte on the panel, except TIMP1, in males and females (F).
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levels than males (p = 0.0275, Fig. 5J). At 7 dpi, males showed signif-
icantly greater levels of three proteins compared to females: IL-6 (p =

1.4+ 0.0200, Fig. 5F), IL-18 (p = 0.0410, Fig. 5H), and VEGF (p = 0.0113,
= Fig. 5K).
[] -
P
a "cg ° 3.6. Male and female sham animals exhibit baseline differences in CSF
S é . e ‘:LL protein detection that need to be considered
il e o ° 3‘?
ﬁ 1.0—: i j;r ?E 1{1‘ %. -ir The last component of our CSF analysis was comparing all four
% ] @ o’ ® - - : groups: Male concussion, male sham, female concussion, and female
1S E sham in a combined model. To account for an additional variable in this
3 0.8 statistical model, a three-way mixed effects analysis (Table 6) was per-
=z 3 formed, followed by a post-hoc Holm-Sidak multiple comparisons
T i ° testing (Table 7 and Fig. 6). The three-way mixed effects analysis
= 0.6 3 ] I I : revealed that sex was a significant factor affecting 10 proteins: CXCL3 (F
1 3 7 14 = 37.68, p < 0.0001), GM-CSF (F = 5.669, p = 0.0196), ICAM-1 (F =
o 6.461, p = 0.0171), IFNy (F = 5.167, p = 0.0309), IL-1p (F = 14.34, p =
« Sham Days post-injury Concussion 0.0003), IL-10 (F = 8.122, p = 0.0081), IL-18 (F = 9.414, p = 0.0029),

Fig. 3. IFNg increases slightly over time after concussion. Graph shows the
mean fluorescent intensity (MFI) at each timepoint normalized to pre-injury.
Mean with 95 % CI is plotted with individual points representing individ-
ual rats.

Fig. 5J), and VEGF (F = 4.704, p = 0.0437, Fig. 5K). Additionally, time
was also found to be a significant factor affecting the levels of IFNy (F =
10.45, p = 0.0012), IL-18 (F = 5.164, p = 0.0225), and L-selectin (F =
6.101, p = 0.0192). Further, the interaction of sex and time was shown
to significantly affect the levels of an additional three proteins: IL-1p (F
= 3.531; p =0.0300, Fig. 5D), IL-2 (F = 3.683; p = 0.0191, Fig. 5E), and
VEGF (F = 7.095; p = 0.0014, Fig. 5K). Post-hoc multiple comparisons
testing comparing CSF protein levels after a single concussion in males
vs females at specific timepoints showed no significant differences at 1
dpi and 14 dpi. However, at 3 dpi females had significantly higher TNF«

TIMP-1 (F = 4.420, p = 0.0386), TNFa (F = 6.700, p = 0.0114), and
VEGF (F =12.90, p = 0.0012). Time was a significant factor affecting the
levels of 9 proteins: ICAM-1 (F = 4.076, p = 0.0115), IFNy (F = 14.20, p
< 0.0001), IL-1a (F = 3.936, p = 0.0134), IL-1p (F = 3.688, p = 0.0153),
IL-2 (F = 4.048, p = 0.0099), IL-18 (F = 11.27, p < 0.0001), L-selectin (F
= 14.72, p < 0.0001), TNFa (F = 4.227, p = 0.0079), and VEGF (F =
4.713, p = 0.0057). The interaction of time and sex significantly affected
the levels of 2 proteins: IL-1p (F = 3.737, p = 0.0144) and VEGF (F =
3.488, p = 0.0224). Additionally, injury only significantly affected the
levels of IFNy (F = 5.627, p = 0.0248), but the interaction of sex and
injury affected the levels of L-selectin (F = 6.588, p = 0.0161). The
interaction of time, sex, and injury significantly affects the levels of IL-2
(F = 3.492, p = 0.0194) and VEGF (F = 5.778, p = 0.0018). The inter-
action of time and injury did not significantly affect the levels of any
protein. In post-hoc multiple comparisons testing, there were several
significant pairwise comparisons (Table 7). At 1 dpi, the male
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Fig. 4. Injury is a significant factor affecting expression in pro-resolving proteins for females and pro-inflammatory proteins for males. The MFI for each sample at
each timepoint normalized to pre-injury is reported for IL-13 (A), L-Selectin (B), and VEGF (C) in females, as well as IL-2 (D) and TNFa (E) in males. These proteins
were selected based on results from statistical testing reported in Tables 3 and 4. Mean with 95 % CI is plotted with individual points representing individual rats. **p
< 0.01.
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reported for CXCL3 (A), GM-CSF (B), ICAM-1 (C), IL-1b (D), IL-2 (E), IL-6 (F), IL-10 (G), IL-18 (H), L-selectin/CD62L (I), TNFa (J), and VEGF (K). These proteins were
selected based on results from statistical testing reported in Table 5 showing sex as a significant factor affecting protein expression. Mean with 95 % CI is plotted with

individual points representing individual rats. *p < 0.05.

concussion group had significantly greater levels of IL-1p (Fig. 6F)
compared to female sham (p = 0.0127) and female concussion (p =
0.0320), while the female concussion group had significantly lesser
levels of VEGF (Fig. 6M) compared to male sham (p = 0.0481) and male
concussion (p = 0.0303). At 7 dpi, the female concussion group also had
significantly lesser levels of CXCL3 (Fig. 6A) compared to male shams (p
= 0.0460). Furthermore, when comparing how protein levels changed
over time within each group, L-selectin (Fig. 6J) dropped significantly
from 1 dpi to 14 dpi in both male concussion (p = 0.0062) and female
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shams (p = 0.0172), while VEGF (Fig. 6M) dropped significantly from 3
dpi to 7 dpi in the female concussion group (p = 0.0492).

3.7. Males exhibit changes in blood-brain-barrier (BBB) permeability and
microglia number after a concussion, but not females

In addition to analyzing changes in CSF protein levels, we performed
histological characterization of the brain tissue. We quantified the
numbers of astrocytes (GFAP+, Fig. S1) and microglia (Ibal+, Fig. 7)
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Post-hoc multiple comparisons testing comparing all four experimental groups. Following a three-way mixed effects analysis, a post-hoc Holm-Sidak multiple com-
parisons test was used to determine significant pairwise comparisons. Analyte mean fluorescent intensities (MFI) at each time point were normalized to pre-injury
measurements and compared between groups. Calculated p-values for all significant interactions are listed in the table. MS = Male Sham. MC = Male Concussion.

FS = Female Sham. FC = Female Concussion.

Post-hoc Holm-Sidak Multiple Comparisons Concussion (Sex and Injury Factors)

Protein 1 dpi 3 dpi

7 dpi 14 dpi

CXCL3
CXCL2
GM-CSF
ICAM-1
IFNg
IL-1a

ns
ns
ns
ns
ns
ns
(MC > FS; 0.0127)
(MC > FC; 0.0320)
ns

ns
ns
ns
ns
ns
ns

IL-1b ns

IL-2

1L-4

IL-6
IL-10
IL-13
IL-18

L-selectin
TIMP-1

TNFa

ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns

ns

ns

ns

ns
ns

(MS > FC; 0.0481)

(MC > FC; 0.0303)

ns

VEGF ns

(MS > FC; 0.0460)
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

ns ns

ns ns
ns
ns

ns

ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns

ns ns

ns ns

Post-hoc Holm-Sidak Multiple Comparisons (Time Factor)

Protein Male Sham

Male Concussion

Female Sham Female Concussion

CXCL3
CXCL2
GM-CSF
ICAM-1
IFNg
IL-1a
IL-1b
1L-2
1L-4
IL-6
IL-10
IL-13
IL-18
L-selectin
TIMP-1
TNFa
VEGF

ns
ns
ns

ns
ns
ns
ns ns
ns
ns
ns

ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns
ns
ns
ns

ns
ns
ns

ns
ns
ns

(1 dpi > 14 dpi; 0.0062)

ns
ns
ns

ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
ns

ns
ns
ns
ns
ns
ns
(1 dpi > 14 dpi; 0.0172)
ns
ns
ns

ns
ns
ns
ns
ns
ns
(3 dpi > 7 dpi; 0.0492)

using stereological counting and performed a two-way ANOVA and post-
hoc Holm-Sidak’s multiple comparisons test on the estimated number of
astrocytes. Our two-way ANOVA showed that neither injury (p =
0.6664, F = 0.4115), sex (p = 0.8045, F = 0.06237), nor the interaction
of the two (p = 0.9444, F = 0.05730) were significant factors affecting
the number of GFAP+ astrocytes. Conversely, our two-way ANOVA
showed that injury (p = 0.0346, F = 3.772) significantly affected the
number of Ibal+ microglia. Post-hoc multiple comparisons testing re-
veals a significant increase (p = 0.0151) in Ibal+ microglia from 7 dpi to
14 dpi in males (Fig. 7G). Neither sex (p = 0.3142, F = 1.048) nor the
interaction of sex and injury (p = 0.3022, F = 1.246) significantly
affected the number of microglia. While not significant, there is a slight
decrease in the number of microglia at 7 dpi compared to sham in males.
There were no significant changes in the number of microglia in females,
but at 14 dpi, the number of microglia seems to be diverging between
males and females (Fig. 7G).

The trends in this inflammatory cell data correspond well with trends
seen in scoring of Prussian Blue staining for microbleeds (Fig. 8).
Microbleeds were semi-quantitatively analyzed as previously
mentioned. While two-way ANOVA revealed that sex (p = 0.0552, F =
3.981), injury (p = 0.0749, F = 2.829), or the interaction of the sex and
injury (p = 0.0511, F = 3.289) did not significantly affect the presence of
microbleeds, post-hoc Holm-Sidak’s multiple comparisons testing shows
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there are significant differences between groups (Fig. 8G). In males,
there is a significantly greater presence of microbleeds at 14 dpi
compared to sham (p = 0.0376) and 7 dpi (p = 0.0073). Further, at 14
dpi there is a significantly greater presence of microbleeds in males
compared to females (p = 0.0029). There are no significant differences
in the presence of microbleeds in females. Further, co-staining of Ibal
and Prussian Blue reveal microglial phagocytosis of microbleeds (Fig. 9).

4. Discussion

While mTBI has been widely studied, there are still many aspects of
the pathophysiology that remain poorly understood. First, it is unclear if
repeated collection of CSF from the same animals will alter the proteome
being investigated and confound the results. Second, it has been quite
challenging to fully understand the temporal dynamics of the neuro-
inflammatory response to mTBI as currently established methods (i.e.
stand-alone CSF collection, brain tissue lysates, histology) require large
numbers of animals for studies. Third, the majority of mTBI literature
fails to investigate sex as a biological variable. This study addressed
these limitations.
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FEMALE

Fig. 7. Males experience a significant increase in the estimated total number of microglia, but not females, 14 days after a concussion. Stereological quantification of
Ibal+ cells was performed on serial sections of brain tissue. Representative images are shown (A-F). Quantification was performed only in the corpus callosum and is
reported as the estimated total number of microglia (G). Data is presented as mean with 95 % CI. Statistical analysis was performed using a two-way ANOVA and
post-hoc Holm-Sidak multiple comparisons test. *p < 0.05. Scale bar = 100 um.

4.1. Serial collection of CSF does not significantly alter CSF inflammation

We first described a method for minimally invasive serial collection
of CSF. CSF proteomics are not widely studied in pre-clinical models due
to the difficult nature of CSF collection. Previously described methods of
CSF collection do not allow for repeated collections, require specialized
tools and equipment, and can cause further brain injury or death
(Zoltewicz et al., 2013; Han et al., 2023; Amen et al., 2017). The serial
collection method used herein did not cause the rats to experience un-
usually significant weight changes, exhibit evidence of pain/distress
(shallow or labored breathing, poor grooming, hunching, or porphyria),
show signs of infection or swelling, or die.

Further, since serial collection of CSF requires multiple punctures
with a needle over time, we compared a 7 dpi fresh CSF sample from rats
who underwent serial collection at pre-injury, 1 dpi, 3 dpi, 7 dpi, and 14
dpi to a CSF sample from rats who only underwent a single CSF
collection at 7 dpi (Fig. 1). A two-way ANOVA revealed that collection
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frequency was not a significant factor affecting the proteome results, at
least for the 17 analytes we assessed. Interestingly, however, a post-hoc
Holm-$idak’s multiple comparisons test revealed that none of the ana-
lytes in our panel showed significant differences between serial collec-
tion and single collection except TIMP-1 in both males and females
(Fig. 2). TIMP-1 is an inhibitor of metalloproteinases that plays a role in
alleviating inflammatory pain associated with wound healing (Knight
et al., 2019). Given this role for TIMP-1, the elevation in TIMP-1
resulting from repeated collection of CSF makes sense as repeated
punctures would cause increased inflammation and prolonged wound
healing. This one elevated protein provides confidence in our statistical
testing as it shows that the statistical approach has enough power to
detect a significant result and supports the assumption that our negative
statistical results using similar methods are unlikely to be false
negatives.

The establishment of an easily adapted serial CSF collection method
is also critical to closing the translational gap as it enables more
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Fig. 8. Males, but not females, experience a significant increase in the presence of microbleeds 14 days after a concussion. A semi-quantitative scoring system for
microbleed presence in the cortex, corpus callosum, and hippocampus was used. Representative images are shown (A-F). Black arrows, added by someone blinded to
the experimental groups, signify microbleeds in the images. The total scores of 5 brain sections were summed up for each animal and used for statistical testing (G).
Data is presented as mean with 95 % CI. Statistical analysis was performed using a two-way ANOVA and post-hoc Holm-Sidak multiple comparisons test. *p < 0.05.
**p < 0.01 Scale bar = 1000 um. Inset scale bar = 100 pm.
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Fig. 9. Microglia phagocytose microbleeds. Representative images show colocalized positive staining for Ibal and microbleeds confirming microglia are responding
to BBB permeability in the cortex (A), hippocampus (B), and corpus callosum (C). Scale bar = 20 um.

248



J. Karam et al.

longitudinal studies to be performed with a clinically relevant output.
Clinically relevant outputs used in longitudinal studies can help address
the problem of translating time between rodents and humans. Such a
translation of time scale is inherently difficult, as there is no universal
conversion factor, presenting a major obstacle in relating preclinical
studies to clinical studies.

4.2. In sex-blended analysis, a single concussion only affects the levels of
IFNy in the CSF

After showing our method of serial CSF collection is not globally
increasing inflammatory protein levels in the CSF, we began to inter-
rogate the effects of a single concussion on inflammation and the po-
tential sex-based differences in analytes from CSF. To do this, we took a
stepwise approach to analyzing the levels of proteins in the CSF. First,
we asked how CSF protein levels are affected by a single concussion,
without considering sex. Many clinical mTBI studies do not consider sex,
combining male and female samples, only comparing injured and un-
injured groups (Gard et al., 2023; Daisy et al., 2022; Giza et al., 2021;
Hicks et al., 2023; Vedantam et al., 2021). This is often due to insuffi-
cient numbers of female patient samples. For our statistical test, we
combined male and female concussion groups and compared them to
combined male and female sham groups, effectively giving us two
groups: concussion vs sham. The results from this test were rather
interesting, as there were not any significant differences in protein levels
over time (Table 2), with the exception of IFNy. [FNy (Fig. 3) was shown
to be significantly affected by injury.

IFNy has been widely studied as a biomarker for mTBI, however
there is little agreement across studies due to a lack of uniformity in
study designs. In sex blended studies, IFNy has been shown to be
significantly increased acutely after mTBI in blood samples from chil-
dren (Ryan et al., 2022) and adults (Vedantam et al., 2021). Further, in a
sex blended longitudinal study collecting blood samples from adult
mTBI patients at admission to 12 months post injury by Chaban and
colleagues, IFNy was shown to be significantly affected by injury in a
two-way mixed effects analysis (Chaban et al., 2020). While this result
from blood testing directly reflects our finding in this study using CSF, it
is important to note that Chaban et al. did not report time as a significant
factor influencing IFNy levels. Interestingly, adult patients showed no
significant differences in IFNy levels compared to controls in CSF sam-
ples taken approximately 17 months after concussion (Gard et al., 2023).
It should be noted that the athletes in this sample had a median of 5
concussions prior to CSF collection.

While IFNy was the only protein in our panel that showed signifi-
cance in our sex blended statistical testing, TNFa, IL-2, IL-6, IL-10, and
VEGF are also interesting, as these five proteins have shown significant
changes in sex blended human studies. Chaban et al. reported that TNFa
expression in adult mTBI patient blood samples was significantly
affected by both time and injury (Chaban et al., 2020). The 207 patients
in this study sustained a single mild TBI, but the injury was severe
enough to result in hospitalization. Vedantam et al. showed that IL-2 and
IL-6 are both significantly increased compared to controls at 1 dpi and
IL-6 stayed significantly increased up to 6 months post-injury in blood
samples from adult mTBI patients, and these changes were associated
with more severe symptoms, depression, and/or PTSD. Again, these
patients were recruited from injuries serious enough to warrant a trip to
the emergency room (Vedantam et al., 2021). Ryan et al. reported that
TNFa and IL-10 were significantly decreased, while IL-6 was signifi-
cantly increased in blood sampled from pediatric mTBI patients within 2
weeks of injury (Ryan et al., 2022). Gard et al. reported that IL-2, TNFa,
and VEGF were all significantly increased in the CSF of adult mTBI pa-
tients 17 months post-injury (Gard et al., 2023). While our results do not
fully reflect what has been published in sex blended clinical studies, it is
important to note that while these studies are sex blended, they are still
predominantly male patient populations with almost a 2:1 male:female
ratio (Gard et al., 2023; Ryan et al., 2022; Vedantam et al., 2021; Chaban
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et al., 2020). To fully understand these published results, as well as our
results in this study, it is vital to separate the sexes and compare the
injury response in each sex.

4.3. A single concussion significantly affects pro-resolving proteins in
females and pro-inflammatory proteins in males

The second step we took in our stepwise approach to analyzing this
dataset was separating the sexes and comparing the injury response in
each sex. This approach gave us two sets of two groups: Concussion vs
sham in females (Table 3) and concussion vs sham in males (Table 4).
The results from this approach were quite intriguing. In females, injury
was a significant factor affecting the levels of soluble L-selectin (Fig. 4B)
and the interaction of time and injury was a significant factor affecting
the levels of IL-13 (Fig. 4A) and VEGF (Fig. 4C). In males, the interaction
of time and injury significantly affected the levels of IL-2 (Fig. 4D) and
TNFa (Fig. 4E). IL-13 and VEGF are typically secreted by pro-resolving,
anti-inflammatory immune cells, while IL-2 and TNFa are pro-
inflammatory proteins (Barreto et al., 2018; Simon et al., 2017; Miao
et al., 2020). The trends shown in the data paint an interesting picture.
Females experience an acute upregulation of pro-resolving proteins,
which have also been shown to be neuroprotective (Miao et al., 2020;
Llado et al., 2013), while males initially experience a decrease in pro-
inflammatory proteins that eventually increases at later timepoints,
with IL-2 levels being significantly greater in concussed males compared
to sham males at 14 dpi, which reflects previously published male-
biased sex blended studies (Gard et al., 2023; Vedantam et al., 2021).
One possible explanation of this paradigm is the differential presence of
estrogen and progesterone, which have been shown to be neuro-
protective after TBI, reducing mortality and improving neurological
outcomes, by reducing neuronal apoptosis, inhibiting microglial and
astrocytic activation, and decreasing brain edema (Brotfain et al., 2016;
Chakrabarti et al., 2016; Wang et al., 2021; Zlotnik et al., 2012). To
further dissect the sex differences in the inflammatory response after
concussion, it is imperative to compare CSF protein levels after
concussion across both sexes directly.

4.4. Males experience a biphasic and more prolonged inflammatory
response compared to females

The third phase of our stepwise approach to analyzing CSF protein
concentration after concussion was comparing the protein levels in both
concussion groups, giving us two groups for comparison: male vs female.
In this comparison, many sex-based differences were revealed. Sex was a
factor significantly affecting the levels of 9 of 17 proteins and the
interaction of sex and time was a factor significantly affecting the levels
of 3 of these proteins (Table 5). There is a clear trend present in the time
course representations of each of these proteins (Fig. 5). While there are
only four significant pairwise comparisons in post-hoc multiple com-
parisons testing, in general, males experience a more rapid inflamma-
tory response, with all proteins being greater in males than females,
except TNFa, at 1 dpi. At 3 dpi, females have significantly greater TNFo
than males, as well as greater levels of IL-1f, IL-2, IL-6, and VEGF,
suggesting that females undergo a delayed inflammatory response. At 7
dpi, males experience a second peak in inflammation with significantly
greater levels of IL-6, IL-18, and VEGF, as well as greater levels of
CXCL3, GM-CSF, ICAM-1, IL-1p, IL-2, and L-selectin, than females. This
persists at 14 dpi, with males exhibiting greater levels of CXCL3, GM-
CSF, IL-1p, IL-2, and IL-10, though none of these are significant, than
females.

Our results are supported by a previous study evaluating serum and
brain cytokine concentrations in mice 4 h after the last injury in a re-
petitive blast-related mTBI model (Baskin et al., 2023). Baskin et al
reported that female mice experience greater anti-inflammatory
signaling acutely after mTBI, with significantly higher concentrations
of IL-10 and G-CSF and significantly lower concentrations of IL-9, IL-12,
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and IP-10 in brain tissue homogenates, compared to male mice (Baskin
et al., 2023). While few studies, especially longitudinal ones, have
compared protein levels in biofluids sampled from mTBI patients across
sexes, it is critical to analyze these sex differences more holistically, as
biomarker bioactivity may vary between sexes. For example, Di Battista
et al. reported no significant differences in plasma concentrations of
IFNy or TNFa between male and female mTBI patients (Di Battista et al.,
2020). However, in males, they found that higher IFNy concentrations in
blood were significantly correlated with more severe concussion
symptoms, whereas in females, higher concentrations of IFNy and TNF«
were significantly correlated with less severe symptoms (Di Battista
et al., 2020). This data suggests there are underlying differences in the
mechanisms regulating how males and females respond to inflamma-
tion. Studies comparing male and female injury responses to mTBI are
valuable for bridging the sex-based knowledge gap, and more studies
investigating these sex-based differences are clearly needed. With that
said, directly comparing the injuries between sexes is not the complete
picture. It is imperative to understand uninjured baseline differences
between sexes as well, especially in longitudinal biomarker studies such
as the present one.

4.5. Statistical analysis of sham and injured groups for both sexes reveals
that sex is a significant variable affecting inflammatory protein expression

The last phase in our stepwise approach to analyzing this dataset
incorporates the sham groups into the comparisons. By including sham
groups into our statistical model, we now have three variables being
tested: time, sex, and injury. Including a third variable increases the
number of comparisons, requiring a different statistical approach to
reduce Type I errors. We employed a three-way mixed effects analysis
followed by a post-hoc Holm-Sidak multiple comparisons test to account
for the potential increase in Type I errors. A major point to note with this
level of statistical testing is that by increasing the number of groups, the
number of comparisons also increases, which decreases the statistical
power of post-hoc multiple comparisons testing (Lee and Lee, 2018).
This is critical to keep in mind, as it can result in a comparison being
reported as negative, even though with fewer comparisons, it may have
been positive. It is possible that this phenomenon is occurring in this
study as none of the reported significant pairwise comparisons in the
previous statistical models are reported in the three-way mixed effects
analysis and post-hoc testing. While this statistical model does report
significant pairwise comparisons, it fails to confirm the significant
pairwise comparisons reported in less stringent statistical models
(Table 7).

A three-way mixed effects analysis is the most conservative approach
to investigating the sex-dependent differences in inflammatory protein
expression in the CSF after a concussion; it is also the most appropriate.
Despite it being conservative in terms of statistical power, our results
revealed that sex or the interaction of sex with time and/or injury
significantly affected the levels of 12 of the 17 proteins in the Luminex
panel (Table 6). Additionally, injury or the interaction of injury with sex
or sex and time significantly affected the levels of 4 of the 17 proteins in
the panel. Injury only affecting 4 of the 17 proteins does not seem un-
reasonable as a concussion is a mild TBI. In a more severe TBI, we would
expect to have much greater changes in the inflammatory response after
concussion. However, sex affecting the levels of 12 proteins in a mild
concussion highlights the need for investigating sex-dependent differ-
ences in concussions in order to understand the complete pathophysi-
ology of the injury, while also including the shams in comparing the
injury responses, as this data shows baseline differences that could be
confounding the results here. For example, at 1 dpi, the male concussion
group experienced significantly greater levels of IL-1f (Fig. 6F)
compared to both female sham and female concussion. In comparison,
the female concussion group experienced significantly lesser levels of
VEGF (Fig. 6M) compared to both the male sham and male concussion
groups. Shams having results that vary significantly from the injured

250

Brain Behavior and Immunity 124 (2025) 237-252

groups of the opposite sex makes it unclear if the concussion group
differences are due to injury or simply due to inherent sex-based base-
line differences. Nonetheless, investigating sex-dependent differences in
post-concussion inflammation over time using a three-way mixed effects
analysis or three-way repeated measures ANOVA is the most appropriate
to account for all major variables in such an approach. Further, while
this study is small, the 12 proteins that were significantly affected by sex,
and the 4 proteins that were significantly affected by injury, warrant
further investigation in future studies for their role in neuro-
inflammatory signaling after concussion.

4.6. Presence of microbleeds corresponds with increase in Ibal+
microglia number

Despite a concussion being a mild traumatic brain injury, there are
still noticeable differences in brain pathology between sexes after a
concussion. We performed histological characterization using a quan-
titative and semi-quantitative methodology to assess the presence of
Ibal+ microglia (Fig. 7) and GFAP+ astrocytes (Fig. S1), as well as
microbleeds (Fig. 8), respectively. Stereological quantification of Ibal+
microglia, in the corpus callosum shows a significant increase in the
estimated total number of microglia in the corpus callosum of males at
14 dpi compared to 7 dpi (Fig. 7G). Stereological quantification of
GFAP+ astrocytes in the corpus callosum showed no significant differ-
ences between any groups. The overall trend of this data corresponds
well with the semi-quantitative scoring of microbleed presence, where
each instance of a microbleed is graded on a scale of 0-3 (0 =none, 1 =a
few granules, 2 = several granules, 3 = a lot of granules). This scoring
reveals that males experience a significantly greater presence of
microbleeds at 14 dpi compared to male sham, males at 7 dpi, and fe-
males at 14 dpi (Fig. 8G). This correlation makes sense, as microglia are
known to phagocytose blood products after hemorrhage (Yu et al., 2022;
Chen et al., 2022). To confirm this response, co-staining of Ibal and
Prussian Blue was performed and showed multiple Ibal+ microglia
phagocytosed microbleed byproducts (Fig. 9). This data suggests the
possibility that the pro-inflammatory CSF protein expression seen in
males after a concussion could be driven by an increase in pro-
inflammatory microglia polarization due to a increase in BBB perme-
ability. Future studies should investigate variability in microglial
phagocytosis between sexes as a possible mechanism underlying the sex-
dependent differences in neuroinflammation after concussion. Detection
of leakage or microbleeds could also utilize fluorescent dextrans of
varying molecular weights, or IHC for Von Wildebrand factor, CD-31 or
PECAM-1 (Sahyouni et al., 2017).

4.7. Limitations

This study was designed with three goals. First, to establish a method
of minimally invasive serial CSF collection that could be used by any
laboratory without specialized tools to enable future longitudinal
studies utilizing clinically relevant outputs. Second, to determine if the
serial collection of CSF altered the CSF proteome in the absence of an
experimental condition. Third, to establish a framework for interro-
gating sex differences in levels of biomarkers for mTBI in rats. While this
study accomplishes all three goals, it is not without its limitations. First,
the sample size in the present study is small. Each group at each time-
point has n = 4-6 rats. While group numbers are sufficient for statistical
analysis, groups of 10-12 rats would be ideal and would allow for testing
of behavioral outcomes in future interventional studies. Second, it is
extremely likely that there are other proteins that play a significant role
in mTBI inflammation that are not addressed in this study. This is mainly
due to the lack of analytes commercially available in multiplex immu-
noassay Kkits for rats. As more and more kits designed for rats come to
market, studies like this will be able to be expanded. Third, this study
was focused on CSF inflammation. However, future studies would
benefit from comparing inflammation in the CSF to systemic
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inflammation using blood-based biomarkers, given the increased clin-
ical relevancy of blood testing. This would allow for easier translation of
any biomarker discoveries. Last, a limitation of this study is the absence
of behavioral data. Future studies should aim to correlate clinically
relevant biomarkers over time with functional outputs like behavior to
maximize the amount of data that can be generated with the least
number of animals.

5. Conclusion

This study was designed to accomplish three goals. First, to describe
a method of minimally invasive serial CSF collection. The method
described in this study can easily be adapted by any laboratory prepared
for animal studies. There is no need for special tools or custom-built
equipment. Second, to confirm that serial collection of the CSF does
not alter CSF protein levels. Of the 17 analytes we tested, 16 showed no
difference between serial collection and single collection. TIMP-1 was
significantly increased which is expected as TIMP-1 is involved in alle-
viating inflammatory pain related to wound healing. Third, to establish
a framework for assessing sex differences in neuroinflammation after a
concussion. We showed that results vary based on the framing of the
statistical test. However, it is evident that males experience a more
robust inflammatory response to a single concussion than females,
possibly caused by increased BBB permeability and microglial polari-
zation. Future studies should adopt this method of serial CSF collection
to perform longitudinal studies to better understand the temporal dy-
namics of neuroinflammation not just after neurotrauma, but any
neurological disorder.
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