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Abstract
Sex dimorphism has been demonstrated after experimental intracerebral hemorrhage (ICH). Decreased mortality and improved
neurobehavioral outcomes occur in female compared to male mice after intrastriatal autologous blood or collagenase injection.
Sex-specific differences in post-ICH gene and protein expression may provide mechanistic insight into this phenomenon. Ten- to
12-week-old C57BL/6 male (M) and female in high estrous state (HE-F) underwent left intrastriatal collagenase injection. We
assessed neurobehavioral outcomes over the first 30 days, hematoma volume and cerebral edema evolution over the first 24 h,
and transcriptomic gene and protein expression at pre-selected time points during the acute phase of injury. Genome-wide
expression profiling was performed with Affymetrix GeneChip Mouse Genome 2.0 Probes, and proteomics analyses were
performed using mass spectroscopy. Sex does not affect hemorrhage evolution, but female sex is associated with improved
neurobehavioral recovery after ICH. A total of 7037 probes qualified for our filtering criteria, representing 5382 mapped genes
and 256 unmapped genes. Female-unique pathways involved cell development, growth, and proliferation, while male-unique
pathways involved molecular degradation. At 6 and 24 h post-ICH, differential expression was observed in 850 proteins vs
baseline in males, 608 proteins vs baseline in females, and 1 protein in females vs males. Female sex is associated with improved
neurobehavioral recovery, and differential gene and protein expression after intrastriatal collagenase injection.
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Introduction

Sex differences in incidence and outcome after ischemic
stroke, traumatic brain injury, and subarachnoid hemorrhage

are well known. However, sex differences after intracerebral
hemorrhage (ICH) remain unclear. Understanding sex differ-
ences in brain responses to ICH and recovery after ICH may
lead to new therapeutic targets.
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In recent years, pre-clinical models have contributed to
mechanistic understanding of injury after ICH. While neu-
robehavioral recovery is clearly more complete in female
animals [1], mechanisms of sex differences are only begin-
ning to emerge. Improved recovery in female animals may
be related to an inflammatory response that favors recovery
[2, 3]. While many seemingly sex-specific reactions after
ICH are related to presence or absence of gonadal hor-
mones [4–9], other mechanisms are possible. Further,
sex-specific pharmacogenomic interactions have been
demonstrated in both humans and animals [10] .
Understanding basic sex differences in brain responses to
ICH will inform further investigation of these interactions.

The purpose of this study was to discover new, potential
gene and protein targets associated with improved recovery
after ICH in females. To achieve this objective, transcriptomic
gene expression and proteomics analyses were performed in a
model of experimental ICH.

Methods

All animal procedures were designed to minimize animal dis-
comfort and numbers, conformed to international guidelines
on the use of animals, and were approved by the Duke
University Institutional Animal Care and Use Committee.
Ten- to 12-week-old male and female C57BL/6 mice were
used in all experiments. Mice were randomly selected for
injury, and all operators were blinded to group assignment.

Experimental Groups

Cohort 1. Neurobehavioral RecoveryA separate cohort of age-
matched male and female mice were tested on the rotarod
(RR) over the first 7 days and in the Morris water maze
(MWM) over days 28–31 after ICH (n = 15/group).

Cohort 2. Hemorrhage Volume and Edema MeasurementsOn
separate cohorts of age-matched male and female mice, hema-
toma volume was measured at 6 and 24 h after ICH using
magnetic resonance imaging (MRI) (n = 5/group), and brain
water content was determined at 24 h after ICH (n = 8/group).

Cohort 3. Differential Transcriptomic Gene Expression Gene
expression analysis was performed in a separate cohort of
age-matched male and female mice at 0, 2, 6, and 24 h after
ICH, and again at 5 days after ICH (n = 3/group per time
point with three female and three male baseline samples,
i.e., non-injured).

Cohort 4. Proteomic Assessment Protein expression analysis
was performed in a separate cohort of age-matched male and
female mice at 0, 6, and 24 h after ICH (n = 3/group per time

point with three female and three male baseline samples, i.e.,
non-injured).

ICH Model

The murine intrastriatal collagenase injection ICH model [11,
12] was adapted from a previously described model in rats
[13]. Mice were anesthetized with 4.6% isoflurane in 30%
O2/70% N2. After anesthetic induction, the trachea was
intubated, and the lungs were mechanically ventilated with
1.5% isoflurane in 30% O2/70% N2. Rectal temperature was
maintained at 37.0 ± 0.2 °C by an underbody circulating
waterbed. The animal’s head was secured in a stereotactic
frame. The scalp was incised and a burr hole was created
2.2 mm left lateral to bregma. A 1.0-μL syringe (Hamilton,
Reno, NV) with a 25-gauge needle was mounted on the ste-
reotactic frame. The eye of the needle was advanced to a depth
of 3 mm from the cortical surface. Type IV-S clostridial col-
lagenase (Sigma, St. Louis, MO, USA; 0.075 U in 0.4 μL
0.9% NaCl) was injected over 2 min, and the needle was held
motionless for an additional 5 min. After slowly withdrawing
the needle, the incision was closed, and animals were allowed
to recover spontaneous ventilation with subsequent
extubation. Following recovery in a warm, non-stimulating
environment, mice were allowed free access to food and
water.

Determination of Estrous Stage

Prior to injury, morning vaginal smears were obtained from
female mice to determine the reproductive stage [14]. Smears
from mice in the estrous stage contained a cluster of irregular-
ly shaped, cornified squamous epithelia cells that lacked nu-
clei. These mice were used in the experiments. Subsequent
vaginal smears were obtained on consecutive days from fe-
males in other reproductive stages until they could be classi-
fied as estrus, and added to the experimental pool.

Neurobehavioral Testing

Rotarod An automated RR (Ugo Basile, Comerio, Italy)
was used to assess the effects of therapeutic intervention
on vestibulomotor function [15]. On the day prior to injury,
mice underwent two consecutive conditioning trials at a set
rotational speed (16 rev/min) for 60 s, followed by three
trials with accelerating rotational speed. The average time
to fall from the rotating cylinder in the latter three trials
was recorded as baseline latency. On days 1, 3, 5, and 7
after ICH, mice underwent every other day testing for RR
with three trials of accelerating rotational speed (4–40 rpm,
inter-trial interval of 15 min) for up to 300 s. Average
latency to fall from the rod was recorded. Mice unable to
grasp the rotating rod were given a latency of 0 s.
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Morris Water MazeMWMwas evaluated in a black aluminum
pool (105 cm in diameter, 60 cm deep) filled with water
opacified with powdered milk, and containing a platform
(7.5 cm in diameter) submerged 1 cm below the water surface
(22 ± 0.5 °C). The maze was kept in a room dedicated to
behavioral testing, to decrease stress. Mice were tested on
days 28–31 after ICH with four trials per day and an inter-
trial interval of 1 h. For each trial, mice were placed in one of
four quadrants. Mice were allowed to search for the platform
for 90 s. If unable to locate the platform, mice were guided to
the platform where they remained for 15 s. A computerized
video tracking system (KeilSoft LLC, Chapel Hill, NC) re-
corded latency from entering the maze to finding the platform,
as well as swimming speed. On the final day, after hidden
platform testing, a probe trial was conducted for which the
escape platform was removed, and the mouse was released
at a point diagonally opposite the previous location of the
platform. The time spent searching all four quadrants and
the number of crossings into the previous platform quadrant
were recorded.

MRI

Mouse brain imaging was performed on a 7-T Bruker
Biospec 70/30 horizontal bore system (Billerica, MA).
Animals were lightly anesthetized with isoflurane, and
physiologic parameters were continuously monitored and
maintained throughout the imaging session (~60 min/ani-
mal). Axial 2D T2-weighted fast spin echo images
(TURBO-RARE, TE/TR = 11/4200 ms with 1-mm-thick
slice, matrix = 256 × 256 and FOV of 2.4 × 2.4 cm, five
averages, 0.0-mm interslice gap) were obtained first for
screening purposes and supplemental anatomic informa-
tion. For directed hemorrhage volumetric analysis by a
blinded observer, 64 contiguous 500-μm-thick 3D FSE
proton density images (TURBO-RARE, TE/TR = 9/
1500 ms, matrix = 256 × 256 × 64 and FOV of 2.2 × 2.2 ×
2.2 cm, 25-min duration) were acquired.

Hemorrhage Volume Measurement

Volumetric analysis of MRI data sets was performed
using Osirix software, an open-source image-processing
application developed and maintained by Pixmeo
(Geneva, SUI). Hemorrhages were manually segmented
in each animal by an investigator blinded to back-
ground. Selected areas were reviewed for consistency
on coronal and sagittal representations, and cross-
correlated with axial 2D FSE images. Two separate
striatal segmentations were obtained for each animal,
and the average volume was recorded. Intrarater reliabil-
ity (kappa value) was 0.97.

Brain Water Content Measurement

Brain water content was measured at 24 h after injury. After
anesthesia, mice were euthanized by decapitation, and brains
were immediately harvested. The cerebellum and brain stem
were discarded. Right and left hemispheres were separately
weighed (Bwet^ weight). Brains were allowed to dehydrate
over 24 h at 105 °C, and then reweighed (Bdry^ weight).
Water content was calculated as a percentage of wet weight
([wet weight − dry weight / wet weight] × 100).

Tissue Processing, Messenger RNA Extraction,
and Protein Extraction

Tissue Processing After anesthesia induction, mice were
intubated, and perfused transcardially with 30 mL PBS.
After brains were removed, ipsilateral and contralateral hemi-
spheres were dissected, flash frozen in liquid nitrogen, and
then stored at − 80 °C.

Messenger RNA Extraction and Microarray Processing Frozen,
pulverized ipsilateral hemisphere tissue was processed for
RNA extraction (RNA Lipid Tissue Mini Kit, Qiagen,
Hilden, Germany). RNA quantity and quality were assessed
with the NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE) and by agarose gel elec-
trophoresis. Only samples with a 260/280 ratio of 1.9–2.1 and
a 260/230 ratio > 2.0, were further processed. Hybridization
targets were prepared from 2 μg of total RNA, and hybridized
according to standard Affymetrix protocols, using Affymetrix
GeneChip Mouse 2.0 arrays (Affymetrix, Santa Clara, CA).
Arrays were scanned on the Affymetrix GeneChip scanner,
and probe-set expression values (percent present and 3′/5′
probe-set ratios for actin and GAPDH [for microarray quality
control]) were calculated using the Affymetrix Microarray
Analysis Suite v5.0.

Protein Isolation Protein isolation and proteomics analysis
were performed by the Duke Proteomics Core Facility
(DPCF). Mouse brain tissue was solubilized using a standard
MS-compatible surfactant/burst sonication procedure in
which brains were suspended in 750 μL 50 mM ammonium
bicarbonate (pH 8) with 0.25% ALS-1 (standard MS-
compatible surfactant), and then subjected to three 10-s probe
sonication bursts at 30% power. Samples were spun at
15,000 rpm for 5 min, and insoluble material was discarded.
A Bradford assay (mini-Bradford, Bio-Rad Inc., Hercules,
CA) of all samples was taken after protein isolation to deter-
mine protein yield. Using 50 mM ammonium bicarbonate,
30 μg from each sample was normalized to 1.0 μg/μL for
reduction (10 mM DTT), cysteine alkylation (20 mM
iodoacetamide), and trypsin digestion according to standard
protocol (http://www.genome.duke.edu/cores/proteomics/
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samplepreparation/documents/InsolutionDigestionProtocol_
012309.doc). After digestion, all samples were spiked with
ADH1_YEAST digest (Massprep standard, Waters
Corporation) as a surrogate standard (50 fg ADH/μg total
brain lysate), dried, and resuspended in 2% acetonitrile and
0.1% TFA (pH 2.5) to a concentration of 0.6 μg/μL prior to
analysis. A BQC pool^ was generated by removing an equal
quantity (1 μg) from each of the 28 samples (2 samples were
discarded due to poor quality).

Statistical Analysis

RR andWM performance were compared with repeated mea-
sures analysis of variance, with time as the repeated variable.
Hemorrhage volume and interhemispheric water weight dif-
ferences were compared using Student’s t test. P < 0.05 was
considered statistically significant, and data were expressed as
mean ± SD.

Gene Expression Analyses Data analysis from individual
mouse samples was performed using Bioconductor (http://
bioconductor.org/). Probe sets that were significantly
different (adjusted P value < 0.05) in each compared group
were analyzed using Ingenuity Pathway Analysis (IPA; http://
www.ingenuity.com/products/ipa). IPA allows development
of gene and gene-disease networks by incorporating multiple
source databases, including major NCBI databases
(EntrezGene, RefSeq, and OMIM disease associations),
microRNA-mRNA target databases, GWAS databases, and
Kyoto Encyclopedia of Genes and Genomes (KEGG).

IPA attempts to map items in the gene ID column, to gene
symbols and names in the Ingenuity Pathways Knowledge
Base. When multiple probe sets were mapped to one gene,
the probe set with the greatest standard deviation of expres-
sion values was selected for detailed analysis. The BCanonical
Pathways^ tab displays the most significant canonical path-
ways in IPA across the entire dataset. The significance values
for the canonical pathways are calculated by Fisher’s exact
test right-tailed. The significance indicates the probability of
association of molecules from the dataset with the canonical
pathway by random chance alone.

Proteomics Analyses To assess global expression profiles, a
2D agglomerative clustering of protein expression levels (z-
score-transformed to plot significance of change) was gener-
ated from individual mouse samples. As described above, the
data were intensity-scaled at the peptide level to the robust
mean (excluding the highest and lowest 10% of the signals)
across all injections, resulting in a final quantitative dataset for
8425 peptides. Expression data for 1235 mouse brain proteins
were derived by summing the intensities of all peptides within
that protein for each individual sample. Proteins with only one
peptide are highly likely to be correctly identified, as the

peptide-level false discovery rate is < 1%. However, highest
confidence should be placed on proteins with two or more
peptides and a favorable fold change and P value. Protein
expression values were used to generate fold-change data be-
tween treatment groups (male at each time point vs male un-
injured and female at each time point vs female uninjured).
Fold changes were calculated by ratioing the average intensity
of the three animals between the two time points. An error-
weighted Bonferroni-corrected ANOVA was also performed
between these groups.

Results

Neurobehavioral Recovery After ICH

Regarding sex differences in neurological recovery after pre-
clinical ICH, female mice demonstrate longer RR latencies
over the first 7 days after ICH, shorter WM latencies over
28–31 days after ICH, and more time spent in the target quad-
rant on the last day of WM testing (Fig. 1). One female and
two males died within 24 h after ICH.

Hemorrhage Volume and Cerebral Edema After ICH

To assess sex differences in hematoma and edema formation
after pre-clinical ICH, over the first 24 h after ICH, no sex
differences in hemorrhage volume and evolution were ob-
served (Fig. 2). However, brain water content at 24 h after
ICH was significantly reduced in female mice compared to
males (male vs female 80.36 ± 0.2047 [n = 5] vs 79.43 ±
0.3254 [n = 5], P = 0.04).

Differential Gene Expression at Early Time Points
After ICH

To assess sex differences in gene expression of the brain after
pre-clinical ICH, a total of 22,275 probe sets qualified for
analyses after filtering. Among these, 7037 probe sets were
differentially expressed after ICH in male or female mice at
pre-selected time points (adjusted P value < 0.05). Of the 7037
sets, 5382 mapped genes and 256 unmapped sets were ana-
lyzed using IPA.

In female mice, 5 significantly differentially expressed
(SDE) genes were found at 2 h, 1058 at 6 h, 1513 at 24 h,
and 2055 at 5 days after ICH when compared to baseline
(Supplemental Table 1). Among these 4631 SDE genes,
2349 were upregulated and 2282 were downregulated.

In male mice, no SDE genes were found at 2 h, while 421
were found at 6 h, 257 at 24 h, and 3 at 5 days after ICH when
compared to baseline (Supplemental Table 2). Among these
681 SDE genes, 553 were upregulated and 128 were
downregulated.
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In female mice, 5 unique genes were expressed at 2 h,
929 at 6 h, 1299 at 24 h, and 2061 at 5 days after ICH com-
pared to male SDE genes at each time point. In male mice, no
unique genes were expressed at 2 h, while 250 were expressed
at 6 h, 40 at 24 h, and 3 at 5 days after ICH compared to female
SDE genes at each time point (Fig. 3).

When comparing male and female mice at each time point
after ICH, 63 genes were differentially expressed at baseline.
After ICH, 1 gene was differentially expressed at 2 h, 3 at 6 h,
1 at 24 h, and 1 at 5 days (Supplemental Table 3). Compared to
female mice, X-inactive specific transcript (Xist) was down-
regulated in male mice at all time points after ICH.

Enriched Functional Category and Pathway Analysis

To systematically characterize sex differences in the func-
tions of SDE genes, all SDE genes at each time point were
included in pathway analysis using IPA. Unique pathways
were selected when significant pathways appeared in only
male or female mice. Shared pathways were selected when
significant pathways appeared in both male and female mice.

To focus the main differences at each time point, the top 10
significant pathways were selected, respectively, in male
unique, female unique, and shared pathways after ICH
(Supplemental Table 4).

In male mice, no pathways involving SDE genes were iden-
tified at 2 h, while 150 were identified at 6 h, 125 at 24 h, and
11 at 5 days after ICH. Among these pathways, 10 unique
pathways were found at 6 h, 9 at 24 h, and none at 5 days after
ICH compared to baseline. Unique male pathways consisted of
Bmolecular degradation^ at 6 h, and Bcellular stress and injury^
and Bcellular immune response^ at 24 h after ICH.

In female mice, 43 pathways involving SDE genes were
identified at 2 h, 175 at 6 h, 252 at 24 h, and 255 at 5 days after
ICH. Among these pathways, 43 female unique pathways
were found at 2 h, 35 at 6 h, 33 at 24 h, and 244 at 5 days
after ICH. Unique female pathways consisted of Bcytokine
signaling^ and Bcellular immune response^ at 2 h, Bgrowth
factor signaling^ and Bneurotransmitter and other nervous sys-
tem signaling^ at 6 and 24 h, and Bintracellular and second
messenger signaling^ and Bcellular immune response^ at
5 days after ICH.

Fig. 1 Female sex is associated with improved short-term and long-term
neurobehavioral recovery. a Female mice in estrus showed significantly
longer rotarod latencies over the first 7 days after ICH compared to males
(n = 15/group, P < 0.01, ANOVA). b Female mice in estrus demonstrated
significantly shorter water maze latencies and faster learning over post-
ICH days 28–31 compared to males (n = 15/group, P = 0.04, ANOVA). c

Probe testing after the last water maze trail on day 31 after ICH was
recorded as time spent in the quadrant previously occupied by the hidden
platform. Female mice spent more time in the target quadrant than males
(female vs male 34.1 ± 12.8 vs 22.3 ± 7.3 s, P = 0.02). F female, ICH
intracerebral hemorrhage, M male, SHAM sham injured mice

Fig. 2 Hemorrhage volume after
intrastriatal collagenase injection.
Male (a) (5.4 ± 0.6 mm3, n = 5/
group) and female (b) (5.1 ±
0.3 mm3, n = 5/group) magnetic
resonance images show similar
hemorrhage volumes at 6 h after
intrastriatal collagenase injection
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Forty-four shared pathways were identified at 6 h, 70 at
24 h, 20 at both 6 and 24 h, and 9 at 5 days after ICH.
Shared pathways consisted of Binflammation,^ Bapoptosis,^
and Bcellular growth and proliferation.^ Further, the acute
phase response signaling pathway was found to be significant
in all groups except males at 5 days after ICH.

Acute Phase Response Signaling Pathway After ICH

Male and female mice shared mostly ingenuity toxicity list
pathways during the acute phase after ICH. Notably, the num-
ber of enrolled SDE genes and their fold changes varied be-
tween sexes. Among these toxicity pathways, the Bacute phase
response signaling^ pathway was the most significant pathway
in male and female mice at 6 and 24 h, and is also important
among cytokine signaling pathways. Therefore, we selected the
acute phase response pathway to demonstrate sex differences
(Supplemental Fig. 1 and Supplemental Table 5).

All genes involved in the acute phase response signaling
pathway were ranked according to the P value of the most
significant probe within the gene after all comparisons. The
top 20 genes (best P < 0.001) were selected for the cluster
analysis of this pathway. The cluster analysis revealed that
expression of this subset of genes is consistent between males
and females at 24 h and at 5 days after ICH. Other time points
showed differences in gene expression levels (Fig. 4).

Protein Expression at Early Time Points After ICH

To assess sex differences in protein expression of the brain
after pre-clinical ICH, a total of 1235 proteins qualified for
analyses after filtering. In males, we identified 309 of these
proteins at 6 h and 541 at 24 h after ICH with significant
differential expression compared to baseline (Supplemental
Table 6). In females, we identified 439 proteins at 6 h and
369 at 24 h after ICH with significant differential expression
compared to baseline (Supplemental Table 7).

We detected only one protein, XPP3, that was differentially
expressed in males vs females after ICH, and it was downreg-
ulated in males at 6 h after injury compared to females.

Discussion

Robust sex differences in neurobehavioral recovery were ob-
served in our murine model of ICH. In addition, modest sex-
specific changes in gene and protein expression in brain tissue
of mice after ICH occurred in both the acute and sub-acute
phases of injury. Similar to human acute ischemic stroke [16],
such differences in gene and protein expression could be key
to the development of targeted therapeutic strategies.

Toll-like receptor-2 (TLR2), for example, was upregulated
through day 5 after ICH in female mice, with increasing fold
changes, but only through 24 h in males. TLR2 regulates the
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BFig. 3 Differential gene
expression in male vs female mice
at early time points after
intracerebral hemorrhage (ICH). a
In each Venn diagram, genes
differentially expressed at each
time point compared to baseline
are stratified into female-specific
genes in the left circle, male-
specific genes in the right circle,
and non-sex-specific genes in the
center. Red arrows represent up-
regulation, and green arrows rep-
resent downregulation. b The
time course of total number of
genes differentially expressed
compared to baseline. Base pre-
injured baseline, d day, F female,
h hour, M male, vs versus
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inflammatory response in the acute phase of ICH [17], but the
role of TLR2 in the sub-acute phase after ICH is not clear. B
cell lymphoma-2-related protein A1 (BCL2A1) was upregu-
lated in female mice at all time points tested after ICH, but
only at 24 h inmale mice. BCL2A1may have a cytoprotective
effect as a direct transcription target of nuclear factor kappa B,
which is upregulated in neuroinflammatory processes [18].

A direct comparison of SDE genes in male and female mice
at each time point after ICH may be even more revealing. Only
three SDE genes had a 2-fold change or more from baseline in
male vs female mice: Xistwas downregulated more than 8-fold
in male mice at all selected time points, proteoglycan-4 (Prg4)
was downregulated 2-fold inmales at 6 h after ICH, andDEAD
box helicase-6 (Ddx6) was upregulated 2-fold in males. XIST
regulation of histone 3 (H3) may be an epigenetic mechanism
of neural sex differences [19–21]. DDX6 is an RNA helicase
found in P bodies and stress granules, and functions in transla-
tion suppression and messenger RNA (mRNA) degradation.
Prg4 is connected to hemopoietic stem cell proliferation, regu-
lation of cell proliferation, and negative feedback of
interleukin-6 production. In mice lacking the beta-2 adrenergic
receptor (β2AR), brain Prg4 expression is similar to its expres-
sion signature seen in a middle cerebral artery occlusion model

of ischemic stroke [22]. Tendon Prg4mRNA is upregulated in
response to transforming growth factor β [23], which increases
in the brain following stroke [24].

Fig. 4 Acute phase signaling
pathway cluster analysis. This
heat map was created with an
unsupervised clustering approach.
Columns represent samples with
sample names from individual
mice (n = 3/group per time point)
are displayed along the lower
edge of the heat map. Rows
represent genes with their
corresponding gene symbols.
Results from each mouse brain
(represented by an individual
column) are clustered with the
results from mouse brains most
similar in their gene expression
across. Secondarily, each of the
rows is grouped through the same
process. Red depicts upregulated
genes with lighter shades
reflectively greater change, green
depicts downregulated genes with
lighter shades reflectively greater
change, and black indicates no
change. B baseline, d days, F
female, h hours, M male

Table 1 Number of gene probes significantly differentially expressed at
pre-selected time points after intracerebral hemorrhage (ICH) in male
compared to female mice

Comparison Probes
(FDR, P < 0.05)

Male at 2 h after ICH vs baseline 0
Male at 6 h after ICH vs baseline 500
Male at 24 h after ICH vs baseline 324
Male at 5 days after ICH vs baseline 3
Female at 2 h after ICH vs baseline 6
Female at 6 h after ICH vs baseline 1371
Female at 24 h after ICH vs baseline 2000
Female at 5 days after ICH vs baseline 2748
Male sham baseline vs female sham high baseline 75
Male at 2 h after ICH vs female at 2 h after ICH 1
Male at 6 h after ICH vs female at 6 h after ICH 7
Male at 24 h after ICH vs female at 24 h after ICH 1
Male at 5 days after ICH vs female at 5 days after ICH 1

FDR false discovery rate
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Mapping these differential gene expression data to various
pathways may show powerful associations. Male and female
mice sharedmany ingenuity toxicity list pathways at 6 and 24 h
after ICH, including the apoptosis signaling pathway, acute
phase response pathway, and nuclear factor kappa B signaling
pathway. Although pathways were shared, the number of en-
rolled SDE genes and their significance and fold changes were
different between male and female mice. In differential path-
way expression after ICH, male gene expression mapped to
metabolic pathways including biosynthesis and degradation.
In contrast, female gene expression mapped to Bgrowth^ path-
ways including growth factor, axonal guidance, and vascular
endothelial growth factor signaling (Table 1).

Interestingly, our data examined differences in gene expres-
sion up to 5 days after injury, when recovery mechanisms are
believed to be optimized. At 5 days after ICH, only 3 SDE
genes were found in male mice, while 2134 were found in
female mice. These 2134 SDE genes were enrolled in 433
gene expression pathways: 20% related to growth and prolif-
eration, 16% to cellular immune response, 10% to intracellular
second messenger signaling, 10% to cytokine signaling, and
8% to neurotransmitter signaling. The result is that, in female
mice, some pathways were significantly differentially activat-
ed in both the acute phase and at 5 days after ICH. For exam-
ple, more genes mapped to axonal guidance signaling than to
any other expression pathway at both 24 h and 5 days after
ICH in female mice. Thus, one pathway may have different
roles at different time points.

Proteomics analysis revealed only a limited number
of proteins with significant differential expression in
male vs female mice after ICH. XPP3 was the only
protein with significant differential expression between
male and female mice, and this sex difference was ob-
served only at 6 h after ICH. The relationship of this
protein to ICH is not clear.

This study is exploratory, and should not be viewed as
conclusive. Our findings, while informative, are limited by
lack of data that demonstrate functionality of any of these
genes or proteins within this model system or disease state.
Ongoing studies are being conducted to verify functional im-
portance of these genes and proteins. Further, gonadal hor-
mone physiology is complicated and, along with age and co-
morbidities, would likely affect gene expression in both males
and females.

Conclusion

Female sex is associated with improved neurobehavioral recov-
ery after intrastriatal collagenase injection. Improved recovery in
female mice may be associated with a number of differentially
expressed genes involved in recovery pathways. The present

study may inform future work in acute ICH pathophysiology
directed toward developing targeted therapeutics.
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