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ABSTRACT: A cascade of pathological processes is triggered in the lesion area after ischemic stroke.
Unfortunately, our understanding of these complicated molecular events is incomplete. In this investigation, we
sought to better understand the detailed molecular and inflammatory events occurring after ischemic stroke.
RNA-seq technology was used to identify whole gene expression profiles at days (D1, D3, D7, D14, D21) after
focal cerebral ischemia in mice. Enrichment analyses based on Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) terms for the differentially expressed genes (DEGs) were then analyzed.
Inflammation-related genes that were significantly expressed after stroke were selected for analysis and the
temporal expression patterns of pro-inflammatory and anti-inflammatory genes were reported. These data
illustrated that the number of DEGs increased accumulatively after cerebral ischemia. In summary, there were
1967 DEGs at D1, 2280 DEGs at D3, 2631 DEGs at D7, 5516 DEGs at D14 and 7093 DEGs at D21. The
significantly enriched GO terms also increased. 58 GO terms and 18 KEGG pathways were significantly
enriched at all inspected time points. We identified 87 DEGs which were functionally related to inflammatory
responses. The expression levels of pro-inflammation related genes CD16, CD32, CD86, CD11b, Tumour
necrosis factor o (TNF-a), Interleukin 1p (IL-1p) increased over time and peaked at D14. Anti-inflammation
related genes Arginase 1 (Argl) and Chitinase-like 3 (Ym1) peaked at D1 while IL-10, Transforming growth
factor p (TGF-B) and CD206, which were induced at 1 day after cerebral ischemia, peaked by 7 to 14 days. These
gene profile changes were potentially linked to microglia/macrophage phenotype changes and could play a role
in astroglial activation. This study supplies new insights and detailed information on the molecular events and
pathological mechanisms that occur after experimental ischemic stroke.
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Ischemic stroke remains one of the leading causes of death
in the world [1]. Once the cerebral arteries are blocked, a
cascade of pathological processes are triggered in the
ischemic lesion areas. These include increased Ca?* that
causes excitotoxicity, necrotic or apoptotic cell death, and
activation and migration of inflammatory cells within the
brain and from blood to the ischemic area [2-4]. Although

the pathological mechanisms of ischemic stroke have
been partly elucidated, our understanding of the detailed
molecular events remains incomplete.

Several studies have found that inflammation is not
just a reaction to ischemic tissue but that it played a key
role in the pathophysiology of ischemic stroke [3, 5]. The
inflammatory response is activated upon vessel occlusion,
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and it plays a role in all further stages of ischemic stroke.
Various immune cells contribute to the inflammatory
response and these cells can express inflammation-related
proteins on their cell surface or release inflammatory
factors into the extracellular environment [6-9]. However,
the inflammatory response does not only accelerate the
damage of ischemic tissue, it may also play a role in
repairing the ischemic tissue.

RNA-seq technology has been used to understand
pathological mechanisms in nervous system diseases,
such as stroke, Alzheimer's disease, spinal cord disease
[10-12]. In this study, we employed RNA-seq technology
to identify the whole gene expression profiles at different
time points after experimental cerebral ischemia. The
DEGs, the GO enrichment analysis and the KEGG
pathway analyses were used to investigate the
pathological mechanisms of ischemic stroke. In order to
better understand the inflammatory response, related
DEGs were selected and temporal expression levels of
pro-inflammation and anti-inflammation related genes
were determined after focal cerebral ischemia in mice.

MATERIALS AND METHODS
Animal model

Adult male mice aged 8-10 weeks were purchased from
Beijing Vital River Laboratory Animal Technology Co.
Ltd., (Beijing, China). All mice were housed undera 12 h
light/dark cycle at room temperature (23<C) in the
pathogen-free laboratory animal center of Beijing
Friendship Hospital, Capital Medical University (Beijing,
China). All experiments were performed according to
protocols approved by the Animal Studies Subcommittee
of the Capital Medical University.

There were 6 groups: sham control mice, 1 day (D1),
3 days (D3), 7 days (D7), 14 days (D14) and 21 days
(D21) after cerebral ischemic stroke (n=6, pooled 3 mice
together each time and had a biological replicate). Two
mice were used for TTC staining at D1 after ischemic
stroke. To induce the focal cerebral ischemic stroke, we
ligated the distal middle cerebral artery (MCA) and
temporarily (7 min) occluded both common carotid
arteries (CCAs), as described previously [13]. Briefly,
mice were anesthetized with 10% chloral hydrate (100
mg/Kkg, i. p.). A 7-mm skin incision was made between the
orbit and the ear on the right side. After separating the
muscle, a 3 mm diameter hole was drilled with a dental
drill to expose the MCA. Distal branches of MCA were
permanently ligated with 10 sterile sutures accompanied
by a temporary (7 min) occlusion of both common carotid
arteries (CCAs). Finally, the muscle and skin incision was
sutured. Sham surgeries were identical to stroke surgeries
without ligating MCA branches. The body temperature of

the animals was maintained at 37 0.5 <C during the
surgery and up to 2 hours after surgery.

Tissue preparation

Brain tissue was obtained from the ischemic lesion area
which included core and penumbra at D1, D3, D7, D14
and D21 after cerebral ischemia. The same area in sham
control mice brain was also obtained. The animals were
weighed, deeply anesthetized, and perfused with 25 ml of
saline phosphate buffer (PBS: 0.1 M, pH 7.3) before we
obtained the brain tissue. TTC (2,3,5-triphenyltetrazolium
chloride) staining was used to show the ischemic lesion
area of the brain tissue at D1. The brains were sliced into
1 mm slices by using a coronal brain matrix. The sections
were placed into 2% TTC at 37 <C for 5-10 min and then
the sections were stored in 4% buffered paraformaldehyde
for scanning.

RNA-sequencing

RNA-seq was performed on the RNA isolated from brain
tissue. A total of 3 pg RNA of each group was used for
the sample preparations. The NEBNext® UltraTM RNA
Library Prep Kit for Illumina® (NEB, USA) was used to
obtain the sequencing libraries. The TruSeq PE Cluster
Kit v3-cBot-HS (lllumia) was used to cluster the index-
coded samples. After cluster generation, the samples were
sequenced via Illumina Hiseq platform.

Data analysis

In order to obtain clean reads, the reads which contained
the adapter, poly-N, and low-quality reads were removed.
The clean reads were mapped to the reference genome via
TopHat v2.0.12 and the read number that mapped to the
genes via HTSeq v0.6.1 was counted. The FPKM value
was used to estimate the gene expression levels. The
DEGs analysis among the D1 vs Sham, D3 vs Sham, D7
vs Sham, D14 vs Sham and D21 vs Sham were performed
by using DESeq R package (1.18.0). The pval < 0.05 and
[log2(Foldchange)| >= 0 were assigned as statistically
significant differences. The GO enrichment analysis of
DEGs was performed by the GOseq R package. The
KEGG pathway analysis was performed by KOBAS
software. The pval < 0.05 was assigned as a statistically
significant difference.

Inflammatory response related genes

The inflammatory response related genes which were
significantly expressed at all the time points were
selected. These included cytokines and related receptors,
complement and related receptors, surface antigens, C-
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type lectin family and major histocompatibility complex.
The temporal expression levels (FPKM value) of pro-
inflammatory (CD16, CD32, CD86, CD11b, TNF-o and
IL-1p) and anti-inflammatory (CD206, Argl, Ym1, IL-10
and TGF-B) related genes were also estimated after
cerebral ischemia.

Quantitative real-time PCR validation

Quantitative real-time PCR (gRT-PCR) analysis of 6
inflammatory response related genes (CD32, CDS86,
CD206, Argl, Ym1, TGF-B) were performed to confirm
temporal expression levels in the RNA-seq results. The
primers used in the gRT-PCR are listed in (Table 1). A
gRT-PCR was performed on the Applied Biosystems
7500 Fast Real-Time PCR System using PowerUp SYBR
Green Master Mix (Thermo Fisher Scientific). -actin was
used as the normalization control. The relative
guantification of the target genes was calculated by using
the 2744(°Y method.

Table 1. The primers for gRT-PCR.

Gene  Primer Sequence (5'—3")

name

cDp32  FoWard  AGGGCCTCCATCTGGACTG
ReVerse  GTGGTTCTGGTAATCATGCTCTG

cpgs WA GGTGGCCTTTTTGACACTCTC
ReVerse G AGGTAGAGGTAGGAGGATCTT

co206 "M GAGGGAAGCGAGAGATTATGGA
REVeIse  GCCTGATGCCAGGTTAAAGCA

Argl  FOMAd e CAAGCCAAAGTCCTTAGAG
Reverse  AGGAGCTGTCATTAGGGACATC

ym-1  FoMard GG ACTCCTGGCTTACTATGA
Reverse  AACCAACCCACTCATTACCC

TGFp FOWAd  TCTGCATTGCACTTATGCTGA
Reverse A AAGGGCGATCTAGTGATGGA

25;‘; Forward 5 cTGTATTCCCCTCCATCG
Reverse

CCAGTTGGTAACAATGCCATGT

Immunofluorescence staining

Mice were weighed, deeply anesthetized, and
transcardially perfused with PBS, followed by 4%
paraformaldehyde (PFA) at each time point. Brains were
carefully dissected, postfixed overnight, cryoprotected in
30% sucrose solution, and embedded in tissue-freezing
medium for cryostat sectioning. Frozen brains were cut
into 10 pum thick coronal cryostat sections. The sections
were incubated with the primary antibodies (mouse anti-
NeuN, 1:200, Millipore; rat anti-IBA1, 1:200, Bio-Rad
Laboratories; rabbit anti-GFAP, 1:200, Millipore)
overnight at 4<C. Sections were washed with PBS for 3
times and incubated with the secondary antibody (Alexa
Fluor 488 anti-rat or rabbit, 1:400, Abcam; Cy3
conjugated anti-mouse, 1:400, Jackson ImmunoResearch
Laboratories) for 1 h at room temperature. After washing
3 times with PBS, the nuclei were stained with Hoechst
33342 (1:20000, Life Technologies) for 5 min.

RESULTS

Temporal ischemic

stroke.

genome-wide expression after

TTC staining was used to show the ischemic lesion area
in the cortex (in white) (Fig. 1A). In order to explain the
molecular mechanisms after ischemic stroke, the changes
of gene expression in the ischemic lesion area were
analyzed. The temporal gene expression profiles at five
post-stroke time points: D1, D3, D7, D14 and D21 were
compared to the sham group (Fig. 1B). There were 1967
DEGs at D1 with 1515 up-regulated and 452 down-
regulated, 2280 DEGs at D3 with 1985 up-regulated and
295 down-regulated, 2631 DEGs at D7 with 1825 up-
regulated and 806 down-regulated, 5516 DEGs at D14
with 3141 up-regulated and 2375 down-regulated, 7093
DEGs at D21 with 3908 up-regulated and 3185 down-
regulated (Fig. 1C). The number of DEGs gradually
increased, with more up-regulated genes than down-
regulated genes at all time points. The top 10 highest
DEGs for different time points were summarized (Table
2).

Gene ontology enrichment analysis of the DEGs at
different time points.

As for the up-regulated and down-regulated genes in the
ischemic lesion area of the brain, the DEGs were analyzed
based on GO terms of biological process, cellular
component and molecular function.

Regarding biological processes, there were 149
significant terms for D1T-shamT, 129 significant terms
for D3T-shamT, 158 significant terms for D7T-shamT,
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186 significant terms for D14T-shamT, 180 significant
terms for D21T-shamT. 27 significant terms were
enriched at all the different time points and the number of
DEGs in the terms were gradually increased (Fig. 2A).
Immune response, inflammatory response, cell death,
apoptotic, autophagy, and ion transport were the most
enriched terms of biological process at different time
points after ischemic stroke.

Regarding cellular components, there were 30
significant terms for D1T-shamT, 31 significant terms for
D3T-shamT, 46 significant terms for D7T-shamT, 61
significant terms for D14T-shamT, 57 significant terms

for D21T-shamT. There were no same enriched clusters
of cellular components at any of the time points.

Regarding molecular functions, there were 103
significant terms for D1T-shamT, 102 significant terms
for D3T-shamT, 121 significant terms for D7T-shamT,
140 significant terms for D14T-shamT, 138 significant
terms for D21T-shamT. 31 significant terms were
enriched at all the different time points and the number of
DEGs in the terms were also gradually increased (Fig.
2B). The most enriched terms included: protein binding,
calcium ion binding, guanyl ribonucleotide binding,
chemokine activity, and chemokine receptor binding at all
time points.

Table 2. The top 10 highest DEGs at different time points.

Gene log2Fold Change pval Description
Name
D1 Mmp3 9.095 6.55E-16 matrix metallopeptidase 3
1111 8.409 1.02E-05 interleukin 11
Ccld 7.786 5.06E-11 chemokine (C-C motif) ligand 4
Ccl2 7.7254 1.65E-33 chemokine (C-C motif) ligand 2
Argl 7.5703 7.02E-20 arginase
116 7.1652 2.31E-14 interleukin 6
Tfpi2 6.9083 4.82E-07 tissue factor pathway inhibitor 2
Clecde | 6.8167 0.0003859 C-type lectin domain family 4, member e
Ptx3 6.7667 2.63E-35 pentraxin related gene
Ccl12 6.7128 1.92E-49 chemokine (C-C motif) ligand 12
D3 Apoc2 8.2917 5.43E-06 apolipoprotein C-II
Nxpe5 7.8031 1.87E-07 neurexophilin and PC-esterase domain family, member 5
Aplnr 7.2269 1.86E-12 apelin receptor
Cdsl 7.1734 5.37E-06 CD5 antigen-like
Tfpi2 6.9459 0.0046113 tissue factor pathway inhibitor 2
Argl 6.8394 0.0031864 arginase
Pyhinl | 6.7744 9.15E-05 pyrin and HIN domain family, member 1
Bubl 6.7704 4.73E-08 budding uninhibited by benzimidazoles 1 homolog
Cdk1 6.5985 4.27E-13 cyclin-dependent kinase 1
Msrl 6.4753 0.0015781 macrophage scavenger receptor 1
D7 Apoc2 9.9106 5.20E-06 apolipoprotein C-I1
Gpnmb | 9.8564 0.0072568 glycoprotein (transmembrane) nmb
Sppl 9.842 0.0091977 secreted phosphoprotein 1
Cdsl 9.7619 0.00099001 CDS5 antigen-like
Mmp3 9.4058 0.018527 matrix metallopeptidase 3
H19 9.2454 0.0029637 H19, imprinted maternally expressed transcript
Mmp13 | 9.0637 0.017491 matrix metallopeptidase 13
Clec7a | 8.9704 0.0010311 C-type lectin domain family 7, member a
Mcoln3 | 8.85 0.014833 mucolipin 3
Lgals3 8.8209 0.0018961 lectin, galactose binding, soluble 3
D14 | Mmp3 12.888 9.44E-22 matrix metallopeptidase 3
Saa3 12.007 1.24E-49 serum amyloid A 3
Oas3 10.535 2.03E-07 2'-5' oligoadenylate synthetase 3
Pyhinl | 10.529 1.01E-05 pyrin and HIN domain family, member 1
Mmpl3 | 10.421 2.20E-25 matrix metallopeptidase 13
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Apoc2 10.186 1.58E-30 apolipoprotein C-I1
Cst7 10.095 3.66E-20 cystatin F (leukocystatin)
Clec7a | 9.8254 7.85E-09 C-type lectin domain family 7, member a
Ccl5 9.8228 9.61E-28 chemokine (C-C motif) ligand 5
Mmpl2 | 9.4518 7.62E-35 matrix metallopeptidase 12
D21 Igha 13.067 1.41E-92 immunoglobulin heavy constant alpha
Mmp3 12.209 1.35E-78 matrix metallopeptidase 3
Cdsl 11.764 1.43E-13 CD5 antigen-like
Saa3 10.794 2.78E-28 serum amyloid A 3
C3 10.276 8.25E-29 complement component 3
Clec7a 10.228 1.63E-17 C-type lectin domain family 7, member a
Igkc 10.113 3.13E-85 immunoglobulin kappa constant
Ccl5 10.108 3.02E-43 chemokine (C-C motif) ligand 5
Mmpl2 | 10.082 3.63E-08 matrix metallopeptidase 12
Cxcl13 | 9.825 2.95E-07 chemokine (C-X-C motif) ligand 13

The pathway analysis of differentially expressed genes
at different time points.

To further analyze the function of DEGs in the ischemic
lesion area of the brain at all the time points, the KEGG
pathway analysis was used. There were 47 significant
pathways for D1T-shamT, 47 significant pathways for
D3T-shamT, 45 significant pathways for D7T-shamT, 53
significant pathways for D14T-shamT, 48 significant
pathways for D21T-shamT. At the same time, the
pathways which were significantly clustered at all the
time points were selected and divided into two groups:
function-related and disease-related (Table 3). The

A B

weys

o O o o
= o =
.

function-related pathways included: TNF signaling
pathway, phagosome, ECM-receptor interaction, platelet
activation, Fc gamma R-mediated phagocytosis, NOD-
like receptor signaling pathway, B cell receptor signaling
pathway, cell adhesion molecules (CAMSs) and osteoclast
differentiation. The disease-related pathways were
involved in: Pertussis, Leishmaniasis, Staphylococcus
aureus infection, Tuberculosis, Chagas disease (American
trypanosomiasis), Rheumatoid arthritis, Toxoplasmosis,
Amoebiasis and Inflammatory bowel disease (IBD) based
on KEGG.

= Down-regulated
l2 = Up-regulated

Number of genes

D1 D3 D7 D14 D21

Figure 1. TTC staining and differentially expressed genes after cerebral ischemia. A) TTC staining of brain at D1 after
ischemic stroke showing the ischemic lesion area in the cortex (white). B) Heatmap of the up-regulated and down-regulated
DEGs between the post-stroke groups and sham group. C) The number of upregulated and downregulated DEGs at different
time points. Increase in the total DEG numbers were observed over time from Day 7 to Day 21 after stroke.
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Figure 2. Gene ontology enrichment analysis of the DEGs at all the time points after cerebral ischemia. A) 27 significant
terms of biological process were enriched at all the inspected time points and the number of DEGs in the terms were increased
(1.immune response 2.immune system process 3.production of molecular mediator involved in inflammatory response
4.regulation of cell death 5.regulation of apoptotic process 6.regulation of programmed cell death 7.regulation of autophagy
8.autophagy 9.apoptotic process 10.programmed cell death 11.positive regulation of autophagy 12.positive regulation of
catabolic process 13.positive regulation of cellular catabolic process 14.divalent metal ion transport 15.iron ion transport 16.ion
transport 17.small GTPase mediated signal transduction 18.intracellular signal transduction 19.regulation of microtubule-based
process 20.regulation of microtubule cytoskeleton organization 21.microtubule polymerization or depolymerization 22.regulation
of microtubule polymerization or depolymerization 23.cell adhesion 24.biological adhesion 25.protein complex assembly
26.protein complex biogenesis 27.protein phosphorylation). B) 31 significant terms in molecular function were enriched at all
the different time points and the number of DEGs in these terms were increased (1. guanyl ribonucleotide binding 2. guanyl
nucleotide binding 3. purine nucleotide binding 4. purine nucleoside binding 5. ribonucleoside binding 6. purine ribonucleoside
binding 7. purine ribonucleoside triphosphate binding 8. purine ribonucleotide binding 9. ribonucleotide binding 10. nucleoside
binding 11. nucleoside-triphosphatase activity 12. pyrophosphatase activity 13. hydrolase activity, acting on acid anhydrides, in
phosphorus-containing anhydrides 14. hydrolase activity, acting on glycosyl bonds 15. hydrolase activity 16. hydrolase activity,
hydrolyzing O-glycosyl compounds 17. chemokine activity 18. chemokine receptor binding 19. cytokine activity 20. cytokine
receptor binding 21. cytokine receptor activity 22. protein binding 23. calcium ion binding 24. binding 25. GTP binding 26. G-
protein coupled receptor binding 27. lipid binding 28. GTPase activity 29. anion binding 30. iron ion transmembrane transporter
activity 31. glutathione peroxidase activity).

The TNF signaling pathway is one of the most
enriched KEGG pathways. Here, its function
encompasses three biological processes: apoptosis,
inflammation/immunity and cell survival. Therefore, the
change of genes in this pathway are observed at varying
time points. 40 genes were up regulated and 1 gene was
down regulated at D1; 30 genes were up regulated at D3;
29 genes were up regulated and 2 genes were down
regulated at D7; 48 genes were up regulated and 13 genes
were down regulated at D14; 51 genes were up regulated

and 16 genes were down regulated at D21 (Fig. 3).
Apoptosis related genes such as Fas-associated via death
domain (Fadd), Caspase8, Caspase7, Caspase3 were up
regulated even at D21 after ischemic stroke. Adhesion
molecules, including intercellular adhesion molecule 1
(lcaml), Selectin (Sele), and vascular cell adhesion
molecule 1 (Vcaml), were also highly expressed
according to our RNA-seq results. Besides, many
chemokines in this pathway, including Ccl2, Cxcll,
Cxcl2, Cxcl3 and Cxcl10, were also significantly
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upregulated. IL-1B, IL-6, IL-15, leukemia inhibitory
factor (LIF), TNF-a were the significantly expressed
inflammatory cytokines. LIF was up regulated at D1 (with
the log2Fold change at D1, D3, D7, D14, D21: 5.1705,
1.9495, 2.2962, 2.0899, 1.9872) and then gradually

decreased with the progression of ischemic stroke. This
may imply a role of LIF in the early period after ischemic
stroke.

Table 3. The KEGG pathways significantly enriched at all the time points.

Input number of genes

Description DI D3 D7 D4 D21 Total number

Function related pathways

TNF signaling pathway 41 30 31 61 67 109
Phagosome 52 53 56 85 98 174
ECM-receptor interaction 32 34 24 49 54 88
Platelet activation 40 41 36 66 79 131
Fc gamma R-mediated phagocytosis 27 26 25 51 60 88
NOD-like receptor signaling pathway 20 16 20 35 39 58
B cell receptor signaling pathway 20 23 22 42 50 3
Cell adhesion molecules (CAMs) 41 41 53 78 91 160
Osteoclast differentiation 45 43 43 73 79 126
Disease related pathways

Pertussis 31 21 27 48 51 7
Leishmaniasis 28 25 27 42 45 65
Staphylococcus aureus infection 24 27 28 35 34 51
Tuberculosis 53 51 52 89 106 176
Chagas disease (American trypanosomiasis) » 28 2 59 1 103
Rheumatoid arthritis 30 24 28 44 57 82
Toxoplasmosis 36 29 36 54 68 113
Amoebiasis 3r 32 31 58 69 119
Inflammatory bowel disease (IBD) 21 19 22 33 38 29

Inflammatory response related genes

Inflammatory responses have been implicated in the
pathological mechanisms of ischemic stroke. 87
inflammation-related genes that are significantly
expressed at all the time points (which included cytokine
and receptors, complement and receptors, surface
antigens, C-type lectin  family and  major
histocompatibility complex) were selected for analysis
(Table 4). The data supported that a variety of related
genes and their expression patterns could be involved in
regulating post-stroke inflammatory responses.

Next, a total of 11 microglia/microphage and
astrocyte related cytokines/markers were summarized
among the 87 inflammation-related genes. Expression

levels (FPKM values) of CD16, CD32, CD86 and CD11b
were increased at D1 and peaked at D14 after ischemic
stroke. The level of TNF-a was gradually increased at D1
with a flat period from D14 to D21. The level of IL-1p
was not very high from D1 to D7, but peaked at D14
followed by a flat period from D14 to D21 (Fig. 4A). In
contrast to the pro-inflammatory related genes, expression
levels of Argl and Ym1 peaked at D1 and decreased over
time, whereas expression levels of IL-10, TGF- and
CD206 peaked at the later time points (IL-10 at D7, TGF-
B and CD206 at D14) (Fig. 4B). These results indicated
that the peak time for expression of pro-inflammation
related genes is later than the anti-inflammatory related
genes.
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at different time points after cerebral ischemia. The upregulated

genes are boxed in red and the down-regulated genes in blue. Arrows indicate the time points of up-regulated genes (red) and down-

regulated genes (blue).

Identification of the temporal expression levels of
inflammatory response related genes

Among the 11 identified temporally regulated
inflammatory response-related genes, six (CD32, CD86,
CD206, Argl, Ym1, TGF-B) were validated by gRT-PCR
(Fig. 5). An expression level of CD32 was gradually
increased and remained elevated at D21 after ischemic

stroke. CD86 was increased at D1 and peaked at D14 after
ischemic stroke. Levels of TGF-f3 and CD206 peaked at
D7. Argl and Ym1 peaked at D1, then were gradually
decreased at later time points. Together, the temporal
changes of those related genes were consistent with our
RNA-seq results.
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Figure 4. Expression levels (FPKM value) of the pro-inflammatory and anti-inflammation related genes that were
significantly expressed after cerebral ischemia. A) The pro-inflammatory related genes (CD16, CD32, CD86, CD11b,
TNF-a and IL-1b); B) The anti-inflammation related genes (CD206, Argl, Ym1, IL-10 and TGF B).

Microglia/macrophages and astrocytes in peri-infarct

inflammatory

changes  of

D14 and

regions after focal ischemia

Ischemic lesion area was investigated by immunostaining
Iba-1 and GFAP for microglia/macrophages and
astrocytes. D14 and D21 were chosen based on
inflammatory/anti-inflammatory gene expression
profiles. There were many Iba-1-positive cells in the peri-
infarct regions at D14 and D21 (Fig. 6 A-C). Significant
morphological changes of the microglia/macrophages
were observed in this study. The data supported the anti-

microglia/macrophages, which were ramified compared
to an amoeba phenotype (data not shown). Similarly,
reactive astrocytes may be observed in the peri-infarct
regions. Increased immunofluorescence was observed at
D7 and D14 respectively alongside morphological
changes in astrocyte endfeet. By D7, reactive GFAP
positive astrocytes exhibit hypertrophied processes
consistent with the expression profile patterns.
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Table 4. The inflammatory related genes significantly expressed at all the time points.

Category

Gene symbols

Cytokine and receptors

Ifngrl IL-10rb 1113ral 1117rc 118rap 1121r 12rg 1133 Il4ra Tnfaip2 Tnfrsf10b Tnfrsf13b

Tnfrsfla Tnfrsflb Tnfrsf26 Csfl Csf2rb Csf2rb2 Ccl12 Ccl3 Ccl4 Ccl5 Ccl6é Ccl7 Ccl9
Ccrl Ccr2 Ccr5 Cmklrl Cx3crl Cxcl10 Cxcl16

Complement and receptors
Surface antigens

Clga Clgb Clqgc C1rl C3 C3arl C4b Cb5arl C5ar2
Cd14 Cd151 Cd180 Cd248 Cd300lb Cd300ld Cd300If Cd36 Cd37 Cd38 Cd44 Cd48 Cd52

Cd53 Cd51 Cd63 Cd68 Cd72 Cd74 Cd82 Cd84 Cd86 Cd9 Itgax Itgh2 Itgh7 Scarfl Scarf2

Tlrl TIrd3 TIr2

Clecl4a Clec2d Clec4al Clec4a2 Clec4n Clec7a

C-type lectin family
Major histocompatibility complex

H2-Aa H2-Abl H2-D1 H2-DMb1 H2-Eb1 H2-K1 H2-Q4 H2-Q5 H2-Q6

DISCUSSION

In this study, RNA-seq technology was used to
systematically characterize the temporal gene expression
profiles of genes involved in the pathophysiology of
cerebral ischemia in mice. Tissue from the ischemic lesion
area of brain was obtained for RNA-seq based on TTC
staining which demarcates the ischemic lesion by color.
In order to better understand the pathological mechanisms
and detailed molecular events, five time points (1 day, 3
days, 7 days, 14 days, and 21 days) after ischemic stroke
were chosen for analysis and differentially expressed
genes were identified and analyzed accordingly. The focal
ischemic stroke model tested in this investigation is
induced by permanent MCA occlusion plus transient
CCA ligations, which resembles partial reperfusion injury
commonly seen in stroke patients. As an intermediate
model between permanent ischemia and full reperfusion
after transient ischemia, we propose that the gene profile
identified in this model is representative to some extent
for both permanent and transient ischemic strokes.

Based on our bioinformatics methods, we observed
many enriched up-regulated genes following ischemic
stroke. Similarly, a previous study showed via microarray
analysis that the number of DEGs at 3 days after
experimental stroke was greater than at 24 hours [14]. An
increasing number of DEGs with the progression of
ischemic stroke were reported and there were more up-
regulated genes than down-regulated genes.

Our results were consistent with many other reports
of gene regulation after ischemia including effects
observed in matrix metalloproteinases (MMPSs),
cytokines, and chemokines. MMPs, released by
neutrophils and astrocytes, are able to destabilize the
blood brain barrier after ischemic stroke [15, 16]. RNA-
seq revealed significant MMP-3 up-regulation (highly

expressed up to 21 days after cerebral ischemia). MMP-3
has been reported [14] to promote hemorrhagic
transformation after ischemic stroke. In addition, many
enriched inflammatory markers after cerebral ischemia,
including interleukins IL-11 and IL-6, chemokines (Ccl4,
Ccl2, Ccl5) and serum amyloid A (Saa3), were observed
to be up-regulated consistent with reports elsewhere [17,
18]. We report 58 GO terms and 18 KEGG pathways were
significantly enriched among all time points. Considering
the cumulative increases in both the number of DEGs and
the number of enriched GO and KEGG terms at each time
point examined following ischemic stroke, we concluded
that pathological processes post-ischemic stroke becomes
increasingly complex over time. Evidence suggests that
the immune system is involved at all stages following
ischemic stroke and that continuous inflammatory
responses occur throughout the pathophysiology of
ischemic stroke. We thus focused on inflammation/cell
death-related genes and their terms. In particular, TNF
signaling pathway was one of the most enriched
pathways. Apoptosis related genes (Fadd, Casp8, Casp7
and Casp3) were upregulated even at D21 [3, 19]. A
previous study showed that the Fadd inhibitor decreased
cell death after ischemic stroke [20]. Adhesion molecules
that could promote leukocyte recruitment, adhesion to the
endothelial surface and transmigration to the ischemic
lesion area [5, 21] were found to be highly expressed by
our analysis. An inhibition of Icam1 had protective effects
after ischemic stroke as previously reported in a rat model
[22]. We also noticed that LIF peaked at D1. It was
reported that LIF could protect neurons by upregulating
the superoxide dismutase 3 after ischemic stroke [23]. We
concluded that the protective effects of LIF occur during
early period following stroke. It is known that various
immune cells contribute to inflammation and that these
cells can express inflammation-related proteins on their
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surface or release inflammation-related factors to their
extracellular environments [24, 25]. Pro-inflammatory
genes accelerate the damage of ischemic tissue while anti-
inflammation related genes promote the repair of ischemic
tissue. In this study, 87 inflammation-related genes were
expressed at all the time points (which includes cytokines

and their cognate receptors, complements and their
cognate receptors, surface antigens, C-type lectin family,
and major histocompatibility complex) and were analyzed
for their temporal expression patterns.
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Figure 5. Identification of the temporal expressions of inflammatory response related genes with qRT-PCR. The expression level
of CD32 (A) continuously increased and remained elevated at D21 after ischemic stroke. The level of CD86 (B) gradually increased at
D1 and peaked at D14 after ischemic stroke. Expression levels of CD206 (C) and TGF-B (F) peaked at D7. Levels of Argl (D) and

Ym1 (E) peaked at D1.

Among our identified genes, CD16, CD32, CD86,
and CD11b were expressed on the surface of many cell
types including some microglia, macrophage, T
lymphocytes and B lymphocytes. TNF-a, and IL-1p were
released by these inflammatory cells. Many studies
demonstrated the up-regulation of the aforementioned
related genes that promote the inflammatory response [26-
29]. In contrast, CD206, Argl, and Ym1, among our
identified genes, were expressed on the surface of anti-
inflammatory cells. IL-10 and TGF-f are released by the
anti-inflammatory cells, to promote recovery from

ischemic stroke [27, 30-32]. We reported that the
expression level of pro-inflammatory genes peaked
mostly at D14 whereas the anti-inflammation related
genes: Argl and Ym1 peaked at D1, IL-10 peaked at D7,
TGF-B and CD206 peaked at D7. This indicated that the
peak time of expression level of pro-inflammatory related
genes was later than anti-inflammation related genes.
Previous studies using different stroke models have also
reported similar tendencies with pro-inflammatory and
anti-inflammatory responses.
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D14

IBA1 NeuN Hoechst

GFAP

Figure 6. Microglia/macrophages and astrocytes in peri-infarct regions. Iba-1 (Green), NeuN (Red), and Hoechst (Blue)
immunostaining at 7 days post ischemic stroke (A-C) featuring primarily ramified microglia. At a later time point of D14 (D-F),
microglia displayed a more phagocytic phenotype. The level of GFAP also steadily increased over time starting from D1. GFAP staining

shown at D7 (C) and D14 (F).

However, pro-inflammatory and anti-inflammatory
responses following stroke could be more complex
considering that these related genes are in different cell
types, such as microglia, astrocytes, macrophages,
lymphocytes and others. In future investigations, we
should attempt to identify the proper time point to disrupt
the deleterious inflammatory responses, and study
inflammatory responses across the entire region of
ischemic tissue in the long-term. The current study has
provided new insights and detailed information on the
molecular biology and pathology, especially with respect
to pro-inflammatory and anti-inflammatory responses of
experimental ischemic stroke. These data may be useful
in the development of therapeutic interventions for
ischemic stroke in humans.
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