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Abstract Interactions between brain-resident and periph-
eral infiltrated immune cells are thought to contribute to
neuroplasticity after cerebral ischemia. However, con-
ventional bulk sequencing makes it challenging to depict
this complex immune network. Using single-cell RNA
sequencing, we mapped compositional and transcriptional
features of peri-infarct immune cells. Microglia were the
predominant cell type in the peri-infarct region, displaying
a more diverse activation pattern than the typical pro- and
anti-inflammatory state, with axon tract-associated micro-
glia (ATMs) being associated with neuronal regeneration.
Trajectory inference suggested that infiltrated monocyte-
derived macrophages (MDMs) exhibited a gradual fate
trajectory transition to activated MDMs. Inter-cellular
crosstalk between MDMs and microglia orchestrated anti-
inflammatory and repair-promoting microglia phenotypes
and promoted post-stroke neurogenesis, with SOX2 and
related Akt/CREB signaling as the underlying mechanisms.
This description of the brain’s immune landscape and its
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relationship with neurogenesis provides new insight into
promoting neural repair by regulating neuroinflammatory
responses.
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Introduction

Immune responses triggered by cerebral ischemic injury
are often initiated by microglial activation in the peri-
infarct area [1]. Peripheral immune cells then infiltrate
the ischemic brain through the compromised blood-brain
barrier and collaborate with brain-resident immune cells
to elicit a long-lasting immune response [2]. Therefore,
understanding the peri-infarct immune microenvironment
may provide new perspectives to promote post-stroke
brain repair. Preliminary studies have shown that resi-
dent and infiltrating immune cells in the brain perform
different functions at different stages after stroke [3, 4].
Studies analyzing bulk cell populations have suggested
the existence of potential immunological communica-
tions between brain-resident and infiltrated peripheral
cells that contribute to neuronal injury, protection, or
repair in the ischemic brain [5, 6]. However, direct
evidence is still needed to further clarify the intricate
immunological network in the peri-infarct area. Single-
cell transcriptomic techniques are suitable for revealing
cellular heterogeneity, and they have been applied in
mapping the single-cell atlas of the homeostatic brain
and identifying disease-related immune cells in multiple
sclerosis and Alzheimer’s disease [7—10]. Upon entering
the ischemic brain, peripherally derived cells undergo

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-023-01109-7&domain=pdf
www.springer.com/12264
http://orcid.org/0000-0003-3888-7922
http://orcid.org/0000-0002-0880-958X
https://doi.org/10.1007/s12264-023-01109-7
https://doi.org/10.1007/s12264-023-01109-7

66

Neurosci. Bull. January, 2024, 40(1):65-78

genomic reprogramming or exhibit expression patterns
similar to those of resident brain cells [11]. This sug-
gests that the conventional bulk-sequencing method may
fail to identify some types of cells and lose transcrip-
tomic information. Consequently, high-resolution single-
cell RNA sequencing can be applied to more accurately
depict peri-infarct immune cells and elucidate their roles
in the repair process.

Here, we first identified distinct cell clusters and their
functions in the peri-infarct region, and then analyzed
differentially-expressed genes under different conditions,
with a focus on monocyte-derived cells (MDMs) and
microglia. We then inferred the developmental trajec-
tory of MDMs by using pseudo-temporal analysis and
predicted the interactions between MDMs and brain-res-
ident cells. Finally, we transferred bone marrow-derived
MDMs to rats with stroke to further reveal their regula-
tory functions in neuroinflammatory responses and neu-
ronal regeneration. Our results provide a single-cell atlas
of peri-infarct cells and further demonstrate the role of
MDMs and microglia in neuronal regeneration at single-
cell resolution.

Material and Methods

Animal Preparation

Adult Wistar rats (male, 250-280g) were obtained from
Beijing Weitonglihua Biotechnology Co. Ltd (Beijing,
China). Experimental procedures were conducted in
accordance with the Institutional Animal Care and
Use Committee of China Medical University [SYXK
[9] 2013-0007]. All rats were kept in rooms with 12-h
circadian cycles and were given free access to food and
water. Rats were randomly divided into four groups:
(1) sham group (SHAM, n = 23); (2) ischemic group
(ISC, n = 23); (3) ischemic group with bone marrow
cell transplantation on postoperative day 3 (BMMC, n
= 23); and (4) ischemic group with si-CCR2 Adeno-
associated virus (AAV) treatment directly after estab-
lishment of the stroke model (si-CCR2, n = 20). Six
rats in each group were sacrificed on day 14 for western
bolt and RT-qPCR analysis. Three rats in each group
were sacrificed on day 14 for flow cytometry analy-
sis of microglial polarization. Three rats in each group
were sacrificed on day 3 for flow cytometry analysis
of monocyte infiltration. Eight rats in each group were
sacrificed on day 14 for immunofluorescence analysis.
Threerats in the SHAM, ISC, and BMMC groups were
sacrificed on day 14 for single-cell sequencing. Rats
sacrificed on day 14 in each group were included in
behavioral tests.
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Rat Cerebral Ischemia Model and Stereotaxic Injection

Rats were anesthetized with isoflurane, induction with
4.5% isoflurane, and maintenance with 2% isoflurane. The
rat stroke model was induced by stereotactic injection of
ET-1 (endothelin-1) (Sigma, USA) at the following coordi-
nates (in mm): (1) anteroposterior (AP) +0.7, mediolateral
(ML) +2.2, dorsoventral (DV) —2.0; (2) AP +2.3, ML +2.5,
DV -2.3; and (3) AP +0.7, ML +3.8, DV —5.8. Each rat
received 2 pL ET-1 at each site at a rate of 0.5 pL/min. The
microsyringe was left in situ for 3 min after each injection.
Lidocaine was applied to relieve postoperative pain. Rats
were placed under a heating lamp until recovery from anes-
thesia. When the rats were lifted upside down by the tail,
the right upper limb flexed toward the chest or tipped to the
right during walking for ~24 h, indicating the successful
establishment of the cerebral ischemia model. The mortality
rate of ischemic rats was 30%.

AAVs were diluted to a concentration of 1.24x10'? viral
genomes/mL and injected at a rate of 0.2 pL/min into the
peri-infarct area directly after the establishment of the stroke
model. AAVs were injected at the following coordinates (in
mm): (1) AP +1.5, ML 0, DV -2.0; (2) AP +1.4, ML +2,
DV -2; and (3) AP +3, ML +2, DV —-2. Each rat received
a total of 3 pL. AAV. Efforts were made to minimize animal
suffering and the number of animals used.

Behavioral Assessment

Rats received pre-training for 3 days prior to stroke model
induction and neurological behavioral assessments were
made on days 12-14 after ischemia, using the tapered/ledged
beam-walking test, cylinder test, and sticky label test as pre-
viously described [12]. Experimenters responsible for video
recording and behavioral evaluation were all blinded to the
treatment group of rats.

On days 12—14 after cerebral ischemia, motor function
was evaluated by the tapered/ledged beam-walking test. The
beam consisted of two layers of trapezoidal planks, the upper
layer narrower and the lower layer wider. The rats walked
from the wide end to the narrow end, and the whole process
was recorded by video. If the fore paw or rear paw com-
pletely fell on the lower trapezoidal board, it was recorded
as a wrong step; if the paw landed on the edge of a narrow
plank, it was recorded as a half wrong step. Slip ratio was
calculated by the following formula: Slip ratio = (slip steps
+ total steps) X100%. A higher rate of slip steps indicated
more serious impairment of limb motor function.

On days 12-14 after ischemia surgery, each rat was
placed in a clear glass cylinder 20 cm in diameter and 50
cm high. The rats’ activities in the cylinder were recorded
for 3 min. The contact times between the forepaw and
cylinder wall were calculated. The asymmetrical score of
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forelimb use = [(use of impaired forelimb + 0.5 X use of
both forelimbs) + (total contacts)] X100%. The higher the
asymmetric score, the more severely impaired the forelimb
motor function.

The sticky label test is often used to evaluate the senso-
rimotor function of the forelimb in rats. From days 12 to
14 after surgery, two 8 mmx 8 mm adhesive labels were
affixed to the hairless area of the forepaws. The rats were
quickly placed in a cage with a mirror and recorded with
a camera for 2 min. The time of label contact and removal
from both forepaws was recorded. If the rats could not
tear off the sticky label within 2 min, the measure was
eliminated.

Immunofluorescence

Deeply anesthetized rats received 4% PFA transcardi-
ally before their brains were harvested. The brains were
cut into 8 pm sections for immunofluorescence staining.
Every sixth section between bregma levels +0.7 mm and
+2.3 mm was selected; six sections per rat were selected
by a blinded researcher for quantification. Sections were
incubated with primary antibodies against doublecortin
(DCX), 5-ethynyl-2’-deoxyuridine (EdU), inducible nitric
oxide synthase (iNOS), CD206/MRC1 (Mannose receptor,
C type 1), CCR2 (C-C motif chemokine receptor 2) and
Iba-1 (Allograft inflammatory factor 1) (Abcam, USA) at
4°C overnight. Then sections were incubated in a second-
ary antibody at room temperature and nuclei were stained
with DAPI. Images were acquired using a confocal micro-
scope (Olympus FV-1000, Japan). The mean integrated
optical density (IOD) was measured with Imagel and Fiji
software. Sections with secondary antibody only, without
primary antibody, were selected as negative controls.

Western blot

Protein was extracted from brain samples using lysis buffer
containing protease inhibitors. Protein concentration was
measured using a BCA reagent kit (Beyotime, China).
Protein samples were mixed with SDS-PAGE loading
buffer and boiled for 10 min. Samples were resolved onto
7%-12% gradient SDS-PAGE gels and then transferred
electronically to polyvinylidene difluoride (PVDF) mem-
branes. Afterward, the PVDF membranes were blocked
with 5% non-fat milk and incubated with primary antibod-
ies at 4°C overnight and then incubated with the secondary
antibody for 2 h at room temperature. The protein bands
were detected using the enhanced chemiluminescence
(ECL) reagent kit (Thermo, USA).

Bone Marrow-derived Macrophage Culture
and Adoptive Transfer

Femoral bones were collected from adult rats and bone mar-
row cells were obtained by flushing out cells from femoral
bone cavities. After filtering through a cell strainer, bone
marrow cells were treated with ACK lysis buffer (Solarbio,
China) to remove red blood cells. Then bone marrow cells
were cultured at 37°C and 5% CO, in RPMI medium con-
taining 10% FBS (Biological Industries, Israel), 1% Pen-
icillin-Streptomycin Liquid (Solarbio, China), and 10 ng/
mL murine macrophage-colony stimulating factor (M-CSF)
(PeproTech, USA) in low-attachment surface plates. Cells
were cultured for 3 days and then collected for adoptive
transfer. We transplanted bone marrow macrophages on
post-operative day 3 by tail vein injection and each rat
received 10° cells in 1 mL PBS.

Flow Cytometric Analysis

Brains tissue was digested in RPMI medium containing
2 mg/mL collagenase II (Sigma) and 100 ng/mL DNase I
(Sigma) at 37°C for 45 min, and then a 2-fold volume of
RPMI medium containing 10% FBS was added to stop the
digestion process. Cells were filtered and separated using
a discontinuous Percoll (GE Healthcare) gradient (30% /
70%). We then used the isolated cells for staining. Cells were
washed twice with cold PBS, resuspended with 100 pL 1x
binding buffer and incubated with antibodies for 15 min at
25°C. This was followed by the addition of a binding buffer
(400 pL) to collect data on a BD LSRFortessa flow cytome-
ter (BD Bioscience, USA), and the data were analyzed using
FlowJo 10 software (BD Pharmingen). Antibodies used in
the study were rat anti-CD45-BV510, anti-CD11b-APC,
anti-CD86-FITC, anti-CD163-PE, and anti-Ly6¢c-FITC.
Representative gating strategies in flow cytometry analysis
were CD11b"CD45" for MDM subtypes, CD11b*™ CD45*
for microglia, and CD45'°*CD11b™ for T cells.

Single-cell RNA Sequencing

We collected brain tissue immediately adjacent to the
infarct core with a width of 2 mm peri-infarct from 3 rats
and mixed them as one sample for each group. Single-cell
suspensions of peri-infarct brain tissue were obtained as
described above and special attention was paid to the 10X
Genomics cell preparation guidelines. After cell debris
clearance and quality control, single-cell sequencing was
performed according to the 10X Genomics Chromium Sin-
gle Cell 3’ Reagent v3 Chemistry sequencing protocols
(https://support.10xgenomics.com). Peri-infarct brain cells
were first packed with gel beads [containing a sequencing
primer binding site, a 16—base pair (bp) 10X barcode, a
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10 bp UMI and a 30 bp poly-dT primer sequence] and
reaction reagents, in order to form Gel beads in emul-
sion. Then after cell lysis, reverse transcription, and cDNA
amplification, a transcriptional library was constructed for
high-throughput sequencing. The depth of sequencing in
the SHAM, ISC, and ISCBMMC groups was 55566 reads,
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90374 reads, and 58568 reads per cell, respectively. Output
sequencing data were aligned to the reference transcrip-
tome (Rattus_norvegicus_6.0); feature-barcode matrices
and clustering and gene expression analysis were gener-
ated using Cell Ranger V3.0.1.
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«Fig. 1 Single-cell RNA sequencing reveals cellular diversity in post-
stroke peri-infarct brain tissue. A t-SNE plot colored by cell type
shows the separation of 12,784 single cells into 23 distinct clusters.
B t-SNE plot colored by cell type showing the separation of myeloid
cells into 10 distinct clusters. C t-SNE feature plot showing the dis-
tribution of the expression of marker genes for each microglial clus-
ter. D Dot plot showing the expression levels of marker genes in
each cellular lineage (dot size represents the percentage of cells in
each cell type expressing given marker genes; dot color represents
the expression level of each marker gene; red dots indicate a higher
expression level, while blue dots represent a lower expression level).
E Barplot showing statistically enriched terms of marker genes for
axon tract-associated microglia. F Volcano plot showing the differ-
entially-expressed genes (P <0.05, log,(FC) >1 or log,(FC) <—1) in
axon tract-associated microglia between ISC and SHAM conditions
(red dots represent significantly up-regulated genes, blue dots rep-
resent significantly down-regulated genes, grey dots represent non-
significantly expressed genes). ATM, axon tract-associated microglia;
DAM, disease-associated microglia; IEG MG, immediate early gene
enriched microglia; Mt. MG, mitochondrial gene enriched microglia;
AP microglia, antigen processing- and presentation-related microglia;
MDMs, monocyte-derived macrophages; BAMs, border-associated
macrophages.

Downstream Analysis of Single-cell Sequencing Data

After obtaining the expression matrices from Cell Ranger,
we applied downstream analysis with R version 3.5.0. The
first steps of downstream analysis were conducted by using
the R package Seurat (v3.1.5). Cells with a count of fea-
tures ranging from 400 to 4500, UMI count >600, and cells
containing <10% mitochondrial genes were included for
downstream analysis. We found integration anchors using
the first 20 dimensions and applied dataset integration (ISC-
SHAM and ISCBMMC-ISC) using these anchors. The data
were normalized and scaled with default parameters, then we
applied PCA and used the first 30 principal components to
reduce dimensions. Unsupervised shared nearest neighbor
was applied with a resolution of 1 to cluster cells and #-
SNE was selected for visualization. Finally, markers for each
cluster were calculated with the “FindAllMarkers” function
embedded in the R package Seurat using a log2-fold-change
in threshold of 0.25 and minimum pct of 0.1. Differentially
expressed genes between conditions in certain microglia
clusters were identified using the R package SCDE (v1.99.1)
and the “FindMarker” function in Seurat.

Functional Enrichment Analysis

Functional enrichment analysis was applied using the online
database Metascape. In Metascape enrichment analysis,
terms with a P-value <0.01 (calculated based on the cumu-
lative hypergeometric distribution), a minimum count of
3, and an enrichment factor >1.5 (calculated as observed
counts/counts expected by chance) were collected and clus-
tered based on membership similarities; g-values are P-val-
ues adjusted by Banjamini-Hochberg multi-test, and Kappa

scores are selected as the similarity metric when clustering
enriched terms. Bar plots show the most statistically signifi-
cant term within a cluster. In the network plot, terms with
a similarity >0.3 are considered as a cluster and connected
by edges. We also calculated Z scores for statistically sig-
nificant functional enrichment terms and presented them in
bubble plots by using the GOplot R package (version 1.0.2).

Monocle Trajectory Inference

We used the R package Monocle (v2.10.1) to order cells in
pseudotime and infer the trajectory of neural lineage cell
development. First, we subsetted transcription data of clus-
ters identified as the neural lineage from the Seurat object
and created Monocle cds subjects from these clusters. After
quality control and normalization, we clustered cells and
applied a differential gene test to find genes distinguishing
cell types. We selected the top 1000 of these genes according
to their g-value to define a cell’s progress. Then we applied
dimension reduction using the “DDRTree” method and
ordered cells in a pseudotime trajectory. To cluster genes
by pseudo-temporal expression pattern, we applied the dif-
ferential gene test again with a formula string of pseudo-
time and plotted a heatmap of 3 clusters using genes with a
g-value <10 To analyze branches in single cell trajectory,
we applied the BEAM test and plotted a heatmap of 2 clus-
ters using genes with a g-value <107,

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 8.
Data are presented as the mean + SEM, a P value <0.05 was
considered statistically significant, and the asterisks indicate
significance: *P <0.05, **P <0.01, ***P <0.001. Normal-
ity tests were applied before one-way ANOVA parametric
analysis. In the comparison of data from three groups, non-
parametric tests were applied. The results were corrected
for multiple comparisons using statistical hypothesis testing
(Dunnett).

Results

scRNA-seq Reveals That Microglia Are the Major Cell
Type in the Peri-infarct Area

We performed single-cell RNA sequencing analysis of peri-
infarct and sham-operated brain tissue from rats on day 14
post-operation using the 10X Genomics Chromium plat-
form. The t-distributed stochastic neighbor embedding pro-
jection in the R package Seurat [13] showed that the 12,784
cells from the combined dataset were separated into 23 dis-
tinct clusters (Fig. 1A, Table S1), and the origin of each cell
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was also visualized (Fig. S1). The expression levels of well-
characterized marker genes were then used to annotate these
distinct cell-type clusters (Fig. 1D, Table S2). Microglia
were identified as the predominant cell clusters in the peri-
infarct region based on their expression of Tmem119, Hexb,
Ctss, and Cst3 (Fig. 1D) [7]. Adjacent to microglia was a
separate cluster of brain-resident macrophages, namely cen-
tral nervous system border-associated macrophages (BAMs),
which showed higher expression of the BAM marker Ax! [7],
genes associated with antigen processing and presentation
(e.g., Cd74 and RTI-Ba), and the interferon-inducible GTP-
binding proteins MxI and Mx2 (Fig. 1D, Fig. S4). However,
the BAMs lacked expression of the microglial marker gene
Tmeml119. Another cluster of macrophages was identified as
MDMs, which exhibited a greater expression of macrophage
markers in PanglaoDB (Nr4a3 and Plaur) [14] (Fig. 1D, Fig.
S1E). MDMs also showed higher expression levels of anti-
gen processing- and presentation-associated genes. Based
on the expression of Tubb3 and Dcx, the neural lineage,
another major component of the peri-infarct cells, was then
identified. Based on the transcriptional signatures of Mki67,
Ccnd2, and Stmnl, neural lineage cells were further divided
into four clusters (Fig. S1D). Furthermore, in addition to
neuronal and microglia clusters, mural cells, T cells, B cells,
myelinating oligodendrocytes, ependymal cells, pericytes,
astrocytes, and granulocytes were also identified by their
respective marker genes (Fig. 1D).

Diverse Gene Expression Patterns and Functional
States of Microglia in the Ischemic Brain

To gain a deeper understanding of the heterogeneity of mye-
loid cellclusters, we re-clustered the subset of myeloid cells
into 11clusters based on marker genes identified by the R
package Seurat (Fig. 1B, 1C).

Cells in cluster 6 were identified as homeostatic micro-
glia based on the heightened expression of typical microglia
marker genes Hexb and Sparc (Fig. S4). Adjacent to the
homeostatic microglia was cluster 4, which shared similar
transcriptomic features with ATMs (e.g., IgfI, Sppl, and
Gpnmb) [15]. Enrichment analysis of marker genes for
ATMs revealed their involvement in the biological pro-
cesses neuronal regeneration and phagocytosis (Fig. 1E).
To further elucidate the activation features of ATMs, we
applied differential gene testing with the R package SCDE
and found that antigen processing and presentation-related
genes (Cd74 and RTI-A2) and neuroregeneration-related
genes (Igfl, Sppl, and Gpnmb) were upregulated. In con-
trast, microglia homeostatic state markers such as Tmem119
were downregulated in the ischemic group compared to the
sham counterparts (Fig. 1F, Table S3). Adjacent to ATMs,
disease-associated microglia (DAMs, cluster5) were iden-
tified based on their higher expression of Sppl, Gpnmb,
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and antigen processing- and presentation-related genes [9].
Cluster 2 microglia (IEG microglia) were distinguished by
higher expression of immediate early genes(Hspalb and
Jun). Adjacent to cluster 2 was cluster 3, which showed a
higher expression of mitochondrial genes. Clusters 1 and
8 werecharacterized by high expression of inflammation-
related genes (e.g., I11b, Ccl3, and Ccl4). Marker genes of
cluster 83 (e.g., Gadd45b) were identified as essential genes
for p38 MAPK signaling, which is essential for microglia-
mediated neuroinflammation (Fig. 1C, Fig. S4) [16]. In addi-
tion, single-cell sequencing identified a microglial cluster
with high expression of phagocytosis-related genes such as
Trem2 (cluster 7) and a microglia cluster associated with
antigen processing and presentation (AP microglia, cluster
0) (Fig. 1C, Fig. S4).

Transcriptomic Changes of Infiltrated Macrophages
Following Cerebral Ischemia

Immune responses triggered by peripheral blood-infiltrated
immune cells are critical regulators of post-stroke ischemic
brain injury and repair. Therefore, we obtained an expression
matrix of macrophages to identify single-cell-level transcrip-
tomic changes in macrophages following a stroke. 203 genes
were significantly upregulated, and 211 genes were signifi-
cantly down-regulated (P <0.05) in MDMs from ischemic
brain tissue relative to sham-operated brain tissue, as deter-
mined by differential gene expression analysis (Fig. 2A,
Table S4). Then Gene Ontology (GO) enrichment analysis
revealed that the significantly upregulated differentially-
expressed genes (DEGs) were predominantly associated
with biological processes such as import into cells (Psap
and Prkcg), innate immune response, cell adhesion (Esam),
transmembrane receptor protein tyrosine kinase signaling
pathway (e.g., Cyfip2, Ptprf, and Runx2), neural projection
development (e.g., Sppl and Nedd4), and angiogenesis (e.g.,
Plpp3) (Fig. 2C, Table S5, S6). Significantly downregulated
DEGs were mainly involved in antigen processing and pres-
entation (RT1-Ba and Fcgrla), immune regulatory interac-
tions between a lymphoid and a non-lymphoid cell (Cd§83,
Anxal, and Icam2), and inflammatory immune response
(Clec10a, 11172, and S100a6) (Fig. 2D). Next, we conducted
a pseudotime analysis of MDMs using the R package Mon-
ocle2 [17]. Pseudotime analysis showed that homeostatic
MDMs from the SHAM group showed a developmental tra-
jectory into MDMs from the ISC group (Fig. 2B). Enrich-
ment analysis of pseudotime-dependent DEGs revealed
associations with mRNA processing, macrophage markers,
apoptotic process regulation, and cytokine production reg-
ulation (Fig. 3E Table S7, S8). TRRUST (Transcriptional
Regulatory Relationships Unraveled by Sentence-based
Text mining) analysis revealed that these pseudo-dependent
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Fig. 2 MDMs show transcriptomic changes after infiltrating the
ischemic brain. A Volcano plot showing the significantly differen-
tially-expressed genes of MDMs between ISC and SHAM conditions
(P <0.05, log,(FC) >1 or log,(FC) <—1) (red dots represent signifi-
cantly up-regulated genes, blue dots represent significantly down-reg-
ulated genes, grey dots represent non-significantly expressed genes).
B MDMs are positioned in a development trajectory constructed by
Monocle and colored by pseudotime (left) or Seurat’s group identity
(right) C, D Bubble plots showing the enriched GO terms of signifi-
cantly up-regulated (C) or down-regulated (D) genes between ISC

and SHAM conditions. The threshold was set as Z-score >2 or <—2
and —log (adj p value) >3. The area of the displayed circles is pro-
portional to the number of genes assigned to the term and the color
corresponds to the category (green, biological processes; red, cellu-
lar components; blue, molecular functions). The complete gene and
GO terms are listed in Supplementary Table 3. E Barplot showing
the enrichment analysis of pseudodependent differentially-expressed
genes. F Barplot showing the enrichment analysis of transcrip-
tion factors of pseudodependent differentially-expressed genes in
TRRUST.
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Fig. 3 Interactions between cells of myeloid and neural lineages. A
Circle plot showing the number of interactions among cell clusters.
Line thickness represents the number of interactions, the colors rep-
resent the cluster source of interactions. B River plot showing the
global output communication patterns of secreting cells. C Circle
plot visualization of the TGFb, GAS, and GRN signaling communi-
cation network using. D, E Heatmap showing input (D) and outgo-
ing (E) signaling patterns in myeloid and neural lineages. The color
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of each bar in the heatmap represents the relative strength of inter-
actions. Phago. MG, phagocytic microglia; Mt. MG, mitochondrial
gene-enriched microglia; IEG MG, immediate-early gene-enriched
microglia; inflame. MG, inflammatory microglia;, Homeo. MG,
homeostatic microglia; ATM, axon tract-associated microglia; DAM,
disease-associated microglia; AP. MG, antigen processing- and pres-
entation-related microglia.
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DEGs were primarily controlled by transcription factors
NFkbl1, Jun, and Irf4 (Fig. 2F).

Interactions Between Myeloid Cell Populations
and Cells of Neural Lineage

Next, we investigated intercellular interactions that may con-
tribute to the different activation states and repair-promoting
effects of peri-infarct cells in the ISC group. We focused our
analysis on cells of the myeloid and neural lineages and used
the R package CellChat to detect intercellular interactions
[18]. CellChat detected 13 significant ligand-receptor pairs
associated with cell-cell contacts and 18 secreted signaling
ligand-receptor pairs (Fig. S5). Microglia showed more and
stronger interactions with other cell types (Fig. 3A), suggest-
ing an essential role for microglia in the microenvironment
of peri-infarct brain tissue. We identified three patterns of
output signaling in the global secreted communication net-
work. A significant proportion of output secreted signals
were mediated by myeloid cells and exhibited pattern #1
(Fig. 3B). Pattern #1 consisted primarily of the outgoing
signaling of ATMs, immediate-early gene high microglia
(IEG MGs), and monocyte-derived macrophages, represent-
ing pathways such as TGFb, TWEAK, BAFF, GAS, GRN,
and PROS. Microglia, MDMs, and BAMs were all identi-
fied as sources of TGFb, GAS, and GRN signaling, with
the primary targets being microglia and BAM populations
in pattern #1 (Fig. 3B, C). In contrast, communication pat-
tern #2 mainly included outgoing signals from inflamma-
tory microglia (inflame. MGs) that were mediated by GDF,
VEGF, CCL, CSF, and galectin signaling (Fig. 3B, C). On
the other hand, cells of the myeloid and neural lineages also
showed communication through direct contact. MDMs inter-
acted with microglia by secreting selectins, which may have
contributed to their recruitment. Microglia were predicted
to interact with neural lineage cells via the Sema pathway
(Fig. 3D, E), which promotes neuronal generation [19].

Transplantation of BM-derived Macrophages Alters
the Activation States of Peri-infarct Microglia

To further determine the function of infiltrated monocyte-
derived cells, macrophages isolated from the bone marrow
of homologous rats were transplanted intravenously. We
injected 1 million macrophages derived from bone marrow
into the tail veins of rats three days after a stroke, since
monocyte infiltration peaks between days 3 and 4 [4]. We
isolated peri-infarct brain tissue from rats transplanted with
homologous macrophages and applied single-cell RNA
sequencing analysis. Unsupervised graph-based clustering
of 13,983 cells from the cell transplantation and ischemia
groups presented a t-SNE plot of 26 clusters, with micro-
glia also being the predominant cell type (Fig. 4A, S6, S7,

Table S9). Similar patterns of marker gene expression were
found in the microglia of this combined dataset and the
ISC-SHAM group, but the composition of each cluster was
altered. Peri-infarct microglia were clustered into ATMs,
IGE MGs, mitochondria gene-enriched microglia, homeo-
static microglia, DAMs, phagocytic microglia, and inflam-
matory microglia. We found that the proportion of inflam-
matory microglia 1 and homeostatic microglia increased
after bone marrow cell transplantation (Fig. 4B). Inflam-
matory microglia 1 was characterized by high expression of
inflammatory cytokines (///b and Ccl4) and MAPK sign-
aling-related genes (Gadd45b and Nfkbia), and the expres-
sion levels of these marker genes were further increased in
the BMMC group compared to the ISC group. Homeostatic
microglia were identified by their elevated expression of
the homeostatic gene Tmem119 and the MAPK/ERK sign-
aling regulators Tmeml76a and Hspalb [20], which were
upregulated in BMMC microglia (Fig. 4C, D). Next, we
sought to explore the DEGs in ATMs following bone mar-
row cell transplantation (Table S10). After bone marrow
cell transplantation, ATMs (clusterl) showed upregulation
of neuronal proliferation, differentiation-related Igf/ and
Sppl [21], antigen processing and presentation-related RTI-
Dbl and RTI-Ba and phagocytosis related Ax! and Gpnmb.
(Fig. 4E).

Next, we transplanted MDMs or injected si-CCR2 AAVs
stereotaxically to increase or inhibit the infiltration of
MDMs (Fig. S9). Our immunofluorescence results showed
that bone marrow MDM transplantation significantly sup-
pressed the expression of the pro-inflammatory microglial
marker iNOS and increased the anti-inflammatory microglial
marker CD206 compared to the ISC group (Fig. S8C, D).
Flow cytometry data showed that BMDM transplantation
increased the proportion of CD163% M2 microglia among
all microglia (Fig. S8E, F).

BM-derived Macrophage Infiltration Favors
Repair-promoting Transcriptomic Changes
in the Neural Lineage

To characterize whether transcriptomic changes in bone
marrow cells are associated with neurogenesis, we analyzed
transcriptional data from neuronal cells and investigated
the DEGs between the cell transplantation and the ischemic
control groups. Differential expression tests revealed that
transplanted bone marrow cells upregulated genes associ-
ated with neuronal stem cell differentiation (Id4), migra-
tion (Tubb2a), and axonal development (Map1b) (Fig. 5A,
Table S11).

Next, we performed a pseudotime analysis of the neural
lineage using Monocle. As depicted in the two-dimensional
dendritic cell trajectory, the trajectory began with predom-
inantly neuronal cells from cluster 8 (identified by the R
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Fig. 4 Transplantation of bone marrow-derived monocytes alters the
activation state of microglia. A t-SNE plot colored by cell type shows
the integrated 13,983 cells from the BMMC and ISC group sepa-
rate as 26 distinct cell clusters. B Bar plot showing the proportion of
microglia from the BMMC or the ISC group. C Dots plot represent-
ing the expressed percentage and average expression level of selected
marker genes for each microglial cluster. D Splitting dot plot showing
the different expression levels and the percentage of cells expressing
given marker genes in BMMC and ISC conditions (dot size, percent-

package Seurat in the preceding section) (Fig. 5B). Then,
close to the central node, neuronal cells began to exhibit
a bidirectional trajectory. One trajectory branch (branch
Y_83) was composed primarily of cluster 9 cells, while the
other bifurcation (branch Y_23) was composed primarily of
cluster 8 cells (Table S12). Branch analysis of pseudotem-
poral trajectories revealed that cells localized to cell fate 1
(corresponding to branch Y_83) were enriched for immune
response-related genes (e.g., Apoe, B2m, C3, and Ptprc),
myeloid cell activation (e.g., Fcerlg and Trem?2), and phago-
cytosis (e.g., C3 and AifI) (Table S13). Upon the transition
of pseudotime, these genes were initially upregulated and
then downregulated (Fig. SC-E). Meanwhile, genes involved
in axonal development (e.g., Ncaml and Map1b), neuronal
proliferation (e.g., Cd24), differentiation (e.g., DIx1), and
migration (e.g., Dcx) were upregulated with the transition
to cell fate 2 (corresponding to branch Y_23) (Table S14).
These genes also show pseudo-dependent upregulated
expression (Fig. 5C, D, F).
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microglia; Phago. MG, phagocytic microglia; inflame. MG, inflam-
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Bone Marrow-derived Macrophage Transplantation
Promotes Post-stroke Neurogenesis and Functional
Recovery

To explore the regulators of neural regeneration after cell
transplantation, we performed an enrichment analysis of
pseudo-dependent upregulated genes in the neural line-
age (Table s15). Our results showed they were involved in
biological processes like translation regulation, cytoskel-
eton organization, positive neuron projection development
regulation, and nerve growth factor response (Fig. 6A,
Table S16). Next, using the Cytoscape plugin iRegulon [22],
we investigated regulons and predicted potential transcrip-
tion factors of pseudo-dependent upregulated genes. Sox2
was the leading regulator of pseudo-dependent upregulated
genes, including Id4, Ncaml, and DIxI, as determined by
an iRegulon analysis (Fig. 6B, S10, Table S17). Sox2 also
showed upregulation with pseudotime transition (Fig. S10).
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Next, we investigated the neurogenesis of the subependy-
mal ventricular zone (SVZ) by treating rats with EAU and
applying immunofluorescent staining to detect Edu and
DCX-positive cells. Our results showed that bone mar-
row MDM transplantation increased the number of EdU-
positive cells in the SVZ, while si-CCR2 AAV injection
significantly decreased the number of DCX-positive cells
in the SVZ (Fig. 6C, D). To evaluate functional recovery,
the beam-walking test, sticky label test, and cylinder test
were administered from postoperative day 12 to day 14. Rats
in the si-CCR2 AAV injection group showed a significant
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plots showing expression patterns of branch_Y83-dependent upregu-
lated genes (Apoe, C3, Trem2, and Fcerlg) and branch Y_23-depend-
ent up-regulated genes (Tubb3, DIx1, Cd24, and Maplb) according
to pseudotime order, colored by Seurat’s original cluster colors. (D)
Heatmap showing the clustering of branch-dependent genes with a
g-value <10 in the BEAM test, corresponding to cell fate transition.
E, F Functional enrichment network of branch_Y83-dependent (E)
and branch Y_23-dependent (F) up-regulated genes.

increase in forelimb slip rate in the beam-walking test and an
increase in asymmetry score in the cylinder test (Fig. S8B).

Sox2 has been shown to promote neural progenitor cell dif-
ferentiation [23]. Sox2 is a transcriptional regulator of both
Akt and CREB signaling, which are indispensable compo-
nents of the pseudotime-dependent upregulated neurotrophin
pathway. Western blotting analysis of the peri-infarct brain tis-
sue showed that transplantation of bone marrow macrophages
increased the expression levels of Akt and CREB signaling
(Fig. 6E, F).
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Fig. 6 Identifying regulators for neuronal regeneration after mono-
cyte transplantation. A Bubble plots showing enrichment analysis of
pseudo-dependent upregulated genes in the neural lineage (bubble
size represents the gene counts in each enrichment term; color rep-
resents the —log10 (P value). B Iregulon analysis of pseudo-depend-
ent upregulated genes. Regulator SOX2 is located in the center and
the arrows point to genes regulated by SOX2. C, D Representative

Discussion

Recent studies have demonstrated single-cell patterning
and functional heterogeneity of brain myeloid cells under
neuroinflammation, demyelination, and at different stages
of neural development [10, 15]. However, single-cell map-
ping of brain myeloid cells under cerebral ischemic con-
ditions at the chronic stage was still lacking. Similar to
previous single-cell sequencing studies using peri-infarct
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images and quantification of EdU+ and DCX+ cells in the SVZ.
Data are the mean + SEM, n = 8 per group, scale bar = 100 pm.
*P < 0.05; **P < 0.01; ***P < 0.001. E Representative western-
blot images of CCR2, Rac, ERK1/2, p-ERK1/2, Akt, p-Akt, CREB,
p-CREB. F Analysis of Akt and CREB signaling at the protein level.
Data are the mean + SEM, n = 6 per group. *P < 0.05; ** P < 0.01.

brain tissue in stroke models, we found that peri-infarct
microglia were activated following cerebral ischemic
injury, and their proportion was increased [24]. Multiple
activation states of microglia rather than the classical M1
or M2 subtype were also found, along with downregulation
of homeostatic markers like Tmem119 and Hexb. In addi-
tion to these similarities, we revealed several novel find-
ings. First, we identified two clusters of microglia associ-
ated with neurovascular plasticity, one with an expression
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pattern similar to ATMs and the other characterized by
upregulation of MAPK signaling genes. Marker genes of
ATMs, including Igfl and Sppl, have been reported to
be involved in the migration and neurogenesis of neuro-
blasts after stroke [21]. They also promote repair through
phagocytosis [25]. Furthermore, Bioinformatics analysis
of single-cell sequencing data, validated by immunofluo-
rescence and flow cytometry, further revealed the interac-
tions between bone marrow cells.

Bioinformatics analysis of single-cell sequencing data,
validated by immunofluorescence and flow cytometry, fur-
ther revealed the interactions between bone marrow cells.
[11]. By single-cell differential expression analysis, we
found an upregulation of genes favoring neurovascular
plasticity and downregulation of deleterious neuroinflam-
matory responses in MDMs. Recent research [26] has sug-
gested that the interaction between MDMs derived from
the periphery and brain-resident microglia may mitigate
the neural damage mediated by pro-inflammatory micro-
glia. However, it remains unclear how infiltrating MDMs
influence the polarization of microglia following cerebral
ischemic injury. Our intercellular crosstalk predictions
show that infiltrating MDMs displayed interactions with
microglia via TGFb, Gas6, and Grn signaling, all of which
are related to an anti-inflammatory and pro-repair phe-
notype of microglia [27, 28]. Microglia were also pre-
dicted to promote the proliferation and migration of neural
cells through Sema-mediated direct contact with neural
cells [29]. Furthermore, our flow cytometry results also
demonstrated that infiltrated MDMs inhibited microglial
proinflammatory responses and promoted post-stroke neu-
rogenesis, consistent with a previous study showing that
reduced proinflammatory microglia responses are associ-
ated with enhanced neurogenesis during stroke recovery
[30]. However, the long-term interaction between BMDMs
and microglia in the ischemic brain might also lead to
excessive microglial activation and exacerbate neural dam-
age [31]. Therefore, how the BMDM-microglia interac-
tion regulates neuronal regeneration after ischemic injury
needs to be revealed in future studies.

Consistent with neuronal developmental trajectories
in the normal brain, genes associated with neuronal and
axonal regeneration are upregulated in the significant tra-
jectory progression of neuronal cells in the BMMC-ISC
integration group [32]. However, near the central node, a
subset of cells diverted into a branch related to immune
responses, such as phagocytosis. Recent research [25] sug-
gests that the interaction between MDMs derived from
the periphery and brain-resident microglia may mitigate
the neural damage mediated by pro-inflammatory micro-
glia [33, 34]. Therefore, we interpreted this as a bidirec-
tional trajectory where immature neuronal cells around

the infarct can either develop into mature neuronal cells
or transform into debris-clearing neuronal cells.

Furthermore, our analysis suggested the repair-pro-
moting effects of BMDM transplantation were mediated
primarily by transcriptomic regulation of the transcription
factor Sox2. Sox2 has long been identified as a neurogenesis
marker and a neurotrophic factor pathway regulator [35].
More importantly, microglia promote the proliferation of
multi-potent stem cells in the spinal cord through a mech-
anism attributed to the MAPK-SOX2 signaling pathway
[36]. The Sema pathway, identified in the analysis of micro-
glia-neuronal cell interactions, also promotes neuronal
repair through the activation of MAPK signaling [37]. Akt
and CREB signaling are essential components of the neu-
rotrophin and MAPK pathways. Moreover, Sema signaling,
which our bioinformatics analysis predicted would mediate
the interaction between microglia and neural cells, has been
shown to be associated with the activation of Akt signaling
[38]. As a result, we speculate that interactions between
microglia and neural lineages after MDM transplantation
might lead to improved neurogenesis through activation of
Akt and CREB signaling and that the transcription factor
Sox2 plays a critical regulatory role in this process.
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