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Abstract 

Background Ischemic stroke elicits a complex and sustained immune response in the brain. Immunomodulatory 
treatments have long held promise for improving stroke outcomes, yet none have succeeded in the clinical setting. 
This lack of success is largely due to our incomplete understanding of how immune cells respond to stroke. The 
objective of the current study was to dissect the effect of permanent stroke on microglia, the resident immune cells 
within the brain parenchyma.

Methods A permanent middle cerebral artery occlusion (pMCAO) model was used to induce ischemic stroke 
in young male and female mice. Microglia were sorted from fluorescence reporter mice after pMCAO or sham surgery 
and then subjected to single-cell RNA sequencing analysis. Various methods, including flow cytometry, RNA in situ 
hybridization, immunohistochemistry, whole-brain imaging, and bone marrow transplantation, were also employed 
to dissect the microglial response to stroke. Stroke outcomes were evaluated by infarct size and behavioral tests.

Results First, we showed the morphologic and spatial changes in microglia after stroke. We then performed single-
cell RNA sequencing analysis on microglia isolated from sham and stroke mice of both sexes. The data indicate 
no major sexual dimorphism in the microglial response to permanent stroke. Notably, we identified seven potential 
stroke-associated microglial clusters, including four major clusters characterized by a disease-associated microglia-
like signature, a highly proliferative state, a macrophage-like profile, and an interferon (IFN) response signature, 
respectively. Importantly, we provided evidence that the macrophage-like cluster may represent the long-sought 
stroke-induced microglia subpopulation with increased CD45 expression. Lastly, given that the IFN-responsive subset 
constitutes the most prominent microglial population in the stroke brain, we used fludarabine to pharmacologically 
target STAT1 signaling and found that fludarabine treatment improved long-term stroke outcome.

Conclusions Our findings shed new light on microglia heterogeneity in stroke pathology and underscore the poten-
tial of targeting specific microglial populations for effective stroke therapies.
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Background
Ischemic stroke, a common and often devastating dis-
ease, remains poorly treated, highlighting the urgent need 
for new stroke therapies [1]. Clinical and experimental 
evidence points to neuroinflammation as a key element 
of stroke pathophysiology [2, 3]. Despite intense research 
in stroke immunology for decades, no immunomodula-
tory stroke therapeutic has been translated into clinical 
use [4]. This situation underlines key gaps in our under-
standing of the stroke-induced immune response.

Microglia, the resident immune cells in the brain 
parenchyma, play a key role in mediating and orchestrat-
ing neuroinflammation following stroke [5, 6]. Surpris-
ingly, the precise role of activated microglia in stroke is 
still debated, with evidence supporting both detrimental 
and beneficial effects. For example, many stroke treat-
ment experiments have attributed the observed protec-
tive effects to the suppression of microglia activation [7]. 
It is thought that after stroke, activated microglia secrete 
inflammatory cytokines and chemokines, exacerbating 
the immune response in the brain and promoting neu-
ronal death. On the other hand, studies have shown that 
pharmacologic depletion of microglia results in elevated 
inflammatory response, larger infarcts, and worse func-
tional outcome after stroke, suggesting a potential ben-
eficial role of microglia in the acute stroke phase [8]. 
Collectively, the impact of microglia on stroke progres-
sion remains elusive. This complexity arises from the 
dynamic and diverse states that microglia can adopt in 
response to stresses [9]. It is reasonable to assume that 
different microglial states may play distinct roles in stroke 
pathology. Therefore, conflicting results regarding micro-
glia in stroke are likely due to indiscriminate targeting of 
mixed microglial subsets.

To address these complexities, the stroke field has 
embraced single-cell RNA sequencing (scRNA-seq) to 
categorize distinct immune cell subsets in the stroke 
brain based on transcriptional profiles. Indeed, these 
scRNA-seq studies have revealed highly heterogene-
ous immune cell populations, including various states 
of microglia in the stroke brain [10–17]. However, 
these studies used either all brain cells or enriched 
 CD45+  immune cells, which likely limits the depth of 
identifying microglial subsets. More critically, in the 
stroke brain, certain microglia subpopulations and infil-
trating monocytes share similar phenotypes, which  
confounds accurate annotation of these cells. In our  
current study, we took advantage of a mouse genetic  
tool, Tmem119-2A-CreERT2, which expresses Cre highly 
specific to microglia in the brain [18]. Fluorescence-
labeled microglia in the stroke brain were sorted and 
then subjected to scRNA-seq analysis. Of note, previous 

scRNA-seq studies exclusively used transient ischemic 
stroke models, which do not represent the majority 
of clinical stroke cases [19]. In light of this, we opted 
to use our permanent ischemic stroke model [13, 20]. 
Moreover, as sex differences in stroke outcome are well 
supported by clinical and experimental findings, and as 
animal studies also suggest sexual dimorphism in the 
neuroinflammatory response after stroke [21, 22], we 
included both male and female animals. Our data dem-
onstrate that microglia responded to permanent stroke 
similarly in male and female mice. Importantly, our find-
ings revealed several stroke-associated microglial (SAM) 
subsets that could serve as a foundational framework for 
further studies aimed to understand microglial functions 
in stroke. Of these subsets, one unique subset may rep-
resent the long-sought stroke-induced CD45 high micro-
glia subpopulation. Lastly, our functional outcome study 
suggests that the interferon (IFN) signaling-associated 
microglia subset is detrimental to stroke recovery.

Methods
Animals
All animal procedures were approved by the Duke Uni-
versity Medical Center Animal Care and Use Commit-
tee and were conducted in accordance with the United 
States Public Health Service’s Policy on Humane Care 
and Use of Laboratory Animals. The animals were main-
tained in a 14/10 light/dark cycle, and both water and 
food were provided ad libitum. Male and female C57Bl/6 
mice (3–6  months old) were purchased from The Jack-
son Laboratory (Bar Harbor, ME). To establish mice with 
inducible labeling of microglia in the brain, we crossbred 
Ai6 (RCL-ZsGreen; JAX #007906) reporter mice with 
Tmem119-2A-CreERT2 mice (JAX #031820) express-
ing the tamoxifen-inducible CreERT2 under control of 
the Tmem119 promoter and obtained Tmem119-2A-
CreERT2;Ai6 (Tmem119-Ai6) mice. To fluorescently 
label immune cells, we generated Vav1-Cre;Ai9 mice by 
crossing vav-Cre (JAX #035670) with Ai9 (RCL- tdTo-
mato; JAX #007909). Mice were euthanized via decapita-
tion while fully anesthetized. All mouse lines were on a 
C57Bl/6 genetic background.

Stroke surgery
Permanent middle cerebral artery occlusion (pMCAO) 
was performed according to our previously established 
procedure [20, 23]. In brief, mice were anesthetized with 
5% isoflurane in a mixture of 30%  O2/70%  N2, followed by 
oral intubation. Ventilation (Kent Scientific) was adjusted 
based on the body weight with 1.2–1.5% isoflurane 
throughout the surgery. The body temperature was moni-
tored with a rectal probe and maintained at 37 °C ± 0.2 °C 
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for the entire duration of the surgery. Mice were placed 
in a left lateral position, and a small transverse incision 
was made between the eye and ear to reveal the zygo-
matic arch. A segment of approximately 3 mm from the 
zygomatic arch was excised, and a small opening was 
drilled on the skull to expose the MCA. The MCA trunk 
was then permanently ligated with a silk suture. Follow-
ing MCAO, the animals were kept under anesthesia for 
1 h and then transferred to a chamber (32 °C) and moni-
tored for a 2-h recovery period before returning them to 
their home cages. No animal was excluded for analyses in 
this study.

Stroke outcome
Animals were randomized into groups using an online 
tool, and stroke outcome, including neurologic func-
tions and infarct volume, was assessed at indicated time 
points after pMCAO by experimenters who were blind to 
groups.

Neurologic score [24]
A 48-point neurologic scoring system was used to evalu-
ate various functions including general status (sponta-
neous activity, body symmetry, and gait; 0–12), simple 
motor deficit (forelimb asymmetry, circling, and hind–
limb placement; 0–14), complex motor deficit (vertical 
screen climbing, and beam walking; 0–8), and sensory 
deficit (hind limb, trunk, vibrissae, and face touch; 0–14).

Rotarod [25]
Mice were trained for 3 days before surgery, to establish 
similar baseline performance. On the test day, mice were 
placed on an accelerating rod (4–40  rpm; Ugo Basile, 
Italy). The latency time to fall off the rod was recorded.

Pole test [25]
Mice were placed on top of a vertical pole (50 cm high) 
with their heads oriented upward. The time required for 
mice to arrive at the base of the pole (time-to-arrive) was 
recorded.

Y maze
A spontaneous alternation Y maze test was used to exam-
ine spatial memory. The Y maze apparatus (San Diego 
Instruments, Beige 7001–0425) consists of 3 identical 
arms (15-inch length, 3-inch width, 5-inch height) with 
120° angles. Three different visual cues were attached to 
the end wall of each arm. Mouse was placed in the center 
and allowed to explore freely for 5 min, while it was video 
recorded. The spontaneous alternation score was calcu-
lated using the equation: sequential alternations/total 
arm entries -1.

Infarct measurement [20]
After behavioral tests were completed, mice were 
euthanized, and infarct volume was measured using 
the 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-
Aldrich, St. Louis, MO, USA) staining method. Infarct 
volume was calculated using ImageJ software (NIH).

Drug administration
To induce CreER-dependent recombination, Tmem119-
Ai6 mice received tamoxifen (20  mg/kg) intraperito-
neally (ip) once daily for 5 days. After a minimum waiting 
period of 1  week, the mice were then used for experi-
ments. To label newly proliferative cells in vivo, animals 
were injected ip with BrdU (Sigma, #59,143; 100 mg/kg) 
starting immediately after the stroke surgery and contin-
uing for two additional days. For the fludarabine (S1491, 
Selleck Chemicals) treatment experiments, the vehicle 
(5% DMSO, 40% PEG300, 5% Tween 80, and 50% saline) 
and dosage (5 mg/kg for the short-term experiment and 
10 mg/kg for the long-term experiment) were based on a 
previous study, with minor modifications [26].

Flow cytometry
Profiling immune cells in the brain and blood was per-
formed by flow cytometry, following our standard proto-
cols with modifications [13, 27].

To prepare single-cell suspensions from the brain, the 
mice were transcardially perfused with ice-cold PBS, and 
the brains were rapidly isolated. For the stroke mice, the 
brains were split into ipsilateral and contralateral hemi-
spheres along the midline. The brains were then mechan-
ically homogenized in ice-cold HBSS using a loose pestle 
in a 15-mL Dounce homogenizer (Kimble). The result-
ant cell suspension was filtered through a pre-wet 70-μm 
cell strainer. After centrifugation, cells were resuspended 
in 8 mL of ice-cold 35% Percoll (Cytiva, #17-089-101) in 
PBS and centrifuged at 845 × g for 20  min at 4  °C with 
the speed of acceleration and braking set at 3 out of 9 
levels. The cell pellet was washed and resuspended in 
FACS buffer (RPMI1640, 2% FBS, and 2 mM EDTA). For 
blood samples, red blood cells were lysed with 1X RBC 
lysis buffer (BioLegend) and cells were resuspended in 
PBS buffer with 2% FBS.

For flow cytometry, single-cell samples were incubated 
with Fc Block TrueStain (BioLegend, #101320) at 4  °C 
in the dark for 15  min. Then, an antibody mixture was 
added for immunostaining with incubation for 30 min at 
4 °C. Next, cells were pelleted and resuspended in HBSS 
buffer with a live/dead fixable dye for 10 min. After wash-
ing, cells were resuspended in FACS  buffer for analy-
sis. For phagocytosis assay, cells were incubated with 
antibodies and Zymosan bioparticles (ThermoFisher, 
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P35364) for 1 h at 37 °C. After centrifugation, cells were 
resuspended in FACS  buffer and 5  min prior to data 
acquisition 7-AAD was added to evaluate cell viability. 
Flow cytometry data were acquired on FACS Canto (BD 
Biosciences, San Jose, CA) or Aurora full spectrum flow 
cytometer (Cytek Biosciences, Fremont, CA) and ana-
lyzed using SpectroFlo and FlowJo software. All antibod-
ies are listed in Additional file 1: Table S1.

Bone marrow transplantation (BMT)
Mice were anesthetized using ketamine/xylazine and 
irradiated with a single dose of sublethal irradiation 
(950 cGy) with the brain shielded in a cabinet X-ray irra-
diator (CIX3, Xstrahl, Suwanee, GA, USA). Five hours 
after irradiation, mice received a retro-orbital injection 
containing 5 ×  106 bone marrow (BM) cells from a donor 
mouse of matching sex and age. We adopted a simple 
protocol to prepare BM cells [28]. Briefly, mouse limbs 
were collected and placed in ice-cold PBS. After remov-
ing the muscles, the bones were put in a 500-μL tube with 
a hole punched in the bottom. This tube was inserted 
into a 1.5-mL tube containing 100 μL of PBS. After cen-
trifugation (10,000 × g, 30 s, 4 °C), BM cells were collected 
in the 1.5-mL tube and subjected to red blood cell lysis 
using RBC lysis buffer (BioLegend). The BM cells were 
washed, resuspended in PBS, and counted. For BMT, 
recipient mice were anesthetized using a mixture of 1.5–
2.0% isoflurane in 30%  O2/70%  N2, and the cells from the 
donor were administered via retro-orbital injection.

Immunofluorescence and microscopy
Mice were transcardially perfused with ice-cold PBS 
followed by 4% PFA. The brains were then harvested, 
immersed in 4% PFA overnight, and transferred to PBS 
for vibratome sectioning. Immunostaining was per-
formed as described previously [20]. Briefly, after block-
ing, coronal brain sections (50 μm thick) were incubated 
with primary antibodies (Additional file  1: Table  S1) 
overnight at 4 °C. The next day, samples were washed in 
PBS with 0.1% Triton (5 min × 3) and then incubated with 
fluorescent secondary antibodies for 2 h at room temper-
ature (RT). Nuclear staining with 4′,6-diamidino-2-phe-
nylindole (DAPI) was then performed for 10 min at RT. 
For BrdU staining, an additional step for sample prepara-
tion was required: the brain sections were incubated with 
freshly made 2 N hydrochloric acid (HCl) for 30 min and 
washed thoroughly with PBS. Images were captured on 
a Zeiss Axio Imager Z2 motorized fluorescence micro-
scope (Carl Zeiss MicroImaging) or a Leica SP5 confocal 
microscope.

Hybridization chain reaction (HCR) RNA fluorescence 
in situ hybridization (FISH)
After perfusion with PBS and 4% PFA, the mouse brains 
were incubated with 4% PFA overnight and then trans-
ferred to DEPC-treated PBS for vibratome sectioning. 
Coronal brain sections  (50  μm) were washed with 4% 
PFA and stored in DEPC-treated PBS at 4 °C until anal-
ysis. For HCR RNA-FISH, all probes and reagents were 
purchased from Molecular Instruments. On day 1, the 
brain sections were incubated in 500 μL of 70% ethanol 
in DEPC-treated PBS at 4 °C in a 24-well plate overnight. 
The next day, the sections were washed with PBS and 
then incubated in 5% SDS for 45 min at RT on an orbital 
shaker. The brain sections were then washed with 2xSSC 
buffer and incubated in the same solution for 15 min at 
RT on the orbital shake. Next, the sections were incu-
bated in hybridization buffer for 30 min at 37 °C, followed 
by 24-h incubation at 37 °C with a pre-warmed mixture 
of the designed probes (Spp1, Arg1, Mki67, or Isg15; a 
final concentration of 5  mM) in probe hybridization 
buffer. On the third day, the sections were first washed 
(37 °C, 15 min × four times) using probe wash buffer pre-
warmed at 37  °C, then washed with 2xSSC (5  min, RT, 
on the orbital shaker), and incubated with HCR amplifi-
cation buffer for 30  min (RT, on the orbital shaker). To 
perform HCR, fluorescent hairpins were heated at 95 °C 
for 90 s in a thermocycler, followed by cooling at RT for 
30  min in the dark. Then, 4 μL of hairpin H1 and 4 μL 
of hairpin H2 (B1-647, B2-594 systems) per 300 μL were 
mixed and added to the samples. The floating sections 
were then incubated at 26 °C for 24 h. On the fourth day, 
the sections were washed with 2xSSC and stained with 
DAPI. Finally, the brain sections were mounted on slides 
using Fluoromount-G mounting medium (Southern Bio-
tech, 0100–01). Images were acquired using a Leica SP5 
Inverted Confocal Microscope or a Zeiss Axio Imager 
microscope.

3D whole‑brain imaging
Whole-brain clearing, immunolabeling, and imaging 
were performed by LifeCanvas (Cambridge, MA) follow-
ing established protocols. Briefly, PFA-fixed brains were 
preserved using SHIELD reagents [29]. After delipida-
tion, samples were labeled using eFLASH technology in 
a SmartLabel device (LifeCanvas). After immunolabeling, 
samples were incubated in 50% EasyIndex (RI = 1.52, Lif-
eCanvas) overnight at 37  °C followed by 1-day incuba-
tion in 100% EasyIndex for refractive index matching. 
The brain samples were imaged using a SmartSPIM axi-
ally swept light sheet microscope with a 3.6 × (0.2 NA). 
Samples were registered to the Allen Brain Atlas using an 
automated process (alignment performed by LifeCanvas 
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Technologies). A NeuN channel for each brain was regis-
tered to an average NeuN atlas (generated by LifeCanvas 
Technologies using previously registered samples). Regis-
tration was performed using successive rigid, affine, and 
b-spline warping algorithms (SimpleElastix: https:// simpl 
eelas tix. github. io/). Imaris v9.0 was used for 3D render-
ing and creating videos.

Single‑cell RNA sequencing (scRNA‑seq) analysis
The scRNA-seq analysis was completed at Duke Molecu-
lar Genomics Core (MGC) following established proto-
cols. The overall workflow for sample preparation, RNA 
sequencing, and data analysis was largely similar to our 
previous study [13].

Briefly, each hemisphere was mechanically homog-
enized with a Douncer. To enrich immune cells and 
remove myelin, the cells were resuspended in 37% Per-
coll (Cytiva) layered on 70% Percoll in PBS in a 15-mL 
tube. After centrifugation, the supernatant contain-
ing myelin and debris was removed and the interphase 
between the 37% and 70% Percoll layer was collected and 
washed. Eventually, the cells were resuspended in 500 
μL of FACS  buffer. Of note, the 500-μL cell suspension 
included a pool of four mice per condition. Next, 1 μL 
of 7-AAD was added per sample to stain dead cells. Live 
 ZsGreen+ cells were sorted on a BD FACSAria II with a 
purity mode. FACS-isolated cells were immediately deliv-
ered to Duke MGC for library preparation.

The protocols for library preparation and RNA 
sequencing were essentially the same as described previ-
ously [13]. Briefly, a 10 × Genomics Chromium Control-
ler Single-Cell Instrument (10 × Genomics, Pleasanton, 
CA, USA) was used to generate single-cell gel beads with 
reverse transcription (RT) reagents in emulsions (GEMs). 
After GEM-RT was performed, the single-strand cDNA 
was purified with DynaBeads MyOne Silane Beads 
(Thermo Fisher Scientific). The cDNA was then ampli-
fied and purified. Indexed sequencing libraries were con-
structed using the Chromium Single-Cell 3’ v3.1 Library 
Kit following the manufacture’s instruction. The bar-
coded sequencing libraries were quantified and loaded 
on a Novaseq 6000 (Illumina, San Diego, CA, USA) for 
sequencing. The dataset has been deposited in NCBI 
Gene Expression Omnibus (GEO) database repository 
with the accession number GSE267240 [30].

Bioinformatics processing and data analysis
Bioinformatics processing and data analysis were per-
formed as described previously with modifications [13]. 
Briefly, Cell Ranger software version 6.1.2 was used for 
initial data processing. A custom reference transcrip-
tome was created by adding the ZsGreen gene sequence 

to mouse mm10-2020-A transcriptome using cellranger 
mkref() function. The secondary statistical analysis was 
performed using an R package Seurat version 4.9 which 
performed quality control and subsequent analyses on 
the feature-barcode matrices produced by Cell Ranger. 
In Seurat, cells not expressing ZsGreen were filtered 
out (ZsGreen exp < 0). We then closely examined the 
data and performed further filtering based on a range 
of metrics (% mitochondrial expression < 30, 250 < nFea-
ture > 8000, 500 < nUMI(count) > 50,000 for all samples) 
to identify and exclude possible multiplets (i.e., instances 
where more than one cell was present and sequenced in a 
single emulsified gel bead). To further remove doublets/
multiplets, DoubletFinder (version 2.0.3) was used in 
R individually on each sample [31]. The removal of fur-
ther technical artifacts was performed using regression 
methods to reduce noise. Downstream analysis for linear 
dimensional reduction, integration, clustering, visualiza-
tion, and comparison between samples was performed 
as described previously [13]. For the module score analy-
sis, AddModuleScore function in the Seurat package was 
used to compute the functional signatures for each cell 
cluster. Module scores were based on the gene lists shown 
in Additional file 1: Table S2. Visualization of the module 
scores used the ggplot2 package (v3.4.3) in R. To generate 
the heatmap, the top 10 upregulated genes for clusters 
7–13 were identified using the FindAllClusters function 
in the Seurat package, applied to a comprehensive dataset 
of 15 clusters. The dataset was then filtered to retain only 
clusters 7–13, and the FindAllClusters function was reap-
plied to identify the top 10 genes with the highest aver-
age log-fold changes within these specific clusters. The 
data were visualized using the ComplexHeatmap package 
(v2.10.0) in R. We employed the CellChat (v2.0.0) package 
to explore and visualize the cell–cell communication net-
work, focusing on the CCL pathway across clusters 1–13. 
To examine the intercellular communication relationship 
between clusters  (1-13), cell–cell interaction networks 
were constructed with the custom mouse ligand-receptor 
databases in CellChat. The gene expression matrix for 
clusters 1–13 was extracted from the processed Seurat 
object for this analysis. Then, it was processed using the 
standard pipeline. The communication  probabilities of 
ligand-receptor interactions were calculated using the 
computeCommunProb function with “truncatedMean” 
as the method to compute the average gene expression. 
We then filtered out interactions with less than ten cells 
in each cluster using the filterCommunication function. 
The netVisual_chord_cell function was used to visualize 
the CCL signaling network for clusters 1–13. The result 
was visualized through a chord diagram using the Cell-
Chat package in R.

https://simpleelastix.github.io/
https://simpleelastix.github.io/
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Statistical analysis
All statistical analyses were performed using Graph-
Pad Prism 9. Infarct volume (short-term) or neurologic 
score (long-term) was used to determine the group size 
for stroke outcome experiments. Statistical differences 
between groups were evaluated by unpaired Student’s 
t-test, Mann–Whitney U test (neurologic scores), or 
an ANOVA one-way followed by Holm–Sidak post hoc 
test. Data were presented as median or mean ± SD. P-val-
ues < 0.05 were considered significant.

Results
Morphologic and spatial changes in microglia in the stroke 
brain revealed by Tmem119‑Ai6 mice
To study the microglial dynamics in the stroke brain, we 
first performed Iba1 staining of the brains collected on 
post-stroke days 1, 3, and 7 (Additional file 1: Fig. S1). We 
also compared males and females on day 3 after stroke. 
 Iba1+ cells started to accumulate in the peri-infarct 
regions on day 3 after permanent stroke, and on day 7, 
a large number of  Iba1+ cells were present in the infarct 
core (Additional file 1: Fig. S1A), consistent with previous 
studies [32, 33]. Quantitative analysis revealed that in the 
infarct core, there were few  Iba1+ cells on day 1, but their 
numbers markedly increased on day 7 after stroke (Addi-
tional file  1: Fig. S1B,C). Moreover, our analysis indi-
cated that there was no difference in  Iba1+ cell numbers 
between males and females across the regions on day 3 
after stroke. We also did not observe obvious morpho-
logic differences in  Iba1+ cells between sexes (Additional 
file  1: Fig. S1D), aligning with previous data [34]. Since 
microglia share many cell surface markers and molecu-
lar profiles with infiltrating monocytes/macrophages, it 
is expected that not all  Iba1+cells in the stroke brain are 
microglia. Therefore, we decided to use a microglia-spe-
cific reporter mouse line to study the role of microglia in 
stoke. Recently, Tmem119 has been identified as a home-
ostatic microglial marker in the brain, and thus, we chose 
to use Tmem119-CreERT2 mice to dissect the effects 
of stroke specifically on microglia in this study [18]. Of 
note, this mouse Cre-driver line is tamoxifen-inducible, 
which allowed us to label the microglia already present in 
adult mice before stroke.

We first crossbred Tmem119-CreERT2 mice with 
ZsGreen reporter Ai6 mice to generate Tmem119-Ai6 
(Fig.  1A). To specifically label microglia with ZsGreen, 
Tmem119-Ai6 were treated with tamoxifen. Consist-
ent with previous reports, the ZsGreen signal was ubiq-
uitously evident across the whole brain, and  ZsGreen+ 
cells exhibited typical microglial morphology and were 
co-localized with Iba1 (Fig. 1A and Additional file 1: Fig. 
S2A). In the healthy brain, microglia are believed to reside 
in the  CD45LoCD11b+ gate of flow cytometry analysis. 

Indeed, in the Tmem119-Ai6 mouse brain, approximately 
96.7% of  CD45LoCD11b+ cells expressed ZsGreen, and 
99.7% of  ZsGreen+ cells are  CD45LoCD11b+, confirm-
ing that microglia are specifically and almost completely 
labeled with ZsGreen in the Tmem119-Ai6 mouse brain 
(Fig.  1B). We then performed more detailed immu-
nophenotyping of  ZsGreen+ cells in the circulation. In 
the blood, we detected a negligible population (0.69%) 
of  CD45+ cells expressing ZsGreen, mainly consisting of 
monocytes (Fig. 1C and Additional file 1: Fig. S2B).

Compared to traditional Iba1 staining, Tmem119-
Ai6 mice enable us to clarify morphologic and spatial 
changes specifically in microglia after stroke. Thus, we 
used Tmem119-Ai6 mice to examine microglia on days 
1, 3, and 7 after permanent stroke. Notably, the dynamic 
changes in microglia are similar to those observed in our 
Iba1 staining (Additional file  1: Fig. S1). On day 1 after 
stroke, we observed a noticeable decrease in the ZsGreen 
signal in the infarct core, along with a slight increase in 
the number of  ZsGreen+ cells in the peri-infarct area. 
On post-stroke day 3, many  ZsGreen+ cells accumulated 
bordering the infarct, while on day 7, these cells appeared 
to have migrated into the infarct core, displaying an 
intensified fluorescence signal (Fig.  1D). Immunostain-
ing analysis further confirmed microglial specificity of 
the ZsGreen signal in the stroke brain (Fig. 1E and Addi-
tional file  1: Fig. S2C). As expected, the morphology of 
many microglia in the ipsilateral hemisphere changed 
from a ramified structure to an amoeboid one (Addi-
tional file 1: Fig. S2D).

Next, to gain a better visualization of the spatial pat-
tern of microglia in the stroke brain, we imaged cleared 
whole brains, especially on day 3 after stroke. Moreover, 
to examine infiltrating immune cells concurrently, we 
performed bone marrow transplantation (BMT) from 
Vav1-Ai9 donor mice into Tmem119-Ai6 mice (Fig. 2A). 
Of note, in Vav1-Ai9 mice, most peripheral immune cells 
were labeled with tdTomato. After BMT, we confirmed 
that ~ 70% of  CD45+ cells in the blood of BMT chimera 
mice were  tdTomato+ (Additional file  1: Fig. S3). The 
brains of these chimera mice were collected on days 1 
and 3 after permanent stroke, cleared, and stained with 
NeuN for whole-brain imaging (Fig.  2). Consistent with 
the findings in Fig. 1, there were only subtle changes in 
the overall pattern of microglia in the non-infarct area on 
day 1 after stroke (Fig.  2B; Additional file  2: Movie S1). 
However, on day 3, the number of microglia surrounding 
the infarct core markedly increased (Fig.  2B; Additional 
file  3: Movie S2; Additional file  4: Movie S3). Similarly, 
on day 1, only a small amount of infiltrating immune 
cells  (tdTomato+) was found in the stroke brain. In con-
trast, we observed a large quantity of  tdTomato+ cells 
in the stroke brain on day 3 (Fig.  2C; Additional file  3:  
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Movie S2). Our flow cytometry analysis confirmed this  
increase (Additional file  1: Fig. S4). Interestingly, unlike 
microglia  (ZsGreen+), these  tdTomato+ cells spread rela-
tively evenly across the stroke area including the infarct 
core and peri-infarct regions (Fig.  2C). Considering 

the strong ZsGreen signal in the infarct core on day 
7 (Fig.  1D), it is likely that in the subacute phase (post-
stroke day 7), microglia are the primary cells that clear 
cell debris in the infarct. Indeed, the phagocytic capacity 
of microglia was markedly increased on day 7 after stroke 

Fig. 1 Microglia in the stroke brain revealed by Tmem119-Ai6. A Schematic overview of Tmem119-Ai6 mice. After tamoxifen treatment, ZsGreen 
is specifically expressed in the microglia in the brain of Tmem119-Ai6 mice. A representative native fluorescence image of a coronal section 
of a Tmem119-Ai6 brain shows the widespread ZsGreen signal (green) throughout the brain, and a confocal image depicts the typical microglia 
morphology of  ZsGreen+ cells (DAPI: blue). B, C Flow cytometry analysis of  ZsGreen+ cells in the brain and blood. In the Tmem119-Ai6 brain, almost 
all  CD45LoCD11b+ cells are ZsGreen positive (B). In the blood, only a negligible population of  CD45+ cells, primarily monocytes, are ZsGreen positive 
(C). Data are presented as mean ± SD (n = 4/group). D, E Dynamic changes in microglia in the brain of Tmem119-Ai6 mice after ischemic stroke. 
Tmem119-Ai6 mice were subjected to permanent stroke. The brains were collected on days 1, 3, and 7 after stroke for immunostaining. D Overview 
of coronal brain sections of Tmem119-Ai6 mice after stroke. In addition to native ZsGreen fluorescence (green), the brain sections were also stained 
with Iba1 (red) and DAPI (blue). E Confocal images showing colocalization of Iba1 and ZsGreen signals. Images are representative from two mice 
per time point. Dot lines depict the stroke border
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(Additional file  1: Fig. S5). To further support this, we 
imaged the whole brain of a chimera mouse with BMT 
from Vav1-Ai9 into wild-type mice on day 7 after stroke. 
Indeed, in this subacute phase, most infiltrated immune 
cells  (tdTomato+) were found in the peri-infarct area 
(Fig. 2D; Additional file 5: Movie S4). A side-by-side com-
parison of infiltrating immune cells at these three time 
points is shown in Additional file 1: Fig. S6. Together, our 
data provided a comprehensive and definitive picture of 
the dynamic changes of microglia, as well as infiltrating 
immune cells, in the brain after permanent stroke.

Initial assessment of scRNA‑seq data on microglia 
from male and female mouse brains after permanent 
stroke
We then asked two questions: how does permanent 
stroke impact the cellular heterogeneity of microglia, 
and do microglia respond to stroke differently in male vs 
female? To address these questions, we leveraged scRNA-
seq analysis (Fig. 3). On day 3 after permanent MCAO or 
sham, we enriched  ZsGreen+ cells from male and female 
Tmem119-Ai6 mouse brains by FACS. To minimize 
transcriptional changes during cell preparation, all steps 

Fig. 2 Whole-brain imaging of microglia and infiltrating immune cells after ischemic stroke. A Schematic representation of bone marrow 
transplantation. The bone marrow from Vav1-Ai9 mice was transplanted into Tmem119-Ai6 mice to obtain chimeric mice with microglia labeled 
with ZsGreen (green), and periphery immune cells labeled with tdTomato (red). B Microglia and infiltrating immune cells in the stroke brain. 
Chimeric mice were subjected to permanent stroke. On days 1 and 3 after stroke, the brains were collected for whole brain imaging. Transverse 
views of microglia (ZsGreen; above) and 3D whole-brain views of infiltrating immune cells (tdTomato; below) are shown here. C Microglia 
and infiltrating immune cells in the peri-infarct area. Enlarged images are shown below. D A chimeric mouse with periphery immune cells 
labeled with tdTomato (red) was subjected to permanent stroke. The brain was collected on post-stroke day 7. Associated videos are available 
in the supplemental materials
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were performed on ice or at 4 °C. To account for surgical 
and biological variations, the cells for each sample were 
pooled from four mice. The basic information of this 
scRNA-seq experiment is shown in Fig. 3B.

For data analysis, we first excluded ZsGreen-negative 
cells to ensure downstream analysis of microglia only. 
Unsupervised clustering on the aggregate sequenc-
ing data identified 20 transcriptionally distinct clusters. 

Fig. 3 Single-cell RNA sequencing (scRNA-seq) analysis of microglia in the stroke brains of male and female mice. A Scheme of the experimental 
design for scRNA-seq analysis. Male and female mice (n = 4/group) were subjected to permanent stroke or sham. Three days later, ipsilateral 
(stroke) or both (sham) hemispheres were collected for cell sorting and scRNA-seq analysis. B Data table summarizing scRNA-seq analysis. C UMAP 
plot of aggregated data from all groups. D Split view of UMAP plots of sham and stroke groups. Stacked bar plots (right) depict the proportions 
of microglia subsets in sham and stroke brains. E Dot plot showing the scaled expression of selected genes for each cluster. Cluster numbers 
were assigned manually. Dot size indicates proportion of cells within the cluster, and color intensity reflects average expression levels. F Heatmap 
showing the top 10 upregulated genes in stroke-related microglial clusters 7–13
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We then removed 5 clusters due to the small cell num-
bers (< 50 cells). The remaining 15 clusters are shown 
in the uniform manifold approximation and projection 
(UMAP) plot (Fig.  3C), and their top 50 differentially 
expressed gene (DEG) cluster markers are listed in Addi-
tional file 6: Table S3. The split UMAP plots and stacked 
bar plots illustrated proportion changes in each colored 
cluster after stroke (Fig.  3D). Selected marker genes for 
each cluster are shown in Fig. 3E, except cluster 15 that 
could not be defined due to lack of prominent molecu-
lar markers. Further, cluster 14 cells did not express any 
microglial genes, but showed high expression of some 
epithelial cell genes (e.g., Ttr and Enpp2) [35], likely origi-
nating from the choroid plexus. Thus, only clusters 1–13 
were discussed in the following analyses. Since microglial 
polarization with M1 or M2 phenotype is a frequently 
used paradigm in studying stroke-induced microglial 
activation, we inspected a few commonly used M1/M2 
markers in our dataset and did not find any cluster that 
can clearly be annotated as M1 or M2 microglia (Addi-
tional file  1: Fig. S7A). In fact, these genes were largely 
absent in most microglia, except for cluster 13 (a mac-
rophage-like cluster; see below). Next, we performed an 
analysis of DEGs and processes/pathways associated with 
stroke (Additional file 1: Fig. S7B,C). A total of 174 genes 
(127 upregulated; 47 downregulated) showed ≥ 1.5-fold 
change (stroke vs sham; padj < 0.01) (Additional file 1: Fig. 
S7B; Additional file  7: Table  S4). The upregulated genes 
(e.g., Spp1, Lpl, and Stmn1) and processes/pathways 
(e.g., translation and response to interferon) reflected 
an increase in the frequency of clusters in the stroke 
brain. As expected, the downregulated genes included 
microglial homeostatic genes (e.g., Tmem119, P2ry12, 
and Cx3cr1), as microglial genes are reportedly down-
regulated after activation [36]. The significantly enriched 
pathways were related to cell migration, phagocytosis, 
and interferon response (Additional file 1: Fig. S7C; Addi-
tional file  7: Table  S4). Lastly, based on the percentage 
change of each cluster (Additional file  1: Fig. S8A), we 
considered clusters 1–6 as homeostatic microglia (rep-
resenting 75.2% in sham and 44.7% in stroke samples), 
while clusters 7–13 represented stroke-related microglial 
states (24.8% in sham and 55.3% in stroke samples). This 
classification was also supported by a decrease in the 
expression of canonical microglial genes (e.g., Tmem119, 
P2ry12, and Cx3cr1) in clusters 7–13 (Additional file  1: 
Fig. S8B). The top 10 upregulated genes for clusters 7–13 
are shown in Fig.  3F. Since clusters 10–12 appeared to 
be the major microglial clusters induced by stroke and 
cluster 13 displayed a unique gene profile (see below), we 
decided to focus on clusters 10–13 in the current study. 

However, it is noteworthy that many mitochondria genes 
were upregulated in cluster 7 (Fig.  3F and Additional 
file 1: Fig. S8C), and cluster 8 is likely a major microglial 
population producing chemokines and modulating other 
immune cells in the stroke brain (Fig. 3F and Additional 
file 1: Fig. S8D,E).

No major difference in microglial response to stroke 
in male vs female mice
Next, we set out to assess the potential sex differences 
in microglial response to stroke. To establish the effect 
of sex in our permanent stroke model, we first per-
formed a stroke outcome study using male and female 
mice (Additional file 1: Fig. S9). Female mice exhibited 
significantly better neurologic scores than male mice 
on day 3 after pMCAO (Additional file  1: Fig. S9A). 
However, in the rotarod test, male and female mice 
behaved similarly (Additional file  1: Fig. S9B). Criti-
cally, we did not see a significant difference in infarct 
size between the two groups (Additional file  1: Fig. 
S9C), consistent with a previous study [37]. Overall, 
male and female mice had similar brain damage after 
permanent stroke.

We then analyzed the scRNA-seq data from individual 
groups. As expected, Xist and Tsix, two long non-coding 
RNAs involved in X chromosome inactivation, were pre-
sent only in microglia from females, while male microglia 
expressed the Y chromosome genes Eif2s3y and Ddx3y 
(Additional file  1: Fig. S10A). As shown in the UMAP 
plots, all clusters were present in both male and female 
groups and exhibited similar patterns (Fig.  4A). Stroke-
induced changes in the percentage of each cluster were 
comparable between sexes as well (Fig.  4B and Addi-
tional file  1: Fig. S10B). This comparability also attested 
the reproducibility of our scRNA-seq analysis. Further, 
most of the DEGs (stroke vs sham) were shared in males 
and females (Fig.  4C,D). Specifically, with a threshold 
of 1.5-fold increase (stroke vs sham), a total of 148 and 
126 DEGs were identified for females and males, respec-
tively, with 102 in common between sexes (Additional 
file 8: Table S5). Consistently, the comparison of male vs 
female in stroke groups only identified sex-specific genes 
(Additional file 1: Fig. S10C). However, we did note that 
many mitochondrial genes involved in the respiratory 
chain (e.g., mt-Nd3, mt-Cytb, mt-Co1-3, and mt-Atp6) 
were upregulated in female vs male microglia of the sham 
groups (Additional file  1: Fig. S10C), which correlates 
with higher metabolic and microglial respiratory rates 
in female vs male brains [38]. Together, our data demon-
strate no major difference in microglial response to per-
manent stroke in male vs female mice.
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Clusters 11 and 12 are DAM‑like and proliferative 
microglia, respectively
DAM (disease-associated microglia) is one of the best-
known microglial states revealed by scRNA-seq [9]. Ini-
tially identified in an Alzheimer’s disease (AD) mouse, 
DAM was later found in other pathologic brains, such 
as those affected by ALS, trauma, and stroke [39]. There-
fore, DAM may represent a common microglial state in 
response to brain damage [39]. Molecular signatures of 
DAM include genes such as Spp1, Lpl, Cst7, and Gpnmb. 
In our dataset, cluster 11 expressed several DAM genes, 
with Spp1 being highly overrepresented in this cluster 
(Fig. 5A). However, cluster 11 did not show upregulation 
of some reported core DAM genes, such as Gpnmb. Thus, 
we designated cluster 11 as a DAM-like subset (Fig. 5B). 
We confirmed Spp1 expression in microglia by FISH and 
showed that this cluster was located in the peri-infarct 
area (Fig. 5C). Of note, DAM-like clusters have been con-
sistently reported in published scRNA-seq stroke stud-
ies [10–15]. Similar to our data, only a few major DAM 

genes (in particular, Spp1) were identified in the DEGs of 
these reported clusters. Interestingly, many of the stroke-
specific signature genes proposed in these DAM-like 
clusters in previous studies were also found upregulated 
in our cluster 11, including antioxidant genes (e.g., Prdx1 
and Mt1/2) [15], Lilrb4a [12], and Ch25h [14].

For cluster 12, its core signature genes (e.g., Top2a, 
Cdk1, Lig1, and Mki67) clearly indicate that these micro-
glia are highly proliferative (Fig.  5D). Pathway analysis 
further confirmed that almost all significantly enriched 
processes in cluster 12 were related to cell proliferation 
(Additional file  1: Fig. S11A). Many cell cycle-related 
genes were upregulated in this cluster, and their function 
is involved in almost every step of the cell cycle (Addi-
tional file  6: Table  S3). Our data further confirmed co-
localization of the MKi67 or BrdU signal with ZsGreen, 
analyzed by FISH and immunofluorescence, respec-
tively (Fig. 5E). Lastly, cell cycle score analysis indicated 
a marked increase of cluster 12 microglia in the G2/M 
phase (Fig. 5F).

Fig. 4 Stroke-induced changes in microglia are similar between male and female mice. A Split view of UMAP plot of four groups: female/sham 
(F_Sham), female/stroke (F_Stroke), male/sham (M_Sham), and male/stroke (M_Stroke). B Stacked bar plots illustrating the proportions of each 
microglia subset in the four experimental groups. C, D Volcano plots showing differentially expressed genes in microglia between stroke and sham 
groups. The gene selection criteria are Log2FC > 0.25 or < -0.25 and padj < 0.01. The two vertical dot lines represent fold changes of − 1.5 and 1.5
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Cluster 13 may constitute a unique microglial population 
showing macrophage‑like properties
In the UMAP, cluster 13 exhibited a notable departure 
from the other microglial clusters (Fig.  3C). Interest-
ingly, many of its marker genes are typically expressed 
in macrophages, such as Arg1, Ccr2, S100a6, and Cybb 
(Fig.  6A). We confirmed Arg1 expression in some 
 ZsGreen+ microglia in the peri-infarct area by FISH 
(Fig.  6B). As expected, most Arg1+ cells were not 
ZsGreen positive, representing infiltrating monocytes. 
It is important to note that in Tmem119-Ai6 mice, 

once microglia were labeled with tamoxifen-induced 
ZsGreen, ZsGreen expression was independent of the 
Tmem119 promoter activity. Thus, even if Tmem119 is 
induced in cells other than microglia after stroke, these 
cells are still ZsGreen negative due to the absence of 
tamoxifen treatment. In light of this and the substan-
tial presence of this cluster (4.6% and 5.1% of all micro-
glia in females and males, respectively), we consider 
that cluster 13 represents microglia with macrophage-
like properties after stroke. Of note, a previous study 

Fig. 5 Clusters 11 and 12 microglia. A–C Cluster 11 microglia express some signature genes of DAM. A UMAP plots showing two top highly 
expressed genes in cluster 11. B DAM module score analysis. C Representative images of Spp1 fluorescence in situ hybridization (FISH) in peri-infarct 
areas on day 3 after stroke. Arrows (white) indicate  ZsGreen+Spp1+ microglia. D–F Cluster 12 microglia exhibit high expression of genes related 
to cell proliferation. D Feature plots showing 2 top highly expressed genes in cluster 12. E Representative images of MKi67 (FISH) and BrdU 
(immunofluorescence) staining in peri-infarct areas on day 3 after stroke. Arrows (white) indicate  ZsGreen+MKi67+or  ZsGreen+BrdU+ microglia. F 
A substantial portion of cluster 12 microglia are in the G2/M phase
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suggested that infiltrated monocytes can transform into 
microglia after stroke [40].

To identify this cluster by flow cytometry, we first 
analyzed brain immune cells from Tmem119-Ai6 
mice after stroke and found that a subpopulation of 
 ZsGreen+ cells in the ipsilateral brain emerged in the 

gate of  CD45HiCD11b+ (Fig.  6C). When analyzing only 
 ZsGreen+ cells, we observed an obvious increase in 
CD45 expression in a certain population of microglia 
(Fig.  6C). Quantitative analysis showed that approxi-
mately 7% of  ZsGreen+ cells were  CD45HiCD11b+ in 
the ipsilateral brain after stroke (Additional file  1: Fig. 

Fig. 6 Cluster 13 may represent a stroke-induced subpopulation of microglia with increased CD45 expression and macrophage properties. A 
Feature plots showing two top highly expressed genes in cluster 13. B Representative images of Arg1 fluorescence in situ hybridization (FISH) 
in peri-infarct areas of Tmem119-Ai6 mouse brains on day 3 after permanent stroke. Arrows (white) indicate  ZsGreen+Arg1+ microglia. C, D 
 ZsGreen+ microglia in the stroke brain. Tmem119-Ai6 mice were subjected to permanent stroke. On day 3 after stroke, single-cell suspensions 
were prepared from contralateral (contra) and ipsilateral (ipsila) hemispheres for flow cytometric analysis. C CD45 expression was increased 
in a subpopulation of  ZsGreen+ cells. Representative gated plots were shown for analysis of  ZsGreen+ cells. D  CD45HiZsGreen+ cells likely 
correspond to cluster 13 microglia.  ZsGreen+ cells in the  CD45HiCD11b+ population express CCR2, a signature marker of cluster 13. E, F 
 ZsGreenDimtdTomato+ cells in the stroke brain. Chimera mice (microglia labeled with ZsGreen and periphery immune cells labeled with tdTomato) 
were subjected to permanent stroke. On day 3 after stroke, flow cytometry analysis (E) and confocal imaging (F) were performed. E  CD45+CD11b+ 
cells were further analyzed. ZG: ZsGreen, tdT: tdTomato. F Representative orthogonal views of confocal images show phagocytosis of  ZsGreen+ 
microglia and  tdTomato+ immune cells. The xy images are presented as maximal projections of z stacks. Arrows depict tdTomato fluorescent dots 
and arrow heads depict punctate structures with ZsGreen signal. Data are representative of at least three independent experiments
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S11B). We then examine  ZsGreen+ cells for expres-
sion of CCR2, a marker identified in cluster 13 (Fig. 6D). 
The data showed that  CD45HiCD11b+ZsGreen+ 
cells expressed CCR2, suggesting that they are clus-
ter 13 microglia. We also evaluated the phagocytic 
activity of  CD45HiCD11b+ZsGreen+ cells using a 
bead uptake assay. Consistent with previous reports, 
 CD45LoCD11b+ZsGreen+ microglia exhibited lower 
phagocytic activity, compared to infiltrating monocytes/
macrophages. Interestingly,  CD45HiCD11b+ZsGreen+ 
microglia demonstrated a greater capacity for phagocy-
tosis, compared to  CD45LoCD11b+ZsGreen+ microglia 
(Additional file  1: Fig. S11C). These data together sug-
gest that after a stroke, a subset of microglia (cluster 13) 
can acquire macrophage-like properties with high CD45 
expression and increased phagocytic activity.

However, we noticed that in the ZsGreen flow 
cytometry histograms, the ipsilateral brain had a sub-
stantial portion of cells showing dim ZsGreen signal 
(between negative and positive peaks), in contrast to 
the contralateral hemisphere (Fig.  6C). This raised 
the possibility that cluster 13 cells could be infiltrat-
ing monocytes that engulfed  ZsGreen+ microglia. To 
address this, we again used Tmem119-Ai6 chimera 
mice with BMT from Vav1-Ai9 donor mice (Fig.  2A). 
The  CD45+CD11b+ population was further gated based 
on ZsGreen expression levels: negative, dim, and posi-
tive (Fig. 6E). Surprisingly, all  ZsGreenDim cells resided 
in the  CD45HiCD11b+ gate, with 58.5% of these cells 
being tdTomato positive. Of note, the immune recon-
stitution percentage in the blood of these chimera 
mice was approximately 60–70%. Thus, this indicated 
that most of  ZsGreenDim cells also exhibited mark-
ers of infiltrating immune cells. Notably, almost half 
of  ZsGreenDimtdTomato+ cells (46.3%) expressed 
Tmem119 (Fig.  6E), though to a lesser extent than 
 ZsGreen+tdTomato− microglia. These data collec-
tively indicate that  ZsGreenDimtdTomato+ cells com-
prised two cell populations:  ZsGreen+ microglia with 
engulfed tdTomato and infiltrating  tdTomato+ mono-
cytes with engulfed ZsGreen. To further support this, 
we examined the stroke brain slices of the chimera 
mice. Indeed, many  ZsGreen+ cells, predominantly in 
the peri-infarct regions, had tdTomato signal, while we 
also observed ZsGreen signal within  tdTomato+ cells, 
particularly in the infarct core (Fig. 6F). Further, in the 
core region, punctate structures with ZsGreen signal 
were evident, indicating dying microglia or microglial 
debris (Fig.  6F). Thus, the data suggest that on day 3 
after stroke, infiltrating immune cells were responsible 
for clearing dead microglia in the infarct. Moreover, the 
presence of tdTomato fluorescent dots manifested dead 

infiltrating  tdTomato+ immune cells. Taken together, 
we provided evidence that cluster 13 cells are likely   
CD45HiCD11b+ZsGreenDimTmem119Low microglia, which 
may play a crucial role in the clearance of dead infiltrating 
immune cells during the acute phase of stroke.

Cluster 10 microglia exhibited activation of IFN signaling 
evidenced by upregulation of many IFN‑related genes
Our data indicate that cluster 10 is the most abundant 
microglia cluster in both female (11.8%) and male (12.8%) 
stroke brains (Additional file 1: Fig. S10B). In cluster 10 
microglia (Fig.  7), many IFN stimulated genes (ISGs; 
e.g., Isg15 and Ifit3) and IFN regulatory genes (Irf7, 
Stat1, and Stat2) were upregulated (Fig. 7A,C). Pathway 
analysis identified processes related to IFN responses 
(Fig. 7B), which is also reflected by type I IFN response 
module score analysis (Fig. 7D). Analysis of Isg15 expres-
sion in  ZsGreen+ microglial cells by FISH indicated that 
they were mainly located within the peri-infarct region 
(Fig. 7E).

Notably, cluster 10 microglia exhibited a marked 
upregulation of Stat1 (Fig.  7C), a key mediator in IFN 
signaling. Importantly, McDonough et  al. [41] reported 
that after stroke, ISGs (e.g., Irf7, Ifit1, and Ifit2) are upreg-
ulated, likely via the STAT1 phosphorylation pathway. 
Thus, the STAT1 signaling pathway may play a critical 
role in stroke progression, making it a potential therapeu-
tic target. To test this, we used fludarabine, a STAT1-spe-
cific inhibitor. In the first short-term stroke experiment 
(Fig. 8A), we mainly focused on the effect of fludarabine 
on infarct size. Male mice received fludarabine treatment 
30  min after permanent MCA ligation, followed by two 
additional injections on days 1 and 2 post stroke. Both 
rotarod test and infarct measurement showed no sig-
nificant difference between vehicle and treatment groups 
(Fig.  8B,C). Next, we performed a long-term functional 
stroke outcome study (Fig.  8D–G). As expected, mice 
from both groups demonstrated functional recovery over 
time, evident in neurologic score and pole test. Critically, 
compared to the vehicle group, fludarabine-treated mice 
showed significantly better neurologic scores 3  weeks 
after permanent stroke (Fig.  8E). Moreover, cognitive 
function after stroke, as assessed in the Y maze test, was 
improved with fludarabine treatment (Fig.  8G). Collec-
tively, our data suggest that the microglial subset with 
upregulated Stat1 may be detrimental for functional 
recovery after stroke.

Discussion
Here, we performed the first scRNA-seq analysis of 
microglia enriched from both male and female mouse 
brains after permanent stroke. Our data indicate that 
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stroke markedly shapes the molecular landscape of 
microglia, resulting in diverse microglial states in the 
post-stroke brain. Notably, no major sex-difference in 
microglial response to stroke was found in our study. 
Based on our results, we propose that there are at least 
seven SAM states, represented by our clusters 7–13. Of 
particular importance, we provide the first evidence 
that cluster 13 may represent stroke-induced  CD45Hi 
microglia with macrophage-like properties and elevated 
phagocytic activity. Moreover, our functional outcome 
data suggest that inhibiting STAT1, a major regulator of 
IFN response that is markedly upregulated in cluster 10 

microglia, is beneficial for long-term recovery after per-
manent ischemic stroke.

Unlike published scRNA-seq studies in stroke, the cur-
rent study sequenced FACS-isolated microglia, which 
may allow us to achieve a higher resolution in under-
standing the molecular landscape of microglia. Indeed, 
our analysis led to the identification of at least 13 dif-
ferent microglial states. Even for homeostatic states, six 
clusters were revealed. However, it should be noted that 
these clusters showed largely subtle differences in tran-
scriptional profiles between them, as evidenced by low 
fold changes even in the top DEG markers of each cluster 

Fig. 7 Cluster 10 microglia exhibit upregulated expression of IFN-related genes. A Feature plots showing 4 top highly expressed genes in cluster 
10 microglia. B Bar plots depicting the top activated GO biological processes in cluster 10 microglia. C Violin plots illustrating the expression levels 
of IFN-related genes. D IFN module score analysis. E Representative images of Isg15 fluorescence in situ hybridization (FISH) in peri-infarct areas 
of Tmem119-Ai6 mouse brains on day 3 after permanent stroke. Arrows (white) indicate  ZsGreen+Isg15+ microglia
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(Additional file  6: Table  S3). Among these clusters, the 
relatively distinct subsets are clusters 1 and 2 with 
upregulation of early response genes (e.g., Jun and Fos) 
and cluster 6 with high Apoe expression. These homeo-
static microglial subsets, even with small transcriptional 

differences, may reflect diverse, dynamic, and multidi-
mensional functions of microglia in the physiologic state 
[39].

We identified a total of 7 potential SAM states and per-
formed further analyses on 4 clusters (clusters 10–13). 

Fig. 8 Inhibition of STAT1 signaling improves long-term stroke outcome. A–C Short-term stroke outcome. A Experimental design. B, C Mice 
(n = 7 or 10/group) were subjected to pMCAO. Rotarod test was performed on day 3 after stroke (B). On post-stroke day 4, infarct volumes were 
measured (C). Representative TTC-stained brain sections are shown. D–G Long-term stroke outcome. D Experimental design. E–G Mice (n = 9–10/
group) were subjected to pMCAO. Starting on day 1 post stroke, mice were treated with vehicle or fludarabine daily for 5 days. Behavioral tests, 
including neurologic scoring (E), pole test (F), and Y maze test (G), were performed over 21 days after stroke. Data are presented as mean ± SD 
or median. *, p < 0.05; **, p < 0.01
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So far, several scRNA-seq studies have attempted to 
name certain clusters as SAM [12, 14, 15]. For exam-
ple, Kim et  al. performed scRNA-seq analysis on brain 
cells collected at 24  h and 48  h after 60-min transient 
MCAO [15]. Only two microglial clusters were iden-
tified, with one cluster annotated as SAM. This SAM 
cluster expresses some DAM signature genes as well as 
antioxidant genes (e.g., Prdx1 and Mt1/2). They further 
provided evidence that deletion of Prdx1 is detrimental 
to stroke, suggesting a protective role of this SAM sub-
set. Recently, another scRNA-seq study proposed three 
SAM clusters, which were named as  MKI67+,  CH25H+, 
and  OASL+ [14]. Among these clusters,  MKI67+ micro-
glia express many cell cycle-related genes (e.g., Top2a), 
 CH25H+ microglia show expression of some DAM genes 
(e.g., Spp1 and Fn1), and  OASL+ microglia exhibit robust 
upregulation of interferon response genes (e.g., Irf7 and 
Ifi27l2a). The authors also demonstrated that Ch25h 
knockout mice have worse stroke outcome, again sug-
gesting that DAM-like microglia could be beneficial in 
stroke. Beuker et  al. performed an scRNA-seq analy-
sis of  CD45+cells from the brain after transient MCAO 
[12]. Notably, they proposed one macrophage-like clus-
ter as stroke-associated myeloid cells (SAMC). Cells 
in this cluster express genes found in developing and 
DAM microglia, such as Spp1, Fth1, Lgals3, Lyz2, Apoe, 
Gpnmb, and Fabp5. Based on these signature genes, it 
appears that SAMC is a combination of our clusters 11 
and 13. Indeed, using BMT chimeras, they showed that 
SAMC derived mainly from microglia. Collectively, our 
study identified not only all the published SAM clusters 
with a higher resolution, but also new ones. For example, 
our analysis revealed a unique cluster of the microglia-
derived macrophage-like cells (cluster 13), a subset that 
was not identified previously due to technical limitations.

This is the first scRNA-seq study designed to deter-
mine sex difference in microglial response to perma-
nent stroke. In the literature, sex difference in microglia 
in vivo functions has not been well established, as most 
studies were performed in cultured cells. Some animal 
studies reported sex differences in regional cell density, 
cell size, and morphology of microglia in the brain, but 
similar basal phagocytosis activity of microglia between 
sexes [42, 43]. Sex dimorphism in microglial activa-
tion after stroke is also not well studied [21]; however, it 
has been thought that microglial activation may be sex-
dependent and thus contribute to brain damage differen-
tially after stroke. This notion is supported primarily by 
a finding that microglia from female mice transplanted 
into male mouse brains provide protective effects after 
stroke [44]. Although their data showed that transplanted 
female microglia comprise only ~ 20% of the total micro-
glia in male brains, the extent of the protective effects in 

males was similar to females. Also, they found no sex dif-
ference in stroke outcome if male microglia were trans-
planted into female brains. Thus, this important finding 
needs to be further confirmed, and more studies are 
required to clarify the role of microglia in sex differences 
in the post-stroke immune response. Using bulk RNA-
seq analysis, studies indeed reported sex-specific differ-
ences in the microglial transcriptome in the healthy brain 
[43, 44]. However, our scRNA-seq analysis of microglia 
detected only minor sex differences within either sham 
or stroke groups. The discrepancy may result from the 
limitations of different techniques, as bulk RNA-seq is 
normally used to identify changes in gene expression 
between conditions, while scRNA-seq is better suited 
to reveal cell heterogeneity (e.g., subpopulations and 
dynamic states). Nevertheless, another scRNA-seq study 
also failed to reveal any major differences in microglial 
diversity between intact male and female brains [45].

The use of Tmem119-Ai6 mice provided a unique 
advantage for examining microglia in a highly specific 
manner. This led to the discovery of cluster 13, which 
may represent  CD45Hi microglia, a population that has 
been largely unexplored in stroke research. The over-
sight is partly due to the current CD45-based flow 
cytometry approach in studying microglia. One of the 
distinctive features of microglia is low CD45 expres-
sion, compared to peripheral immune cells. Therefore, 
in the stroke field, most studies apply a standard gating 
strategy in which  CD45HiCD11b+ cells are regarded as 
infiltrating myeloid cells, while the  CD45LoCD11b+ pop-
ulation is considered microglia. Our data demonstrated 
that indeed, in the healthy brain, almost all microglia 
labeled with ZsGreen belong to the  CD45LoCD11b+ 
population. However, after stroke, CD45 expression in 
some microglia may be increased, placing a subset of 
microglia in the  CD45HiCD11b+ gate. Consistent with 
this notion, previous studies have suggested the pres-
ence of  CD45HiCD11b+microglia in the stroke brain [12, 
46, 47]. Using the microglia-specific markers Tmem119 
and P2RY12 in flow cytometry analysis, one study 
reported that around 22% of  CD45HiCD11b+cells are 
likely microglia [46]. As mentioned above, one scRNA-
seq study identified a stroke-specific myeloid cell clus-
ter (SAMC) expressing macrophage markers with a high 
level of CD45 [12]. The authors found that this cluster is 
comprised of microglia [12]. Moreover, transcriptomic 
studies also found that Ccr2 expression is induced in 
microglia after stroke [47, 48]. In line with these stud-
ies, our flow cytometry data revealed that in the stroke 
brain, a subpopulation of microglia exhibited moderate 
ZsGreen signal with low expression of Tmem119 and 
increased expression of CD45 and CCR2 (Fig. 6). Impor-
tantly, our data further showed that these cells exhibited 
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high phagocytic activity and may actively engulf cellular 
debris from dead infiltrating immune cells.

Microglial subsets with high expression of ISGs have 
been identified in the stroke brain by previous scRNA-seq 
analysis [10, 13, 14]. This aligns with a number of studies 
indicating that the IFN pathways, in particular type I IFN 
(IFN-I) response, are activated after stroke. For example, 
a large-scale RNA-seq analysis proposed that IFN-I sign-
aling activation is a hallmark of the differential response 
of aged vs young animals to stroke [49], with ISG expres-
sion peaking earlier in young mice and sustaining longer 
in aged mice. Further regulatory network analysis sug-
gests that STAT1 is involved in upregulation of ISGs. 
In our scRNA-seq analysis, cluster 10 showed overrep-
resentation of many IFN-related genes, including Irf7 
and Stat1. Another recent scRNA-seq study also identi-
fied a similar cluster, referred to as  OASL+microglia, in 
the brain after transient stroke and suggested that IRF7 
is a major regulator of stroke-induced ISGs in micro-
glia [14]. Interestingly, in  vitro data indicate that IRF7 
and STAT1 together drive transition of microglial states 
[50]. Thus, future studies may focus on these two sign-
aling regulators to better understand how IFN response 
in microglia is regulated in the stroke brain. Certainly, it 
is also critical to clarify the role of this microglial subset 
in stroke outcome because our data indicate that cluster 
10 accounts for a dominant microglia state in the stroke 
brain (Additional file 1: Fig. S8A). As an initial attempt, 
we used fludarabine to inhibit STAT1 signaling and 
examined its effects on stroke outcome. Of note, in our 
long-term outcome study, we used a permanent ischemic 
stroke model, the first dose of fludarabine was given 24 h 
after stroke, and neurologic deficit was evaluated 3 weeks 
after stroke. This experimental design is of high clinical 
relevance because most ischemic stroke patients cannot 
reach the hospital in time for acute reperfusion therapy, 
and long-term functional recovery defines the qual-
ity of life in stroke patients. Interestingly, we found that 
fludarabine treatment did not reduce infarct volumes in 
the short-term stroke experiment, but improved func-
tional outcome 3  weeks after stroke. Agreeing with our 
data, a recent study demonstrated upregulation of Stat1 
in microglia after transient stroke, and deletion of Sta-
t1in both microglia and monocytes results in significant 
improvement in long-term, but not acute (24  h after 
stroke), stroke outcome [51]. Together, these findings 
provide strong evidence that (1) cluster 10 microglia are 
present in the stroke brain; (2) these microglia may exert 
detrimental effects on stroke recovery; and (3) STAT1 
could be a therapeutic target to improve long-term stroke 
outcome.

Several limitations of this study are noted. First, 
for clusters 10–13, we only validated one prominent 

signature gene for each cluster using FISH. To precisely 
define each cluster, a combination of marker genes is 
required. Second, it remains unknown how cluster 13 
microglia affect stroke outcome. To clarify this, it would 
be necessary to identify major regulatory pathways 
driving the transition of this cluster in future studies. 
Third, the massive presence of microglia in the infarct 
core on day 7 after stroke is striking and warrants fur-
ther research. Lastly, although our study demonstrated 
for the first time that post-stroke fludarabine treatment 
improved long-term functional outcome after perma-
nent stroke, this treatment is not microglia-specific. 
However, multiple lines of evidence suggest that activa-
tion of STAT1 signaling primarily occurs in microglia in 
the stroke brain [41, 51]. Recently, one study has used 
 Cx3cr1CreER mice in a stroke study to conditionally delete 
Stat1 in both microglia and macrophages [51]. None-
theless, microglia-specific Stat1 knockout mice are still 
needed to clarify the role of the IFN microglia cluster in 
stroke.

Conclusions
Our findings revealed the diverse responses of microglia 
to ischemic stroke and underscored the importance of 
understanding microglial heterogeneity in stroke pathol-
ogy. Future studies should be designed to elucidate the 
functional significance of the SAM subsets identified 
here and their potential implications for stroke therapy. 
This line of research may eventually inform the develop-
ment of novel and effective immunomodulatory stroke 
therapies by targeting specific microglial populations.
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