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N E U R O S C I E N C E

Arresting the bad seed: HDAC3 regulates proliferation 
of different microglia after ischemic stroke
Yue Zhang†, Jiaying Li†, Yongfang Zhao†, Yichen Huang, Ziyu Shi, Hailian Wang, Hui Cao,  
Chenran Wang, Yana Wang, Di Chen, Shuning Chen, Shan Meng, Yangfan Wang, Yueyan Zhu,  
Yan Jiang, Ye Gong*, Yanqin Gao*

The accumulation of self-renewed polarized microglia in the penumbra is a critical neuroinflammatory process 
after ischemic stroke, leading to secondary demyelination and neuronal loss. Although known to regulate tumor 
cell proliferation and neuroinflammation, HDAC3’s role in microgliosis and microglial polarization remains un-
clear. We demonstrated that microglial HDAC3 knockout (HDAC3-miKO) ameliorated poststroke long-term functional 
and histological outcomes. RNA-seq analysis revealed mitosis as the primary process affected in HDAC3-deficent 
microglia following stroke. Notably, HDAC3-miKO specifically inhibited proliferation of proinflammatory microglia 
without affecting anti-inflammatory microglia, preventing microglial transition to a proinflammatory state. More-
over, ATAC-seq showed that HDAC3-miKO induced closing of accessible regions enriched with PU.1 motifs. Over-
expressing microglial PU.1 via an AAV approach reversed HDAC3-miKO–induced proliferation inhibition and 
protective effects on ischemic stroke, indicating PU.1 as a downstream molecule that mediates HDAC3’s effects on 
stroke. These findings uncovered that HDAC3/PU.1 axis, which mediated differential proliferation-related repro-
gramming in different microglia populations, drove poststroke inflammatory state transition, and contributed to 
pathophysiology of ischemic stroke.

INTRODUCTION
Upon ischemic stroke, microglia, the major brain resident immune 
cell, rapidly shift to an “activated” state from a surveillance state with-
in minutes after ischemia onset. In the subacute phase of ischemic 
stroke, massive self-renewed microglia occupy the ischemic penum-
bra that retains compromised blood flow, serving as the first nonneuron 
cell that responds to injury. Pharmacological inhibition of microglial 
proliferation attenuates neuropathic pain hypersensitivities (1) and 
prevents progression of Alzheimer’s disease–like pathology (2), while 
the cell cycle of microglia in stroke has been hardly observed. Notably, 
in the context of ischemic stroke, previous reports involving microglia 
have often focused on the immune-related role of microglia, such as 
phagocytosis or inflammation over microglia proliferation (3). Al-
though a large portion of these reports also documented impaired 
amplification of the microglia population following beneficial inter-
ventions to stroke (4), the exact role of these activated microglia re-
mains controversial. Depleting microglia using colony-stimulating 
factor 1 receptor (CSF-1R) inhibitors exacerbates stroke-induced 
neuronal excitotoxicity, leukocyte infiltration, and brain injury (5). 
Another microglia-depleting system using CXCR1creER:iDTR trans-
genic mice and diphtheria toxin inhibits neuronal degeneration and 
increases the expression level of anti-inflammatory factors instead (6). 
Considering the heterogeneity of microglia, it seems reasonable that 
these controversial conclusions may result from inhibited prolifera-
tion of certain specific subsets of microglia that are either beneficial or 
detrimental. Therefore, we propose that the proliferative microglia are 
an essential target in stroke progression.

By removing acetyl groups from lysine residues on the N-terminal 
tails of histones, histone deacetylases (HDACs) play a crucial role in 
chromatin modification and the consequent transcriptional regula-
tion of genes associated with inflammation, metabolism, and pro-
liferation (7). Among various class I HDACs, only HDAC3 is a 
stoichiometry component of both the nuclear receptor corepressor 1 
(NCoR1 or NCoR) and silencing mediator of retinoic acid and thy-
roid hormone receptor (SMRT) (8). Recently, HDAC3 has been found 
to be a target for neuroinflammation in some neurological diseases (9, 
10). It was shown that microglia-specific HDAC3 deletion attenuated 
stroke-induced neuroinflammation by regulating the microglial 
cGAS-STING pathway (9). In a mouse model of traumatic brain in-
jury (TBI), HDAC3 knockout also drove microglial turnover from a 
proinflammatory phenotype to an inflammation-resolving pheno-
type (10). Intriguingly, these findings, together with a few related 
studies using pan-HDAC inhibitors, also showed that depletion of 
HDAC3 caused a remarkable reduction of microglia number in the 
acute phase of diseases (11), suggesting its simultaneous involvement 
in microgliosis, strongly reminiscent of its initial role as an antiprolif-
erative target for cancer therapy (12).

As reported in previous studies, PU.1, whose expression is limited 
to microglia in the central nervous system, controls the development 
and function of microglia. Early microgliogenesis is dependent on 
PU.1 level (13). It was also verified to be a master regulator of multi-
ple cell cycle genes in hematopoietic stem cells from which macro-
phages develop (14). Notably, knockdown or overexpression of 
PU.1 in the BV2 rodent microglia cell line identified a hub of 
neuroinflammation-related differentially expressed genes (DEGs) 
(15). In various neurological disorders, attenuating PU.1 can poten-
tially restrain microglia-mediated neuroinflammation (16).

Here, we have demonstrated that, in addition to restoring microg-
lia polarization as in previous reports, depleting HDAC3 impaired 
microglial acute proliferation after stroke by inducing cell cycle arrest 
at the G2-M phase. Notably, while HDAC3 knockout brought CD16+ 
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microglia to a halt, Arg1+ microglia did not show such change, sug-
gesting selective implication of HDAC3 in the proliferation of differ-
ent microglia populations. Furthermore, combining RNA sequencing 
(RNA-seq) with assay for transposase-accessible chromatin sequenc-
ing (ATAC-seq), we exploited the underlying epigenetic mechanism 
that PU.1 might be the critical transcriptional factor contributing to 
HDAC3-regulated microglia proliferation and polarization. There-
fore, we used a recently developed adeno-associated virus (AAV) 
approach, which is able to specifically target microglia (17), and re-
vealed that overexpressing microglial PU.1 reversed microglial HDAC3 
knockout (HDAC3-miKO)–induced proliferation inhibition and pro-
tective effects on ischemic stroke, suggesting the contribution of PU.1 
to HDAC3’s impact. Overall, our results unveiled the complex effects 
of microglial HDAC3 and highlighted the notable contributions of 
blocking microglial cell cycle that was seriously underestimated in 
previous studies. This may broaden our understanding of the multi-
faceted nature of microglia and expand our knowledge of inflamma-
tory activation in the context of ischemic stroke, thereby opening a 
window of promising therapies and even for the use of some old anti-
proliferative medications.

RESULTS
Microglial HDAC3 expression increases after ischemia and 
the engineering of HDAC3-miKO mice
Pharmacologically inhibiting HDAC3 has been reported to protect 
blood-brain barrier and prevent neuronal loss and down-regulate in-
flammasome in experimental stroke, suggesting an important role of 
HDAC3 in brain cells that contributes to the stroke pathology. In this 
case, to determine the cell type that was most susceptible to HDAC3 
inhibition and thereby served as the key HDAC3-deficient protector 
for ischemic stroke, we first used flow cytometry to assess HDAC3 
expression after transient focal cerebral ischemia (tFCI) in different 
brain cells (CD45intCD11b+ microglia, CD45+CD11b+F4/80+ mac-
rophages, CD45+CD11b+F4/80− neutrophils, CD45+CD11b−O4+ 
oligodendrocytes, and CD45−CD11b−O4− other cells) 3 days follow-
ing tFCI (Fig. 1A). As an essential epigenetic modifier, HDAC3 was 
expressed in all the detected cell types (Fig. 1B), consistent with a pre-
vious study (18). However, compared to the contralateral hemisphere, 
the injury side had higher expression of HDAC3 exclusively in mi-
croglia (Fig. 1C). Immunofluorescence staining confirmed that mi-
croglia had their processes contracted and cell body expanded. 
HDAC3 was colabeled with more microglia and remained mainly lo-
calized in the microglial nucleus in the acute phase of ischemic stroke 
(Fig.  1D). Meanwhile, we observed that neurons and oligodendro-
cytes both exhibited high levels of HDAC3 expression but remained 
unchanged following tFCI, while astrocytes exhibited low levels of 
HDAC3 expression and did not show an increase following tFCI 
(fig. S1, C and D). These findings suggested that HDAC3 might regu-
late multiple biological processes in microglia, which served as initial 
responses to ischemia. This also aligns with findings from a recent 
study, where HDAC3 was observed to colocalize with microglia/mac-
rophages during the acute phase of retinal ischemic injury, further 
supporting the pivotal role of HDAC3 in ischemic contexts (19).

Therefore, to further study the de novo role of HDAC3 in microglia, 
we engineered HDAC3flox/floxCX3CR1creER/wt mice (HDAC3-miKO) 
by mating HDAC3flox/flox mice with CX3CR1creER/wt mice (fig. S1, A 
and B). In the HDAC3-miKO mice, HDAC3 would be deleted only after 
tamoxifen administration, excluding the potential effects of HDAC3 

deletion on developing brain. Specifically, tamoxifen induced ablation 
of HDAC3 in CX3CR1-expressing cells, including microglia and also 
peripheral myeloid cells. However, peripheral myeloid cells were contin-
uously replaced by CX3CR1− progenitors in the bone marrow so that 
the original HDAC3-knockout macrophage population was almost 
completely renewed within 30 days, whereas microglia underwent 
self-renewal and retained CX3CR1 expression during the lifetime 
(20, 21). Hence, we conducted tFCI on day 30 after tamoxifen admin-
istration in all the following experiments to delete HDAC3 in microglia 
exclusively but not in peripheral myeloid cells, and therefore, we were 
able to ascertain the definite role of microglial HDAC3 (Fig. 1E). To 
verify the efficiency of deleting microglial HDAC3, on day 30 after 
tamoxifen administration, we used fluorescence-activated cell sort-
ing (FACS) to isolate cerebral microglia (Ly6G−CD11C−CD45intCD11b+), 
other brain cells (Ly6G−CD11C−CD45−CD11b−), and also macro-
phages (Ly6G−CD11C−CD45+CD11b+) in the peripheral blood 
(Fig.  1F, left). The signal emitted from enhanced yellow fluorescent 
protein (eYFP) was only detected in miKO microglia and macro-
phages, indicating the expression of Cre recombinase in these cells 
(Fig. 1F, right). As expected, quantification of Hdac3 mRNA expres-
sion in these FACS-isolated microglia revealed that Hdac3 was almost 
eliminated in microglia, while Hdac3 expression in other brain cells 
was not affected (Fig. 1G, blue background). Consistent with a previ-
ous report (10), we also observed a significant but much milder reduc-
tion of Hdac3 in peripheral blood macrophage in miKO mice (Fig. 1G, 
pink background).

HDAC3-miKO ameliorates long-term stroke outcome
The mouse tFCI model mimics the middle cerebral artery occlusion 
(MCAO) in clinical patients, so the decrease of middle cerebral ar-
tery blood flow caused by surgery in mice is the key to the model’s 
success. First, we used laser Doppler and laser speckle to monitor 
regional cerebral blood flow (rCBF) of the parietal cortex in mice 
before, during, and after tFCI. No significant difference in rCBF de-
crease was observed between genotypes [miKO-tFCI and wild-type 
(WT)–tFCI; fig. S1, E and F], suggesting that the mice suffered the 
same ischemia.

Since assessment of infarct volume via magnetic resonance imag-
ing (MRI) and neurofunctional outcome are the gold standard clini-
cally for the estimation of cerebral ischemic injury (22), we then used 
T2-weighted MRI (T2WI) to measure brain lesion volume on days 3, 
14, and 35 after tFCI (Fig. 2A). miKO-tFCI mice showed significantly 
smaller infarct volume than WT mice at all the observed time points 
(Fig. 2, B and C, and fig. S2, A and B).

Furthermore, to verify the role of microglial HDAC3 in neuro-
functional outcomes after ischemic stroke, we performed a battery 
of neurobehavioral tests for up to 5 weeks. The Garcia score test, the 
adhesive removal test, and the rotarod test are applied to examine 
the sensorimotor functions of adult male mice. Mice after tFCI 
showed remarkable sensorimotor deficits for at least 5 weeks, 
whereas HDAC3 deletion significantly ameliorated the sensorimo-
tor dysfunction (Fig. 2D). In addition, miKO-tFCI mice also attenu-
ated stroke-induced cognitive impairment, as revealed by the escape 
latency, especially on the last day of the learning stage and the time 
spent in the target quadrant in the probe stage in the Morris water 
maze (Fig. 2E and fig. S2, C and D). Histological damage after stroke 
often results in behavioral deficits. The correlation analysis between 
tissue damage and behavioral deficits showed that the increased 
brain lesion volume detected by MRI was correlated with the poor 
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Fig. 1. Microglial HDAC3 expression increases after ischemia and the engineering of HDAC3-miKO mice. (A) Flow cytometry gating strategy for microglia (CD45intCD11b+), 
macrophages (CD45+CD11b+F4/80+), neutrophils (CD45+CD11b+F4/80−), oligodendrocytes (CD45−CD11b−O4+), and the other cells (CD45−CD11b−O4−). (B) Representative 
flow cytometry plot showing HDAC3 level in microglia, macrophages, oligodendrocytes, neutrophil, and O4− other cells. (C) Mean fluorescence intensity (MFI) of HDAC3 in differ-
ent cells by flow cytometry. n = 4 per group. IL, ipsilesional; CL, contralateral. (D) Schematic depicting where the Iba1/HDAC3 immunofluorescence images were taken from in the 
peri-infarct region of CTX and STR 3 days after tFCI for representation and quantification. Representative images demonstrating the location of HDAC3 in microglia [three dimen-
sional (3D) reconstruction was performed on the cell indicated by white boxes] and the increase of HDAC3 number and MFI in microglia after tFCI (HDAC3+Iba1+, white arrows). 
n = 5 per group. (E) Diagram illustrating the strategy for microglia-specific knockout of HDAC3. (F) Gating strategy of flow sorting for microglia (CD45intCD11b+) and other brain 
cells (CD45−CD11b−) in brain (top left) or macrophages (Ly6G−CD11C−CD45+CD11b+) in blood (bottom left). Representative flow plot showing CX3CR1Cre-eYFP fluorescence in-
tensity in the brain (top right) or in blood (bottom right). (G) Quantification of HDAC3 mRNA detected by quantitative reverse transcription polymerase chain reaction (qRT-PCR) 
at 30 days after tamoxifen treatment on FACS-sorted cells to verify the deletion of HDAC3 in microglia. n = 5 to 6 per group. All data are presented as means ± SEM. Data were 
analyzed using unpaired two-tailed Student’s t test or Mann-Whitney test (C, Oligodendrocytes panel). *P < 0.05 and ***P < 0.001; ns, no significance.
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performance in the adhesive removal test 3 days/35 days after tFCI 
(Fig. 2F).

Considering the increased risk and severity of stroke in females 
after menopause, we also used ovariectomized female mice to mimic 
menopausal females to see whether microglial HDAC3 could be a 
more general therapeutic target for ischemic stroke (23). Similarly, 

evaluation of the NeuN+ area of coronal serial sections from anterior 
to posterior (bregma +1.1 mm to −1.7 mm) revealed that HDAC3 
deletion reduced atrophy volume at the late stage in female mice 
(fig. S3, A and B). However, although female mice also showed im-
paired spatial learning capability at the late stage of tFCI, miKO-tFCI 
showed substantial within-group variance and did not ameliorate 

Fig. 2. HDAC3-miKO ameliorates long-term neurological and histological deficits after ischemic stroke. (A) Diagram illustrating the experimental design. (B) Representative 
axial views (five sections from rostral to caudal) of T2WI 3 and 35 days after stroke. Yellow dashed shape indicates lesion areas. (C) Quantification of the brain lesion volume by T2WI 
at five axial levels from rostral to caudal (left) at day 3 (in vivo) and day 35 (ex vivo) after stroke. Total lesion volume (right) was also evaluated. n = 5/6 per group. (D) Sensorimotor 
deficits were evaluated before (Pre) and up to 35 days after tFCI or Sham surgery by Garcia score, adhesive touch test, adhesive removal test, and rotarod test. n = 6 to 11 for WT-/
miKO-Sham, n = 15 to 17 for WT-/miKO-tFCI. *P < 0.05, **P < 0.01, ***P < 0.001 (miKO-tFCI versus WT-tFCI for individual time points). (E) The escape latency (33 days after tFCI) and 
the time spent in the target quadrant (34 days after tFCI) were measured in Marris water maze. n = 13 to 17 per group. (F) Correlation analysis between brain lesion volume measured 
by T2WI and removal time from the adhesive removal test 3 or 35 days after tFCI, respectively. n = 5 to 6 per group. All data are presented as means ± SEM. Generalized estimating 
equations (GEEs) followed by Tukey’s post hoc test was used to analyze repeated-measures non-normal variables (C, left, and D). Other data were analyzed using unpaired two-tailed 
Student’s t test (C, right) or one-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test (E) and Pearson correlation (F). *P < 0.05, **P < 0.01, ***P < 0.001.
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cognitive deficits, as revealed by the unchanged escape latency and 
duration in the target quadrant (fig. S3, D and E), probably due to the 
fact that female microglia exhibit a different phenotype from male mi-
croglia in an estrogen-independent manner (24).

Since structural and functional disruption of white matter often 
contributes substantially to behavioral dysfunction following stroke 
(25), we next investigated histological changes of white matter in-
duced by microglial HDAC3 deficiency after stroke. No significant 
difference was found in the fluorescence intensity of MBP (a major 
myelin protein) and the ratio of SMI32 (a marker for axon degenera-
tion) relative to MBP among four groups 3 days following tFCI 
(fig. S4), suggesting no significant structural disruption of white mat-
ter at the acute stage of stroke. Nevertheless, the structural disruption 
of white matter in the peri-infarct regions of the external capsule 

(EC), striatum, and cortex became significant 35 days after tFCI at the 
late stage of stroke (Fig. 3, A and B). Of note, HDAC3-miKO remark-
ably improved myelin loss 35 days after stroke in the striatum and the 
EC, as well as ameliorated axon degeneration 35 days after stroke in 
the striatum, EC, and cortex (Fig. 3, B and D), suggesting that deletion 
of HDAC3 in microglia was beneficial to the structural integrity of 
white matter after stroke. Either the MBP intensity or the axon degen-
eration in the two tFCI groups was highly correlated with the senso-
rimotor behavior outcome assessed on the last day before euthanasia, 
including performance in the adhesive removal test and the rotarod 
test (Fig. 3G, left).

After demonstrating histological preservation of white matter in-
jury in HDAC3-miKO mice, electrophysiology was then used to ex-
amine the long-term functional integrity of white matter manifested as 

Fig. 3. HDAC3-miKO restores structural and functional integrity of white matter after ischemic stroke. (A) Representative images of MBP/SMI32 immunostaining 
35 days after tFCI. (B) The rectangle illustrated where the group-wise images in STR, EC, and CTX were taken. (C) Quantification of the fluorescence intensity of MBP 
and (D) the ratio of SMI32 to MBP in the STR, EC, and CTX 35 days after tFCI. n = 4 for WT-Sham and miKO-Sham, n = 7 to 10 for WT-/miKO-tFCI. Data were normalized to 
the intensities of contralateral hemispheres. (E) Schematic illustrating the position of the stimulating (“Sti”) and recording (“Rec”) electrodes for CAP measurements in CC/
EC for the slice in bregma 0.16 mm (top left) and representative curves of CAPs in myelinated N1 fibers and unmyelinated N2 fibers (top right). (F) The amplitude of evoked 
CAPs in myelinated N1 fibers and unmyelinated N2 fibers for bregma 0.16 mm in CC/EC was quantified. n = 4 for WT-Sham, n = 7 for miKO-Sham, n = 6 to 7 for WT-/miKO-
tFCI. (G) Correlation analysis between white matter integrity (SMI32/MBP) and behavior (left), and between electrophysiological (N1 and N2) and behavior test (right). The 
color and the area of circles show the (absolute) value of correlation coefficients. All data are presented as means ± SEM. Data were analyzed using GEE followed by Tukey’s 
post hoc test (F), one-way ANOVA (C and D), followed by Bonferroni’s post hoc or Pearson correlation (G). *P < 0.05, **P < 0.01, ***P < 0.001.
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the nerve conduction by evoking and recording the compound action 
potentials (CAPs) in the corpus callosum (11). The results showed that 
tFCI decreased the amplitudes of the N1 and N2 segments, represent-
ing the fast conduction of myelinated axons and the slow conduction 
of unmyelinated axons, respectively. Consistent with the histological 
findings above, miKO-tFCI mice partially restored the decreased am-
plitude of N1 and N2 segments, further indicating the functional pres-
ervation of the white matter at late stage of stroke (Fig. 3, E and F). In 
addition, both N1 and N2 amplitudes were correlated with the perfor-
mance in the adhesive removal test and the Garcia score (Fig.  3G, 
right). These findings extended our understanding of the long-term 
effects of HDAC3-miKO on neurofunctional deficits and white/gray 
matter injury induced by ischemic stroke, leading us to exploit the 
mechanism by which microglial HDAC3 repaired tissue damage or 
prevented poststroke secondary injury.

RNA-seq highlights hampered inflammatory response and 
blocked mitosis in HDAC3-deficient microglia after tFCI
Migrating to the penumbra region soon after ischemia onset, microg-
lia undergo drastic change and are most diverse as early as 3 to 5 days 
after stroke, which further modulates peri-infarct microenvironment 
and thereby affects the late outcome of stroke (26). Therefore, to fur-
ther investigate the mechanism by which HDAC3-miKO preserved 
ischemic injury, we performed RNA-seq to compare the FACS-
purified CD45intCD11b+ microglia isolated from the ipsilateral hemi-
sphere among four groups, all collected 3 days after surgery (Fig. 4A). 
As shown in the principal components analysis (PCA), microglia 
from four groups clustered separately in a clearly distinguishable 
manner. To be specific, microglia isolated from tFCI groups differed 
significantly from that isolated from Sham groups, as evidenced by 
the first PC, while the second PC revealed less but still significant dis-
tinction between microglia isolated from HDAC3-miKO and WT 
(Fig. 4B). Massive DEGs were found in both surgery-specific com-
parison (WT-tFCI versus WT-Sham or miKO-tFCI versus miKO-
Sham) and genotype-specific comparison (miKO-tFCI versus 
WT-tFCI or miKO-Sham versus WT-Sham) (Fig. 4C and fig. S5, A 
and B). The considerable overlap between different genotypes in 
terms of tFCI-induced up-regulated and down-regulated genes 
(fig. S5C) suggested that the surgical procedure itself induced similar 
effects in both WT and miKO mice. Notably, even in the physiological 
conditions, a large number of DEGs were also detected in HDAC3-
miKO microglia, and the downstream gene set enrichment analysis 
(GSEA) on the basis of Reactome database highlighted multiple terms 
for which the genes were enriched. These genes were associated with 
chromatin modifying enzymes, suggesting that HDAC3-miKO suc-
cessfully changed the chromatin landscape in physiological condi-
tions (fig. S5D) (27). Comparison between our datasets and M1/M2 
markers in public databases (GSE69607) revealed that HDAC3-
deficient microglia exhibited a distinct inflammatory expression pro-
file following stroke with decreased proinflammatory gene expression 
and increased anti-inflammatory gene expression, while these genes 
were all elevated after tFCI (WT-tFCI versus WT-Sham) (Fig. 4D). As 
validated by quantitative polymerase chain reaction (qPCR), proin-
flammatory genes (Tnf, Cxcl10, Il1b, Il1a, and Nfkbib) were down-
regulated in miKO-tFCI, while the levels of anti-inflammatory genes 
(Ccl22, Arg1, Ccl7, Itgax, and Mmp12) were augmented (Fig.  4E). 
Comparing the expression profiles of the miKO-tFCI microglia and 
the WT-tFCI microglia, we acquired the DEGs under the threshold 
(Padj  <  0.05) and applied them to the downstream GSEA. The top 

terms were classified into five categories based on their semantic sim-
ilarity (Fig. 4F). Several gene sets related to innate immune degranula-
tion system including terms of “Immune System,” “Innate Immune 
System,” and “Neutrophil degranulation” were enriched in HDAC3-
deficient microglia (Fig. 4F, earth-yellow), supporting the expression 
profile alteration related to microglial polarization in our previous 
findings (Fig. 4, D and E) (28). These DEGs were also associated with 
collagen/matrix degradation, as supported by a previous study (29). 
As expected, like miKO-Sham microglia, the miKO-tFCI microglia 
suppressed pathways associated with chromatin, such as “chromatin 
modifying enzymes,” “chromatin organization,” and “chromosome 
maintenance” (Fig. 4F, turquoise). The gene list was also annotated to 
several terms associated with various processes in the mitotic phase, 
including “M phase,” “mitotic anaphase,” and “mitotic metaphase ana-
phase” (Fig. 4F, pink, and fig. S5E).

To confirm altered pathways in miKO-FCI microglia among all 
the above pathways, we used comparison analysis between GSEA 
scores of significantly enriched pathways for WT-tFCI versus WT-
Sham and miKO-tFCI versus WT-tFCI as well as those for miKO-
tFCI versus WT-tFCI and found out 12 shared pathways. Among 
these pathways, HDAC3-miKO promoted enrichment scores in 
six pathways (fig. S5F). We also observed a remarkable reversal of 
enrichment scores in several pathways associated exclusively with 
mitosis, specifically related to mitotic spindle checkpoint, resolu-
tion of sister chromatid cohesion, and mitotic prometaphase 
(Fig.  4G), whereas none of these pathways were enriched in the 
gene list generated from miKO-Sham versus WT-Sham (fig. S5D), 
suggesting that the mitotic phase was the most critical as well as 
the most variable process subjected to HDAC3 expression in the 
context of ischemic stroke. As shown in Fig. 4H, depleting HDAC3 
down-regulated numerous highly expressed genes associated with 
mitosis in microglia under tFCI. Among these genes, Cenpf 
(centromere protein F), Kntc1 (kinetochore associated 1), Mki67 
(marker of proliferation Ki67), and Ccnb2 (cyclin B2) were all in-
cluded in the top 100 down-regulated genes (miKO-tFCI versus 
WT-tFCI, overlapped with DEGs generated from WT-tFCI versus 
WT-Sham) (Fig.  4I and data S2), suggesting that they were the 
genes mostly associated with the protection against the tFCI mod-
el. Overrepresentation analysis of overlapping DEGs between two 
gene lists (up-regulated genes in WT-tFCI versus WT-Sham and 
down-regulated genes in miKO-tFCI versus WT-tFCI) confirmed 
the enrichment of mitotic processes (fig. S5, G to I). Therefore, we 
proceeded to evaluate microglial mRNA expression of genes pres-
ent in the cell cycle by qPCR, including the proliferation marker 
(MKi67) and representative genes associated with G1-S phase 
(Pcna, Cdk2, and Ccne1), G2-M phase (Cdk1, Ccnb1, and Birc5), 
and M phase (Kntc1, Cdca8, and Sgo1) (Fig. 4J). Overall, aligned 
with our RNA-seq results, HDAC3-miKO significantly decreased 
the expression of most of the genes present in G2-M phase or M 
phase but did not change the level of genes present in G1-S phase, 
more directly confirming blockade of G2-M transition induced by 
HDAC3 loss. Intriguingly, unlike most studies demonstrating that 
inhibiting HDAC3 regulated cell cycle depending on post-
translational modification to cell cycle–related proteins (30, 31), 
our findings uncovered instead that HDAC3 was actively engaged 
in transcriptional regulation of cell cycle–related genes. In sum-
mary, our data provided preliminary evidence that ablation of 
HDAC3 in microglia suppressed the expression of M phase–relat-
ed genes and thus microglial proliferation.
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Fig. 4. RNA-seq reveals that HDAC3-miKO inhibited microglial inflammation and proliferation 3 days after tFCI. (A) Flow-sorted CD11b+CD45int (microglia) cell popula-
tion 3 days after tFCI for RNA-seq. n = 3 biological replicates (each includes three to four mice) per group. (B) PCA plot. (C) Differential expression analysis revealed microglia-
specific transcriptional changes in response to tFCI and HDAC3-miKO after tFCI. (D) Proinflammatory or anti-inflammatory expression profile. Each column represents a 
sample. Data were presented as z score, representing the expression levels normalized to the mean and SD of each gene (row). (E) mRNA expression of proinflammatory 
factors and inflammatory factors for FACS-purified microglia 3 days after tFCI. Data were shown as fold change of WT-tFCI. n = 3 per group (qRT-PCR validation). (F) GSEA using 
Reactome pathway suggested the role of microglial HDAC3 in response to tFCI (miKO-tFCI versus WT-tFCI). (G) Venn plot showed 97, 36, or 127 terms produced by GSEA 
analysis (Padj < 0.12) of genes generated by the comparison WT-tFCI versus WT-Sham, miKO-tFCI versus WT-tFCI, or miKO-tFCI versus miKO-Sham (Padj < 0.05), respectively. 
The overlap referred to terms that gained normalized enrichment score (NES) of different directions in the aforementioned comparison, including six terms all related to mi-
tosis (bar plot). (H) Heatmap showed expression of proliferation-related genes in microglia, while the most prominently affected genes (Cenpf, Kntc1, Mki67, and Ccnb2) were 
depicted through bar plots for enhanced visualization (I). (J) qRT-PCR validated mRNA expression levels of representative genes involved in different cell cycle phases in FACS-
purified microglia 3 days after tFCI. Data were shown as fold change of WT-tFCI controls. n = 3 per group. All data are presented as means ± SEM. Data were analyzed using 
unpaired two-tailed Student’s t test (E and J) or differential expression analysis via DEseq2 (I). *P < 0.05, **P < 0.01, ***P < 0.001.
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HDAC3-deficient microglia show mitosis defects
Upon the onset of stroke, microglia undergoing rapid self-renewal 
aggregate around the infarct region (21). We observed an approxi-
mately twofold increase in peri-infarct microglia in the cortex (CTX) 
or striatum (STR) after tFCI (Fig. 5, A to C). However, this increase 
was partially inhibited in miKO-tFCI mice (Fig. 5C), suggesting that 
the proliferation process of HDAC3-deficient microglia was blocked 
as our RNA-seq data indicated. Therefore, Ki67+ staining was ap-
plied to detect proliferating microglia. Microglia in the resting G0 
phase were labeled as Ki67−Iba1+, and microglia in the active phase 
(i.e., G1-S-G2-M phase) were labeled as Ki67+Iba1+. Different cell 
cycle phases of microglia were all detected in the peri-infarct region 
by triple immunofluorescence staining of Iba1/Ki67/4′,6-diamidino-
2-phenylindole (DAPI) (Fig. 5, D and E). As expected, HDAC3 ab-
sence reduced the number of proliferating microglia but did not 
affect the number of G0-phase microglia after tFCI (Fig. 5F) so that 
more HDAC3-deficent microglia rested in the G0 phase compared to 
WT microglia (Fig. 5G).

Of note, our behavioral assessment at days 1 and 3 (Fig. 2D) as 
well as MRI results on day 3 after tFCI (Fig. 2C) also seemed to im-
ply that microglial HDAC3 deficiency potentially reduced lesions at 
the earlier stage, leading to less microglia loss and thereby the reduc-
tion of proliferative response. To exclude this possibility, we in-
creased the occlusion time of HDAC miKO mice to 90 min, resulting 
in a larger infarct volume (fig.  S6, A and B). To detect renewed 
microglia after tFCI, we conducted intraperitoneal injections of 
5-ethynyl-2′-deoxyuridine (EdU) as described in a previous study 
(21). HDAC3-deficient microglia in mice subjected to 90-min oc-
clusion still showed a severe disability of self-renewal 3 days after 
tFCI compared to WT microglia in mice subjected to 60-min occlu-
sion (fig. S6, C to E), suggesting that the proliferative potential of 
microglia was dependent on microglial HDAC3 rather than the ini-
tial brain injury volume.

Moreover, to determine whether the reduction of microglial 
number could also be attributed to exacerbated microglial apopto-
sis, terminal deoxynucleotidyl transferase–mediated deoxyuridine 
triphosphate nick end labeling (TUNEL) assay was used. Our results 
revealed that HDAC3-miKO significantly decreased the number of 
TUNEL+ apoptotic microglia instead in the peri-infarct region of 
the STR (fig. S7), implying that the decreased number of HDAC3-
deficient microglia was entirely due to defects in proliferation. Con-
sistently, several prior studies also reported that inhibiting HDAC3 
could prevent cell apoptosis (32).

To further confirm the role of HDAC3 in regulating cell cycle pro-
cess of microglia, we performed cell cycle analysis following DyeCycle 
staining by flow cytometry in the poststroke brains (Fig. 5H). Com-
pared to WT microglia, HDAC3-deficient microglia showed in-
creased percentage of cells in S phase and G2-M phase but decreased 
percentage of cells in G0-G1 phase (Fig. 5I), suggesting induction of 
G2-M arrest and S-phase arrest. To verify the effects of HDAC3 defi-
ciency on M-phase arrest, we also stained microglia with phospho–
histone H3 (pH3), which is a mitotic chromosome condensation 
marker labeling anaphase and telophase (33). Despite the barely ob-
served number of mitotic microglia in the penumbra area (Fig. 5J), a 
significant decrease of pH3+ microglia number was still detected in 
miKO-tFCI mice (Fig. 5, K and L), which approximated the extent of 
the reduction of Ki67+ microglia as demonstrated above (Fig. 5F, top). 
Together with our prior finding of an increase of cells arrested in 
G2-M phase in miKO-tFCI mice (Fig. 5, H and I), we concluded that 

deleting HDAC3 down-regulated mitosis-related genes transcription-
ally, which may obstruct mitotic phase entry as suggested by a previ-
ous study (34).

HDAC3 deficiency inhibits proliferation of specific 
microglia populations
Having confirmed that deletion of HDAC3 inhibits microglial pro-
liferation, it remains unknown how much this effect contributes to 
the peri-infarct microenvironment and thus histological ischemic 
injury. Notably, previous studies have revealed that blocking mi-
croglial proliferation through diphtheria toxin administration in 
CX3CR1creER:R26iDTR mice significantly decreased inflammatory cells 
and altered the immune profiles in the context of stroke, suggesting 
a potential connection between proliferation and inflammatory re-
sponse in microglia (6). Since the results of RNA-seq suggested the 
implication of inflammatory responses (Fig. 3, D and E), we hypoth-
esized that deleting HDAC3 not only inhibited microglial proliferation 
but also changed the expression profile of proliferative microglia.

Therefore, we measured the incorporation of 5-Ethynyl-2′- 
deoxyuridine (EdU) in either CD16-labeling microglia (Fig. 6A) or 
Arg1-labeling microglia (Fig. 6D), which indicates proinflammatory 
or anti-inflammatory microglia, respectively. In Sham-operated 
groups, CD16/Arg1 expression was too low to detect, and no EdU+ 
microglia were detected (fig. S8, A and B). Like the Ki67 staining re-
sults shown in Fig. 5F, the EdU mean fluorescence intensity (MFI) per 
microglia also decreased in miKO-tFCI mice (fig. S8, C and E). More-
over, the measurements of the MFI in each microglia indicated that 
CD16 expression in microglia increased 3 days following stroke, while 
deleting HDAC3 down-regulated CD16 in each microglia (fig. S8D). 
Conversely, Arg1 expression was augmented in HDAC3-deficient mi-
croglia (fig. S8F), consistent with the change of RNA level of Arg1 as 
evidenced by RNA-seq (Fig. 4D, right). Using CD16 or Arg1 MFI and 
EdU MFI per microglia in Sham-operated mice as the negative con-
trol, we determined the respective thresholds for CD16 or Arg1-
postive microglia and EdU-positive microglia (Fig.  6, B and E). 
Intriguingly, HDAC3-miKO significantly inhibited the proliferation 
of microglia (Fig. 6C, top), specifically the ones that were positive for 
CD16 (Fig. 6C, bottom), while the proliferative capacity of Arg1+ mi-
croglia did not significantly change (Fig.  6F, bottom). Consistently, 
while no significant change was observed in the proportion of non-
proliferative CD16+ microglia (CD16+EdU−), we observed a signifi-
cant decrease in the proportion of proliferative CD16+ microglia in 
miKO-tFCI mice (Fig. 6G), suggesting that HDAC3 deletion selec-
tively inhibited CD16 expression in proliferative microglia, while no 
significant change was observed in Arg1+EdU+ cells (Fig. 6H). Simi-
lar to Arg1+ microglia, CD206+ microglia, which also labels anti-
inflammatory microglia/macrophage, also showed constrained 
proliferative potential (fig. S9).

Furthermore, because of the significant infiltration of myeloid cells 
into the brain, which likely express similar levels of Iba1, CD16, and 
Arg1 as microglia (35–37), we used P2RY12 as a specific marker to 
accurately distinguish bona fide microglia (fig. S10, A, D, and G). As 
expected, HDAC3 deficiency inhibited the proliferation of P2RY12+ 
microglia (fig. S10, B, E, and H). Furthermore, CD16+P2RY12+ mi-
croglia showed a remarkable deficit in the absence of HDAC3 (fig. S10, 
A and C), while Arg1+P2RY12+ microglia and CD206+P2RY12+ mi-
croglia did not show such change (fig. S10, F and I). This consistency 
did exclude the possibility that contamination of Arg1+ myeloid cells 
or CD206+ border-associated macrophages (BAMs) masked the 
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Fig. 5. HDAC3-miKO inhibits microglial proliferation after tFCI. (A) Representative image illustrating Iba1/Ki67 immunofluorescence in the ipsilateral hemisphere 3 days follow-
ing stroke. All the following representative images were taken from where the white boxes indicated. (B) Representative images illustrating the decreased number of Iba1+ cells in 
CTX/STR in miKO-tFCI compared to WT-tFCI, as reflected by the quantification (C). n = 5 to 6 per group. (D) Representative images of Iba1/Ki67 staining in the peri-infarct region of 
striatum, indicating microglia in different cell cycle phases, including G0 phase (Ki67−Iba1+) and G1-S-G2-M phase (Ki67+Iba1+). (E) Representative images illustrating the reduction 
of the number of Ki67+Iba1+ cells (white arrows) in CTX/STR. (F) Quantification of the number of Iba1+Ki67− cells (G0 phase, top) and Iba1+Ki67+ cells (G1-S-G2-M phases, bottom) in 
peri-infarct STR and CTX 3 days after tFCI. n = 6 to 9 per group. (G) Mean percentage of Iba1+Ki67+/Iba1+ (G1-S-G2-M phase) cells and Iba1+Ki67−/Iba1+ (G0 phase) cells in the peri-
infarct region of CTX and STR. (H) Flow gating strategy for single microglia (CD11b+CD45int) (left), identifying microglia in G0-G1, S, or G2-M phases based on the DNA content (right). 
(I) Quantification of the percentage of microglia in different cell cycles. n = 5 to 6 per group. (J and K) Representative images of Iba1/pH3 immunofluorescence in the peri-infarct 
region. Cells indicated by white box (J) are microglia undergoing mitosis. Illustrating the reduction of the number of pH3+Iba1+ cells (white arrows) (K) in CTX and STR. (L) Quantifica-
tion of the number (percentage) of Iba1+pH3+ in peri-infarct STR and CTX 3 days after tFCI. n = 5 to 6 per group. All data are presented as means ± SEM. Data were analyzed using 
one-way ANOVA followed by Bonferroni’s post hoc (C) or unpaired two-tailed Student’s t test or Mann-Whitney test (F, I, and L). *P < 0.05, ***P < 0.001.
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Fig. 6. HDAC3-miKO inhibits the proliferation of proinflammatory microglia after tFCI. (A) Representative images of Iba1/EdU/CD16 immunofluorescence in the 
peri-infarct STR 3 days after tFCI and 3D reconstruction for Iba1+CD16+ cells (right). (B) Scatterplot showing MFI of EdU and CD16 per microglia, with density plot drawn 
on the margin. The black dashed lines indicate the threshold for CD16+ microglia or EdU+ microglia determined by EdU/CD16 expression in the Sham-operated groups. 
(C) Quantification of the percentage of proliferating microglia (EdU+Iba1+, top) and CD16+ microglia (CD16+EdU+/CD16+, bottom). (D) Representative images of Iba1/
EdU/Arg1 immunofluorescence in the peri-infarct STR 3 days after tFCI and 3D reconstruction for Iba1+Arg1+ cells (right). (E) Scatterplot showing MFI of EdU and Arg1 per 
microglia. (F) Quantification of the percentage of proliferating microglia (EdU+Iba1+, top) and Arg1+ microglia (Arg1+EdU+/Arg1+, bottom). (G) Quantification of the 
percentage of CD16−EdU−Iba1+, CD16−EdU+Iba1+, CD16+EdU−Iba1+, and CD16+EdU+Iba1+ cells out of the total Iba1+ cells. (H) Quantification of the percentage of mi-
croglia with Arg1−EdU−Iba1+, Arg1−EdU+Iba1+, Arg1+EdU−Iba1+, and Arg1+EdU+Iba1+. (I) Quantification of the percentage of CD16+ or Arg1+ microglia. (J) A panel of 40 
cytokines was measured in the ipsilesional and contralateral hemispheres via a protein array. (K) Heatmap displaying the relative expression of 40 cytokines. In detail, 
cytokines in yellow refer to known neurotrophic factors, while cytokines in green refer to anti-inflammatory factors. Other cytokines in black refer to proinflammatory 
factors. All data are presented as means ± SEM. n = 5 to 6 per group. Data were analyzed using unpaired two-tailed Student’s t test or Mann-Whitney test (C, F, and I) and 
two-way ANOVA followed by Bonferroni’s post hoc tests (G and H). *P < 0.05, **P < 0.01, ***P < 0.001.
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suppressed proliferative potential of Arg1+ or CD206+ HDAC3-
deficient microglia and further validated that HDAC3 deficiency–in-
duced proliferative effects had cell-specific preference. Collectively, 
we gained evidence that deleting HDAC3 inhibited the proliferation 
of specific microglia populations (i.e., CD16+ microglia in our study) 
sustainedly for at least 3 days after tFCI, while Arg1+ or CD206+ mi-
croglia maintained their normal proliferation even in the absence of 
HDAC3. This may result in the attenuation of specific microglia pop-
ulations. Deleting HDAC3 decreased the percentage of CD16+ mi-
croglia but not affected the percentage of Arg1+ or CD206+ microglia 
(Fig. 6I and fig. S9E). These findings confirmed the proliferative bias 
toward different microglia under the regulation of HDAC3. There-
fore, we reasoned that after the onset of stroke, microglia developed 
into different inflammation-associated phenotypes, which simultane-
ously underwent proliferation that was regulated by HDAC3 in a 
phenotype-dependent manner, eventually resulting in altered mi-
croglial states in miKO-tFCI mice.

Correspondingly, as measured by protein microarray, a remark-
able decrease of multiple proinflammatory cytokines was observed 
in the miKO-tFCI mice (Fig. 6, I and J, and fig. S10D), suggesting 
that the absence of HDAC3 efficiently ameliorated the peri-infarct 
inflammatory microenvironment due to the inhibited proliferation 
of proinflammatory microglia.

Although the initial lesion volume did not show statistical signifi-
cance between HDAC3-miKO and WT mice, we observed a clear im-
provement in behavior on day 1 after tFCI (Fig. 2D). This observation 
led us to question whether there are any preexisting changes in 
HDAC3-miKO microglia before 3 days after tFCI that could account 
for these results. Therefore, to gain insight into the microglial land-
scape at the earlier stage of stroke, we conducted additional analyses. 
On day 1 after tFCI, there was no evidence of microglial proliferation 
based on Iba1+EdU+ staining (fig. S11A). This result was aligned with 
previous studies, which indicates that microglial expansion primarily 
occurs on day 3 after tFCI, while it remains relatively quiescent on day 
1 after tFCI (21). However, through Iba1/CD16 and Iba1/Arg1 stain-
ing (fig. S11, B to D), we did observe a reduction in CD16+ microglia 
but not in Arg1+ microglia in miKO-tFCI on day 1 after tFCI (fig. S11, 
C and D), which likely accounted for the early-stage trend of mitigated 
outcomes. This finding suggested that microglia underwent an in-
flammatory transition before proliferation. It inspired the possibility 
that different phenotypes, observed during the early stage, may pro-
ceed to self-renewal 3 days following tFCI when microglia rapidly 
expanded themselves. In this context, the inhibited proliferation of 
CD16+ microglia in miKO mice amplified the overall differences be-
tween WT-tFCI and miKO-tFCI 3 days following tFCI.

PU.1 is responsible for selectively inhibited proliferation of 
microglia in miKO tFCI mice
In microglia, the dynamic modulation of the epigenetic landscape 
guided the reprogramming of the transcriptional profiles (38). To de-
termine the role of HDAC3 as an essential epigenetic modifier, we 
performed ATAC-seq to identify how HDAC3 deletion reshaped mi-
croglial transcriptome profiles and thereby selectively inhibited pro-
liferation of different microglia populations. PCA interpreted large 
variations among the four groups (Fig. 7A, top left). Replicates of four 
groups were clearly clustered separately as shown in fig. S12A. With a 
given false discovery rate (FDR) cutoff of 0.01 and a log2 fold change 
(log2FC) cutoff of 0.5, we detected tens of thousands of differential 
accessibility regions (DARs) in two pairwise comparisons among four 

groups using DiffBind (Fig. 7A, top right and bottom, and fig. S12B), 
while only 2331 DARs were detected in the comparison between 
miKO-Sham and WT-Sham (Fig. 7A, top right). Notably, the biggest 
difference was seen between miKO-tFCI microglia and WT-tFCI mi-
croglia, with 12,237 DARs in total. Comparing miKO-tFCI with WT-
tFCI, Reactome-based GSEA identified multiple biological processes, 
specifically including terms associated with mitosis (“M phase,” “Sep-
aration of Sister Chromatids,” “Mitotic Metaphase and Anaphase,” 
and “mitotic prometaphase”) (Fig. 7B, red circle), which were similar 
to our previous RNA-seq data (Fig. 3, F and G), suggesting epigeneti-
cally regulated proliferation in miKO-tFCI microglia. However, un-
like DEGs in RNA-seq, the distribution of DARs of miKO-tFCI versus 
WT-tFCI showed a strong bias, with as many as 12,224 closed DARs 
that were less accessible but as few as 13 open DARs that were more 
accessible, while this bias did not exist in the physiological condition 
(Fig. 7A, top right). This bias toward closed DARs also existed in the 
comparison between miKO-tFCI and miKO-Sham (fig. S12B), sug-
gesting that in the context of stroke, HDAC3 deficiency led to a 
pronounced closing of accessible regions. We thus investigated the 
genomic distribution of differential peaks to identify the main biased 
regions. Most of the DARs were annotated to introns and promoters. 
Specifically, for WT-tFCI versus WT Sham, 27.74% of the open DARs 
in WT-tFCI microglia were located in the promoter region within 
3 kb upstream of the transcription start site (TSS) region and 36.15% 
in the intron region, while 42.41% of the closed DARs were located in 
the promoter region and 28.81% in the intron region (fig. S12C). For 
miKO-tFCI versus WT-tFCI, only the distribution of closed DARs 
was measured because there were too few open DARs; 38.71% of 
closed DARs were located in the promoter region, and 31.37% were 
located in the intron region (fig. S12D). For miKO-tFCI versus miKO-
Sham, 51% of the closed DARs were located in the promoter region 
(fig. S12E). The large variability in the percentage of DARs in the pro-
moter region may indicate strong surgery effects and genotype effects. 
As revealed in GSEA, annotated DARs (miKO-tFCI versus WT-tFCI) 
(FDR < 0.01) located in the promoter region were enriched for path-
ways associated with cell cycle (fig. S12F).

Next, we integrated our ATAC-seq data and previous RNA-seq 
data generated in the same context to investigate the potential associa-
tion between peak signal at a gene’s promoter and gene expression 
(39). Although little overlap was observed between open DARs and 
up-regulated genes in miKO-tFCI versus WT-tFCI, more than a half 
of the down-regulated genes had their corresponding promoters less 
accessible (fig.  S12G). Furthermore, little correlation was observed 
between the differential accessible promoters and the DEGs 
(fig. S12H). However, the permutation test revealed that the closed 
promoter-located DARs were significantly associated with down-
regulated genes (permutation P < 0.01, Fig. 7C).

Correspondingly, to uncover the factor that potentially in-
duced these chromatin changes and thus transcriptomic changes, 
we searched for transcription factor motifs within these less ac-
cessible promoters. We observed an apparent enrichment of 
binding sites for E26 transformation specific (ETS) family tran-
scription factor PU.1 (encoded by Spi1), which is well known for 
its pivotal role in microglial development and inflammation 
(Fig. 7, D to F) (15, 40). Notably, we observed a significant in-
crease of PU.1 MFI in peri-infarct microglia compared to Sham-
operated microglia (Fig. 7, H and I). Furthermore, in the absence 
of HDAC3, PU.1 expression was significantly decreased in both 
mRNA level (Fig. 7G, detected by qPCR) and protein level (Fig. 7, 
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Fig. 7. PU.1 may contribute to the selectively inhibited proliferation of microglia in miKO tFCI mice. (A) PCA showed the separation of ATAC-seq signals of all samples 
by group. Volcano plots showed the microglia-specific DARs (log2FC >0.5 or <−0.5, FDR < 0.01) in poststroke/Sham-operated brains from HDAC3-miKO and WT mice. 
(B) Enrichment map visualizing enriched Reactome pathways obtained from GSEA of all annotated DARs (FDR < 0.01) from miKO-tFCI versus WT-tFCI. Mutually overlapping 
terms clustered together. The red circle indicated the clustered cell cycle–related terms of interest. (C) Permutation test showing the overlap of DEGs between region sets 
generated from RNA-seq and ATAC-seq. (D) IGV map tracks showing ATAC-seq and RNA-seq signals at Spi1 loci. (E) Homer de novo motif analysis of closed DARs at promoters 
(<3 kb to TSS) in miKO-tFCI versus WT-tFCI. (F) RNA-seq revealed transcriptional expression of transcriptional factors indicated above in four groups. **P < 0.01, ***P < 0.001 
(miKO-tFCI versus WT-tFCI, differential expression analysis via DEseq2). (G) qRT-PCR–validated mRNA expression levels of PU.1 for FACS-purified microglia 3 days after 
tFCI. Data are shown as fold change of WT-tFCI controls. n = 3 per group. (H) Double-labeled immunofluorescence of Iba1/PU.1 in the peri-infarct region of striatum 3 days 
after tFCI. (I) MFI of PU.1 in Iba1+ cells in the peri-infarct region of STR 3 days after tFCI. n = 6 per group. (J) Gating strategy for microglia (CD45intCD11b+) and the MFI of PU.1 
in microglia. (K) MFI of PU.1 for microglia in the brain by flow cytometry. n = 5 to 6 per group. All data are presented as means ± SEM. Data were analyzed using one-way 
ANOVA followed by Bonferroni’s post hoc test (I) or unpaired two-tailed Student’s t test (G and K). **P < 0.01. *P < 0.05, ***P < 0.001.
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H and I, detected by immunofluorescence staining; Fig. 7, J and 
K, detected by flow cytometry).

According to previous relevant studies, our ATAC-seq results pro-
vided two possible answers to the questions that have permeated our 
entire study, namely, how HDAC3-miKO altered microglial inflam-
matory profiles and inhibited expression of cell cycle–related genes. 
Why were some anti-inflammatory gene signatures increased in the 
absence of HDAC3 after ischemic stimulation in our study? First, 
the reason may be that HDAC3 acts at a subset of PU.1-defined 
macrophage-specific enhancers and thereby restricts histone marks at 
many interleukin-4 (IL-4)–targeted genes (41). Of note, in our study, 
many DARs were not located near the DEGs, making it hard to ex-
plain why those up-regulated genes had their accessible regions 
closed, which could be attributed to the epigenetic regulation via 
long-range interaction so that a DAR can regulate distant genes rather 
than the closest gene only (42). On the other hand, we noted that PU.1 
expression was decreased in miKO-tFCI mice (Fig. 7, F to K), suggest-
ing that HDAC3-miKO selectively inhibited microglial proliferation 
by suppressing PU.1, given that PU.1 reduction has been reported to 
result in the down-regulation of massive proinflammatory genes and 
cell cycle–related genes (14, 43).

Therefore, to explore the role of PU.1 in the protective effects of 
HDAC3 ablation, we used a recombinant AAV (rAAV) that was 
recently developed to specifically target microglia to package rAAV-
EF1a-DIO-mPU.1-P2A-mCherry (hereafter referred to as AAV-
PU.1), which enables efficient overexpression of PU.1 selectively in 
Cre-expressing microglia. We performed stereotaxic injection of 
AAV-PU.1 at four distinct sites within the peri-infarct striatum and 
injected tamoxifen for five consecutive days a week after AAV injec-
tion (Fig. 8A). By immunofluorescence staining of Iba1 and mCherry, 
we revealed that 45% of microglia in the peri-infarct striatum (Fig. 8B) 
are positive for mCherry, indicative of efficient AAV infection of mi-
croglia. Furthermore, as supported by quantification of PU.1 level via 
flow cytometry and immunofluorescence, AAV-PU.1 successfully in-
duced significant overexpression of PU.1 in HDAC3-deficient mi-
croglia (Fig.  8, C to E). Of note, overexpressing PU.1 significantly 
reversed inhibited proliferation in microglia deficient in HDAC3 
(Fig. 8, F to H), especially the ones that were positive for CD16, while 
Arg1+ or CD206+ microglia did not show such change (Fig. 8, I and J, 
and fig. S13, A and B) after AAV-PU.1 injection. As expected, this al-
teration in the proliferation of different microglia also selectively 
caused an increase in the proportion of CD16+ microglia but not 
Arg1+ or CD206+ microglia (Fig. 8K and fig. S13C). Although miKO-
tFCI-AAV-PU.1 did not significantly reverse the improved outcomes 
measured by MRI (Fig. 8L) and the adhesive removal test (Fig. 8M) 
compared to miKO-tFCI-AAV-control, there were no remarkable 
change between miKO-tFCI-AAV-PU.1 and WT-tFCI-AAV-control 
(Fig. 8, L and M) 3 days following tFCI. These results indicated that 
overexpressing microglial PU.1 partially counteracted the protective 
effects of microglial HDAC3 ablation. They provided strong support 
for the involvement of PU.1 as a downstream molecule of HDAC3 in 
the selective inhibition of microglial proliferation and, thereby, in the 
protection effects of HDAC3-miKO after tFCI.

DISCUSSION
During the past few years, HDAC3 has been reported to regulate the 
progression of different cell cycle phases in different cells (44). Loss of 
HDAC3 in hematopoietic progenitor cells blocks only the S phase 

progression (45), while in Hela cells, knockdown of HDAC3 induces 
a G1-S transition defect (31). In the nervous system, HDAC3 controls 
G2-M phase progression in adult neural stem/progenitor cells by 
posttranslational stabilization of the G2-M–dependent CDK1 (30). In 
our investigation, an unbiased comparative analysis of RNA-seq has 
identified the cell cycle M phase as the principal process significantly 
affected by HDAC3-miKO 3 days after tFCI, which implied a substan-
tial transcript-level down-regulation of genes subsequent to HDAC3 
ablation. Notably, Cenpf, Kntc1, Mki67, and Ccnb2 were particularly 
prominent among these genes, exhibiting the most pronounced al-
terations. Specifically, Cenpf and Kntc1 both play essential roles in mi-
totic chromosome segregation; Mki67 is indispensable for maintaining 
the dispersion of mitotic chromosomes in the cytoplasm, and it is ex-
pressed across the cell cycle; cyclin B2 (encoded by Ccnb2) is a critical 
component of the regulatory machinery governing the cell cycle. Al-
though a recent investigation has indicated that HDAC3 inhibition 
disrupts the activity of CENP-F (encoded by Cenpf) (46), comprehen-
sive elucidation of how HDAC3 directly modulates the mRNA levels 
of these cell cycle–related genes remains largely unexplored. Future 
investigations are warranted to elucidate their intricate interplay. Fur-
ther cell cycle analysis by flow cytometry revealed that ablating 
HDAC3 induced both S-phase arrest and G2-M arrest. As expected 
(47), the number of pH3+Iba1+ and that of Ki67+Iba1+ cells were re-
markably reduced as shown in immunostaining. Our study revealed 
that HDAC3 inhibition intervened in the progressions of microglia 
cell cycles probably in an elusive way more or less independent of 
posttranslational modulation of cyclins or CDKs as shown by RNA-
seq results and distinct from other cell types (30).

Since HDAC3 can directly regulate cell epigenetic landscape that 
may subsequently reshape transcriptome profiles (8, 12), we used 
ATAC-seq to measure microglial chromatin accessibility (48) and un-
covered the underlying epigenetic mechanism by which HDAC3 
inhibition halted microglia proliferation. Notably, DNA access at 
transcription factor motif for Spi1 is most remarkably lost in HDAC3-
deficient microglia, suggesting its implication in HDAC3-mediated 
transcriptional regulation, which is validated by the consistent evi-
dence that inhibiting HDAC3 down-regulated microglial PU.1 in 
both RNA and protein levels. This finding is consistent with previous 
studies using class I/II HDAC inhibitors, trichostatin A (TSA) (49–
52). However, these studies mainly focused on the role of HDAC1 in 
PU.1 gene transcription, such as its involvement in TAF9 deacetylation 
and transcript factor IID assembly (51), as well as the increased his-
tone H4 acetylation across the PU.1 promoter region by TSA (52). It 
remains unclear whether HDAC3 regulates PU.1 mRNA and protein 
levels through mechanisms similar to HDAC1. In addition, the down-
regulation of PU.1 may also involve RUNX1, which is a component of 
the HDAC3 corepressor complex and has been shown to bind to cru-
cial sites within the PU.1 upstream regulatory element and regulate 
PU.1 expression (53). Further investigation is necessary to fully eluci-
date the specific mechanisms by which HDAC3 affects PU.1 
regulation.

PU.1 is known to be a vital transcription factor to regulate macro-
phage proliferation (54) and differentiation (55) as well as microglio-
genesis (13) in the developing brain. In the context of Alzheimer’s 
disease, PU.1 is vital for Aβ clearance (56) and the inflammatory re-
sponse of microglia (15). The latter role is also found in the model of 
experimental autoimmune encephalomyelitis (EAE) (16) and optic 
nerve injury (57). In a mouse model of prion disease, another neuro-
degeneration model, PU.1 also serves as a key component of the 
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Fig. 8. PU.1 partially reversed selective inhibition of CD16+ microglial proliferation and outcome improvement induced by HDAC3-miKO after tFCI. (A) Diagram il-
lustrating the spatiotemporal strategy for rAAV injection and the following functional and histological measurements. (B) Representative images of the colocalization of 
mCherry+ and Iba1+ signals in the STR of miKO-Sham mice injected with rAAV-EF1a-DIO-mCherry and the quantification of the infection efficiency indicated by the propor-
tion of mCherry+ microglia. (C) PU.1 MFI in CD45intCD11b+ cells of miKO-tFCI mice with AAV-control/PU.1 injection measured by flow cytometry at 3 days after tFCI. (D and E) 
PU.1 MFI in Iba1+ cells in the peri-infarct STR measured by immunostaining of Iba1/PU.1 3 days after tFCI. (F and G) Representative images of Iba1/EdU/CD16 (F) and Iba1/EdU/
Arg1 (G) staining in the peri-infarct region of STR 3 days after tFCI. (H, I, and J) Quantification of the percentage of different microglia, including all proliferative (EdU+Iba1+), 
proliferative CD16+ (CD16+EdU+/CD16+), CD16+, proliferative Arg1+ (Arg1+EdU+/Arg1+), and Arg1+ microglia. n = 5 to 6 per group. (K) Quantification of the percentage of 
CD16+Iba1+ cells or Arg1+Iba1+ of total Iba1+ cells. (L) Representative axial views (five sections from rostral to caudal) of T2WI and quantification of the total lesion volume. 
n = 5 to 6 per group. (M) Time to remove in adhesive removal test. All data are presented as means ± SEM. Data were analyzed using one-way ANOVA followed by Bonferroni’s 
post hoc (E, H, and I to M) or unpaired two-tailed Student’s t test (C). **P < 0.01. *P < 0.05, ***P < 0.001.
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mitogenic pathway driving microglial proliferative response. Similar 
to our findings, Mullican et  al. (41) revealed that HDAC3 in bone 
marrow–derived macrophages (BMDMs) localizes to a subset of 
PU.1-defined macrophage enhancers, suggesting that PU.1 likely fa-
cilitates adjacent binding of nuclear receptors. In lipopolysaccharide 
(LPS)–treated BMDMs, the most enriched motif at HDAC3-bound 
regions also matches the binding specificity of PU.1 (27). High-
throughput screening of 1280 US Food and Drug Administration–
approved compounds also identified an HDAC inhibitor, vorinostat, 
as a candidate drug for attenuating PU.1 level, which is then found to 
mimic partial effects of PU.1 knockdown (43). A recent study found 
novel AAV variants that are capable of delivering various genetic pay-
loads into microglia in vitro and in vivo without activating microglia 
with higher efficiency than generating transgene mouse model or 
conventional rAAVs (20). Therefore, we took advantage of the rAAV 
and constructed AAV-PU.1 to overexpress PU.1 specifically in mi-
croglia. Our findings revealed that overexpressing PU.1 partially re-
versed selective inhibition of CD16+ microglial proliferation and 
ameliorated outcomes induced by HDAC3-miKO after tFCI. Together, 
these previous findings support our hypothesis that HDAC3-PU.1 
axis in microglia may mediate microglial proliferation and immune 
response. Although transcriptomically HDAC3-miKO–induced up-
regulated gene counts are comparable to the down-regulated gene 
counts, ATAC-seq analysis indicated that HDAC3 deletion results in 
much more down-regulated loci than up-regulated loci. This incon-
sistency is largely due to the nature that ATAC-seq only provides 
regulatory insights for phenomena that are probably transcriptionally 
regulated but miss any posttranscriptional changes such as RNA de-
cay or modification (48). Moreover, since HDAC3 functions as a gene 
repressor via histone deacetylation, the fact that deleting HDAC3 re-
sulted in a great decrease in the accessibility of a large number of loci 
seems counterintuitive. In previous studies, loss of HDAC3 impairs 
the activation of LPS-stimulated genes, which is attributable to the 
reduction of interferon-β (IFN-β) expression (58). This activation de-
fect is probably independent of HDAC3 deacetylase activity (27). 
Thus, it could be presumed that in the context of ischemic stroke, it is 
the noncanonical deacetylase-independent way (27) by which delet-
ing HDAC3 represses gene expression. Nonetheless, how exactly de-
leting HDAC3 transcriptomically up-regulated genes that may be 
associated with an alternative phenotype (41) without promoting as-
sociated chromatin accessibility is still a complicated issue that needs 
further investigation.

Our study on microglia apoptosis, proliferation, and associated 
cell cycle assay provided evidence of why HDAC3 depletion dimin-
ishes the expanding microglia population (21) at the acute stage of 
stroke, a notable feature in common with previous studies (9). We 
also detected a subtle reduction of microglia number in untreated 
HDAC3-miKO brain, which is probably due to the fact that even in 
the healthy adult brain, microglia population also undergoes continu-
ous proliferation for self-renewal (59). It remains elusive whether mi-
crogliosis plays a detrimental role in ischemic stroke so that inhibiting 
microgliosis ameliorates stroke outcomes. Most studies did regard 
reduced microgliosis as attenuated microglia-based inflammatory re-
sponses (21, 60). To answer this question, depleting microglia as far as 
possible provides the most direct evidence in the context of stroke. In 
a preventive study, after depleting microglia by blocking CSF-1R for 
21 days before tFCI, above 90% of microglia are eliminated, leading to 
increased brain injury, enhanced excitotoxicity, and altered neuronal 
activity (61). Similarly, long-term inhibition of CSF-1R before and 

after stroke exacerbates the production of inflammatory mediators, 
leukocyte infiltration, and ischemic lesion within the early stage of 
injury (62), while short-term CSF-1R inhibition resolves inflamma-
tion and ameliorates brain damage (63). In addition, it was reported 
that after inhibiting CSF-1R, the resident microglia display elevated 
proliferation and inflammation markers (64, 65), which may account 
for conflicting effects resulting from CSF-1R inhibition. Similarly, di-
rect inhibition of microglial mitosis with AraC fosters microglial 
development of a proinflammatory phenotype during chronic degen-
eration (66). Therefore, it remains unclear whether reduction of 
microglia ameliorates or aggravates stroke outcome. In our study, mi-
croglia were not directly depleted but were prevented from rapid pro-
liferation to some extent after stroke. Regardless of the extent, these 
microglia in two tFCI groups also undergo the similar so-called re-
population, which may confer different characteristics in turn to these 
renewed microglia (63). A previous study reported that HDAC3-
deficent microglia shift from a proinflammatory phenotype to an 
inflammation-resolving phenotype with a reduction of microglia 
number in a mouse model of TBI (10).

Hence, we hypothesized that inflammatory phenotype altera-
tion was at least partially triggered by preferential inhibition of pro-
inflammatory microglia. Our results showed that in the absence of 
HDAC3, the blockade of proliferation did not occur in Arg1+ or 
CD206+ microglia, while CD16+ microglia displayed comparable 
proliferative suppression as in the whole microglia population. 
Consistently, we also observed that HDAC3 deficiency alleviated 
neuroinflammation and reduced the number of CD16+ microglia. 
Because of the channel limitation of immunostaining, we could not 
directly figure out the exact phenotype of which the proliferation is 
inhibited by ablation of HDAC3. While a previous study reported 
that in a model of demyelination, proliferative microglia cluster as 
a population (Birc5+) independent of other pathological microglia 
in single-cell RNA sequencing (scRNA-seq) (67), our study re-
vealed the parallel inflammatory properties of proliferative microg-
lia. However, we still do not know the sequence in which microglial 
proliferation and polarization occur, that is, whether proliferative 
microglia acquire different inflammatory phenotypes or microglia 
of different phenotypes proliferate. Besides, since in this study we 
simply used a limited number of molecules CD16, Arg1, or CD206 
to label different states of activated microglia and thereby simpli-
fied the true situation of microglia-mediated inflammation, we 
were not able to uncover the exact connection between microglial 
proliferation and inflammation, while nowadays, in the single-cell 
era, evidence from novel unbiased single-cell techniques [e.g., cy-
tometry by time of flight (CyTOF) and scRNA-seq] is accumulating 
that microglia are context dependent and develop numbers of 
populations including inflammation/proliferation-associated pop-
ulations in response to different environments (67, 68). Studies 
predating the widespread adoption of single-cell techniques com-
monly used CD206 as a marker for anti-inflammatory microglia/
macrophages, without distinguishing whether these cells were bona 
fide microglia. However, current knowledge, informed by the ad-
vancements in single-cell techniques, indicates that CD206, partic-
ularly at the RNA level, is highly expressed on macrophages but 
barely detectable even on activated microglia (69). Contrary to 
this understanding, our study demonstrated robust expression of 
CD206 on activated microglia after stroke, indicating a need for 
further exploration of the presence and role of CD206 on microglia 
in various diseases (fig. S10D). Arg1 is an enzyme that catalyzes the 
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conversion of arginine to ornithine and urea. It competes with in-
ducible nitric oxide synthase (iNOS) for the substrate of arginine 
and down-regulates the production of nitric oxide. In this case, 
Arg1 has been regarded as a marker for beneficial microglia/mac-
rophages and has anti-inflammatory and tissue repair properties 
under various pathological conditions. Recent investigations have 
identified Arg1+ microglia as key regulators of postnatal develop-
ment (70) and reducers of Aβ plaque deposition (71). Stat6/Arg1 
axis also orchestrated microglia/macrophage efferocytosis and in-
flammation resolution after stroke (72). Furthermore, treatment 
with Arg1 collaborated with ornithine decarboxylase enzyme was 
found to protect against retinal ischemic injury (19). These discov-
eries suggest that Arg1 might serve as a more valid marker for anti-
inflammatory microglia/macrophages. In line with this, our study 
revealed high expression of Arg1 in both RNA and protein levels in 
bona fide stroke-induced microglia. Consequently, we have chosen 
to use Arg1 as an alternative marker to represent anti-inflammatory 
microglia in our investigation, allowing us to explore the distinct 
effects of HDAC3 ablation on different microglial populations. In 
agreement with our findings, a recent study also reported increased 
Arg1 expression following HDAC3 deletion in macrophages. Treat-
ing LPS-induced macrophages with pegylated arginase 1 (PEG-A1) 
negatively regulated the expression of HDAC3, highlighting a po-
tential bidirectional regulatory interaction between Arg1 and 
HDAC3. This underscores the need for future research to under-
stand the intricate relationship between Arg1 and HDAC3 in mi-
croglia, particularly in the stroke context (19).

Recently, using scRNA-seq, a proliferative subtype controlled by 
HDAC3 is also unveiled in the context of spinal cord injury (7). 
Therefore, future studies using scRNA-seq and scATAC-seq may 
enable us to understand the association between proliferation and 
microglia-mediated inflammation and the nature of how depleting 
HDAC3 affects microglial heterogeneity in the context of ischemic 
stroke. In addition to discussing the role of HDAC3 for microglia, 
in the current study, using a singular CX3CR1CreER transgenic 
mouse line, we cannot exclude the potential impact of HDAC3 de-
letion in BAMs such as perivascular macrophages and meningeal 
macrophages, which are also targeted by Cx3cr1CreER (73). While 
our focus was primarily on microglia, the presence of HDAC3-
deficient BAMs raised the possibility of their influence on microg-
lial characteristics through direct contact or paracrine signaling 
pathways (74) given a degree of heterogeneity of BAMs as reported 
in recent studies (69). Therefore, future studies using scRNA-seq 
(69) or binary Cre transgenic approaches (73) could provide deeper 
insights into the specific roles of HDAC3 in microglia and BAMs 
and also in their interaction, enabling a comprehensive under-
standing of their contributions to neuroinflammation and brain 
function.

MATERIALS AND METHODS
Ethics statement
All animals were housed in facilities with suitable temperature and 
humidity and had a 12-hour light-dark cycle. Food and water are 
ad  libitum. All animal experiments were approved by the Animal 
Care and Use Committee of Fudan University (approval numbers 
20200306-117 and 20230-004S) and reported following the ARRIVE 
guidelines (75). All efforts were made to minimize animal suffering 
and the number of animals used.

Experimental animals
HDAC3flox/flox mice were constructed by Shanghai Model Organisms 
Center. These mice process LoxP sites flanking exon 3 of the Hdac3 
gene. In the presence of Cre, the LoxP sites recombine and delete the 
floxed region of Hdac3. CX3CR1CreER mice were purchased from The 
Jackson Laboratory. Two groups of CX3CR1CreER(−/−)HDAC3flox/flox 
(WT) and CX3CR1CreER(+/−)HDAC3flox/flox (HDAC3-miKO) mice were 
bred from HDAC3flox/flox and CX3CR1CreER mice. Microglial HDAC3 
depletion was induced in HDAC3-miKO mice (8-week-old males 
and females) by intraperitoneal injection of tamoxifen (100 mg/kg, 
daily for five consecutive days), which was dissolved in corn oil 
and absolute ethanol in a ratio of 9:1 (H7904, Sigma-Aldrich, St. 
Louis, MO, USA).

Of note, male mice were used for most experiments. Female mice 
were exclusively used for behavioral testing and histological evalua-
tion (i.e., NeuN assessment) to confirm the presence of protective ef-
fects similar to those observed in male mice. Apart from these 
experiments, all the remaining trials were conducted exclusively on 
male mice for consistency.

Mouse tFCI model
tFCI was induced by MCAO for 60 min or specifically 90 min as indi-
cated. Briefly, mice were anesthetized with 1.5% isoflurane in a 30% 
O2/70% N2 mixture and placed on a temperature-adjustable heating 
pad to maintain the mouse rectal temperature at 37 ± 0.5°C during 
surgery. In tFCI mice, the left carotid artery was separated and ex-
posed. The external carotid artery (ECA) was ligated and cut. The su-
ture (diameter 0.10 mm) wrapped with a silicone tip (0.20 to 0.22 mm, 
RWD, Shanghai, China) was inserted into the ECA and advanced 
along the internal carotid arteries until it meets resistance (occluding 
the middle cerebral artery). Sham-operated mice received the same 
anesthesia and arterial exposure, except that no MCAO procedure 
was performed. To ensure the success of the tFCI model, the blood 
flow of the middle cerebral artery branches (rCBF) was monitored by 
laser Doppler flowmetry (PeriFlux System 5001, Perimed, Jarfalla, 
Sweden) and laser speckle (PeriCam PSI System, Perimed, Jarfalla, 
Sweden). The mice with a drop of less than 75% in cerebral blood flow 
compared to pre-ischemia levels would be eliminated. Surgeries were 
performed by investigators blinded to animal genotypes and experi-
mental grouping.

Behavioral tests
Tests assessing Garcia score, rotarod test, and adhesive removal test 
were performed 1, 3, 5, 7, 14, 21, 28, and 35 days after tFCI as previ-
ously described (25). Morris water maze was performed during 29 
to 34 days after tFCI for assessment of long-term leaning/cognitive 
deficits (25). All behavioral tests were performed by an investigator 
blinded to experimental manipulations (detailed in Supplementary 
Materials and Methods).

Tissue loss measurement
Mice were euthanized and then perfused transcardially with 
phosphate-buffered saline (PBS; pH 7.4) followed by 4% (w/v) para-
formaldehyde (PFA; dissolved in PBS). Brains were harvested, fixed 
overnight in 4% PFA, and then cryoprotected in 20% sucrose in PBS 
for 1 day and in 30% sucrose in PBS for 1 day at 4°C. To measure tis-
sue defects, we performed frozen serial coronal sections of the brain 
at 25-μm thickness using a frozen sectioning machine (Leica). Im-
munohistochemical staining of 10 equally spaced coronal brain 
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sections (1.1 to −1.7 mm bregma) was performed with a neuronal 
marker, rabbit anti-NeuN antibody (1:1000, ab177487, Abcam, Cam-
bridge, MA, USA). Brain tissue loss in each section was measured us-
ing ImageJ image analysis software (National Institutes of Health, 
Bethesda, MD, USA), and the volume of tissue loss was calculated by 
subtracting the non-infarcted volume of the ipsilateral hemisphere 
from the volume of the contralateral hemisphere using numerical in-
tegration. The volume of brain tissue loss was quantified by a re-
searcher blinded to group allocation. The data were shown as the 
volume of tissue loss as a percentage of the contralateral hemi-
sphere volume.

Immunofluorescence and image analysis
Immunofluorescence staining was carried out as described previ-
ously (25). In brief, 25-μm-thick frozen coronal brain slices were 
cut, blocked (5% donkey serum), and incubated in primary anti-
bodies (diluted in 0.3% Triton X-100 of PBS containing 1% goat or 
donkey serum) at 4°C overnight. After washing, slices were incu-
bated in secondary antibodies at room temperature for 2  hours. 
Brain slices were finally mounted with DAPI Fluoromount-G 
(36308ES20, Yeasen, Shanghai, China) after washing. ImageJ and 
Imaris software were used to analyze images that were captured by a 
Nikon A1 confocal microscope. Source code for immuno-
fluorescence quantitative analysis (Fig. 6 and fig. S8) is available at 
https://zenodo.org/record/8238087.

CAP measurements
CAPs were recorded in the EC 35 days after tFCI or Sham operation. 
Mice were anesthetized with isoflurane and decapitated to remove the 
brain rapidly. Coronal brain sections were made at 350 μm using a 
vibrating microtome (1200s, Leica). Sections were transferred to arti-
ficial cerebrospinal fluid and saturated with a 95% oxygen + 5% CO2 
mixture for 0.5 hours at 32°C, followed by 1 hour at room temperature 
for recovery. A concentric stimulation electrode and a glass micro-
electrode (5 to 8 megohms) were used for stimulation and recording. 
A range of stimulation currents (0.25-mA interval from baseline up to 
2 mA) was given to elicit CAPs of EC. The amplitudes of the N1 (rep-
resenting myelinated fibers) and N2 (representing unmyelinated fi-
bers) components of the CAPs were measured by pClamp 10 software 
(Molecular Devices, San Jose, CA, USA).

Quantitative real-time PCR
Total RNA from brain tissue in the infarcted area was extracted with 
TRIzol reagent (19201ES60, Yeasen, Shanghai, China). RNA was ex-
tracted from flow-sorted microglia using RNeasy Plus Micro Kit 
(74030, Qiagen, Germany). The RNA was reverse-transcribed into 
cDNA according to the instructions of the reverse transcription kit 
(K1622, Thermo Fisher Scientific, Pittsburgh, PA, USA). Real-time 
qPCR was performed on Hieff QPCR SYBR Green Master Mix 
(11201ES08, Yeasen, Shanghai, China) as detection dye. The reac-
tion was performed at 95°C for 5 min with 40 cycles of 95°C for 10 s, 
55°C for 20 s, and 72°C for 20 s. Values were averaged for triplicate 
assays, and the relative amounts of mRNA were normalized to 
Gapdh levels.

MRI measurement
MRI machine model 11.7T (Bruker Biospin, Billerica, MA, USA) was 
used for scanning using T2WI procedures. In vivo scans were per-
formed at 3 and 14 days after tFCI in mice. The steps were as follows: 

Mice were anesthetized with 3% isoflurane and placed in the coil of 
the MRI machine for scanning. The mice were maintained in anesthe-
sia with 1% isoflurane. The body temperature was maintained, and 
the heartbeat and respiratory rate of the mice were monitored in real 
time. In vivo T2WI scan parameters were set as follows: repetition time 
(TR)/echo time (TE) = 3000/26 ms, field of view (FOV) = 18 × 18 mm, 
acquisition matrix = 256 × 256, 45 slices, slice thickness of 0.3 mm, 
two mean values, Rapid Acquisition with Relaxation Enhancement 
(RARE) factor = 8.

The ex vivo scan was performed 35 days after tFCI with the follow-
ing steps. After perfusing the mice with PBS and PFA (paraformalde-
hyde), the brains were removed by decapitation and fixed in PFA for 
24 hours. After washing PFA with PBS, the brains were air-dried, fixed 
in 5-ml test tubes containing carbon-free oil, and finally placed in the 
machine coil for scanning. The ex vivo T2WI scan parameters were set 
as follows: TR/TE = 4000/17.331636364 ms, FOV = 20 × 20 mm, 
acquisition matrix = 256 × 256, 28 slices, slice thickness of 0.4 mm, 
two averages, RARE factor = 8.

EdU injections
EdU (50 mg/kg, ST067, Shanghai Beyotime, China) was injected in-
traperitoneally every 12 hours for 1 to 3 days after tFCI to label newly 
generated cells. Microglia proliferation was detected using the Beyo-
Click EdU Cell Proliferation Kit with Alexa Fluor 594. (C0078, Beyo-
time Biotechnology, Shanghai, China).

Flow cytometry and FACS
Single-cell suspensions in all flow cytometry/FACS experiments were 
prepared following procedures as described previously (10). After 
staining, flow cytometry was performed using a Beckman CytoFLEX 
flow cytometer operated by CytExpert software. FlowJo software was 
then used to quantify proportion of positively stained cells or MFI in 
specific cell populations. In particular, flow-based cell cycle analysis 
was performed with Vybrant DyeCycle Violet Ready Flow Reagent 
(R37172, Thermo Fisher Scientific, Pittsburgh, PA, USA) following 
the manufacturer’s instructions.

For FACS, mononuclear cells were sorted using a Beckman 
CytoFLEX SRT cell sorter operated by Kaluza analysis software. 
The flow-sorted cells were then applied to qPCR, ATAC-seq, and 
RNA-seq.

Protein microarray
Ipsilateral and contralateral brain tissue proteins were extracted 3 days 
after tFCI. The protein expression of 40 inflammatory factors was 
detected by kits (RayBio C-Series Mouse Inflammation Antibody 
Array C1) 3 days after tFCI. Various factors were normalized to levels 
in the contralateral control brain, and data were expressed as 
fold change.

RNA sequencing
Isolated microglia were sent to Shanghai Megiddo Biological Pharma-
ceutical Co. Ltd. for RNA-seq. Total RNA from flow-sorted microglia 
was extracted using TRIzol reagent according to the manufacturer’s 
instructions (Invitrogen), and genomic DNA was removed using 
deoxyribonuclease I (Takara). RNA quality was assessed by 2100 
Bioanalyzer (Agilent Technologies) and quantified by ND-2000 
(NanoDrop Technologies). The library was then prepared following 
Clontech-SMART-Seq v4 Ultra Low Input RNA kit for sequencing 
using 10 ng of total RNA. Paired-end RNA-seq was performed 

D
ow

nloaded from
 https://w

w
w

.science.org at Fudan U
niversity on M

arch 10, 2024

https://zenodo.org/record/8238087


Zhang et al., Sci. Adv. 10, eade6900 (2024)     6 March 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

18 of 21

on Illumina NovaSeq 6000 sequencer [2 × 150–base pair (bp) 
read length].

FastQC (v0.11.9) was first used for quality control assessment. The 
low-quality reads (quality score lower than 20) were removed using 
Trim Galore. Paired-end clean data were then aligned to the reference 
genome (Mus musculus, UCSC mm10) using HISAT2 (v2.2.1) after 
being sorted using Samtools. After that, HTseq (v1.99.2) was used to 
quantify the number of reads mapped to each gene annotated in the 
GENCODE release M25 (GRCm38.p6). Here, a gene refers to the 
union of all its exons in any isoforms based on GENCODE annota-
tion. Alignment files were merged by group using Samtools. These 
merged files were then transformed into normalized bigwig files us-
ing BamCoverage from Deeptools and visualized on IGV.

Raw HTseq read counts were imported into R and then trans-
formed and normalized using DEseq2 (v1.32.0). The normalized 
rlog/vst-transformed counts were adjusted using the removeBatchEf-
fect from the limma package. We visualized PCA on these adjusted 
values and gene expression in different gene sets as heatmaps using 
the ComplexHeatmap package.

Differential expression analysis was performed with batch differ-
ences controlled. For pairwise comparisons, we compared miKO-
Sham to WT-Sham, miKO-tFCI to WT-tFCI, and WT-tFCI to 
WT-Sham (Padj < 0.05, |log2FC| > 0.58). Shrunk fold change pro-
duced by an adaptive shrinkage estimator ashr (76) was used for 
visualizing and ranking of genes in the following analysis. Enhanced-
Volcano package was used to visualize differential expression analysis 
results.

Using clusterProfiler R package (v4.0.5) (77), we applied DEGs 
produced from different pairwise comparisons to overrepresentation 
analysis, as well as lists of significantly expressed genes (P < 0.05) that 
were ranked according to their shrunk fold change to GSEA (default 
parameters) against Reactome pathway database. We then compared 
all the significantly enriched pathways generated from WT-tFCI ver-
sus WT-Sham to those from miKO-tFCI versus WT-tFCI and visual-
ized all the overlapping pathways via a bar plot. Of note, a positive 
normalized enrichment scores (NES) indicates that a specific gene set 
is predominantly represented at the top of the list, while a negative 
NES suggests representation toward the bottom. For instance, a posi-
tive NES for a gene set implies up-regulation in WT-tFCI versus WT-
Sham, whereas miKO-tFCI versus WT-tFCI shows a negative NES, 
indicating down-regulation of genes related to that set. Specifically, in 
this study, these bars (Fig. 4G) displayed positive NES for “WT-tFCI 
vs. WT-Sham” and negative NES for “miKO-tFCI vs. WT-tFCI.”

Gene sets, “proinflammatory genes,” or “anti-inflammatory genes” 
was produced from down-regulated genes or up-regulated genes in 
miKO-tFCI versus WT-tFCI that overlapped with respective DEGs 
that were acquired using GEO2R from either LPS and IFN-γ–stimu-
lated BMDMs versus control or IL-4–stimulated BMDMs versus con-
trol in a public dataset (GSE69607). “Microglial proliferation-related 
genes” was the union of all genes enriched for any of the altered path-
ways as shown in Fig. 3G.

ATAC sequencing
Freshly flow-sorted microglia were also collected for ATAC-seq. 
ATAC-seq library was prepared as described in a previous study. 
Microglial nuclei were first extracted with lysis buffer [0.32 M su-
crose, 5 mM CaCl2, 3 mM MgAce2, 0.1 mM EDTA, 10 mM tris-HCl 
(pH 8), and 0.1% NP-40]. Then, ATAC-seq library was constructed 
using the reagents in TruePrep DNA Library Prep Kit V2 for 

Illumina (Vazyme, TD501-02). The experimental procedure was as 
follows: Nuclei were treated with Tn5 at 37°C for 30 min. DNA was 
then purified with the MinElute Gel Extraction Kit (Qiagen, 28604) 
and eluted in 27 μl of EB buffer. Twenty-four microliters of DNA 
samples, 10 μl of 5X TruePrep Amplify Buffer, 5 μl of PCR Primer 
Mix, 1 μl of TruePrep Amplify Enzyme, and selected aptamers (5 μl 
of N5XX and 5 μl of N7XX) (Vazyme, TD202) were mixed, followed 
by PCR amplification. Library DNA was purified and size-selected 
with SPRIselect beads (Beckman, B23318). Library quality was 
checked on a Qubit and Agilent 4200 Tapestation and then sent to 
Novogene in China for paired-end sequencing on Illumina XTen 
(2 × 150–bp read length).

FastQC and data cleaning were performed as described previously. 
Paired-end clean data were aligned to the reference genome 
(M. musculus, UCSC mm10) using Bowtie2 (v2.2.5). Alignment files 
were merged and visualized as described above. Peaks were called us-
ing MACS2 v2.1.4 (--shift -100 --extsize 200–nomodel). Diffbind was 
used to analyze differential peaks. Read count on peaks was acquired 
(bUseSummarizeOverlaps  =  TRUE). Inbuilt DEseq2 was then in-
voked to perform the normalization and differential analysis, with 
batch effect considered. ATAC-seq peaks were annotated to their ge-
nomic region and proximate gene using ChIPseeker (v1.28.3) (78) 
and org.Mm.eg.db (v3.13.0) package, respectively. GSEA was per-
formed on DARs (P < 0.01) as previously described. The HOMER2 
software suite was used to perform de novo motif enrichment analysis 
of promoter-located DARs by the program “findMotifs.pl.”

For integrative analysis of bulk RNA-seq and ATAC-seq, up-/
down-regulated DEGs (Padj < 0.05 and |log2FC| > 0.58) in RNA-seq 
and open/closed DARs in ATAC-seq (Padj < 0.01 and |log2FC| > 0.5) 
generated from the comparison, miKO-tFCI versus WT-tFCI, were 
exploited. To check whether closed DARs overlap with down-
regulated DEGs more than expected, a permutation test was per-
formed with an R package regioneR by the “permTest” function 
(ntimes  =  200, randomize.function  =  randomizeRegions, evaluate.
function = numOverlaps, universe = all.genes); all consensus peaks 
were assigned to the parameter, “all.genes.”

Intracerebral injection of AAV vector expressing PU.1
The virus infecting microglia was constructed by Braincase Biotech-
nology Co. Ltd. (Shenzhen, China). In this experiment, we injected 
the control virus (rAAV-EF1a-DIO-mCherry, AAV-Control) and the 
virus overexpressing PU.1 (rAAV-EF1a-DIO-mPU.1-P2A-mCherry, 
AAV-PU.1) with a titer of ≥2.00 × 1012 Vector Genomes per ml. 
Viruses (500 nl per site) were delivered via stereotaxic injection into 
four sites [bregma: anterior-posterior (AP)  =  0.14 mm, medial-
lateral (ML) = 2.0 mm, dorsal-ventral (DV) = 2.5 mm; bregma: 
AP = 0.14 mm, ML = 2.0 mm, DV = 3.5 mm; bregma: AP = −0.34 mm, 
ML = 2.5 mm, DV = 3 mm; bregma: AP = −0.34 mm, ML = 2.5 mm, 
DV = 4 mm]. After the stereotaxic injection of the virus into the mouse 
brain, a 1-week resting period was allowed. Then, tamoxifen was 
injected intraperitoneally to induce the expression of Cre enzyme. 
The virus-infected microglia were overexpressed with PU.1. After 
1 month, the mice underwent MCAO surgery. The experiment con-
sisted of three groups: WT-tFCI-AAV-Control, miKO-tFCI-AAV-
Control, and miKO-tFCI-AAV-PU.1.

Statistical analysis
Data were expressed as means and SEM. Results were analyzed with 
GraphPad Prism software (version 8.0, La Jolla, CA, USA). Gaussian 
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distributions were tested using the Kolmogorov-Smirnov test. Data 
conforming to the Gaussian distribution were analyzed with paramet-
ric tests, while data with non-Gaussian distribution were analyzed 
with nonparametric tests. Two-tailed unpaired Student’s t test was 
used for the comparison of two sets of Gaussian distributed data. For 
non-Gaussian distributed data, the Mann-Whitney U rank sum test 
was used for one-way analysis. Unless otherwise stated, differences in 
means between multiple groups of Gaussian-distributed data were 
analyzed by ordinary one-way analysis of variance (ANOVA; F test) 
followed by Bonferroni’s multiple comparisons, and for non-
Gaussian–distributed data, Kruskal-Wallis test was used. Generalized 
estimation equation was applied to repeated-measures models (be-
havior tests, MRI, or electrophysiology) with a baseline covariant 
(e.g., preoperative value) used if available, followed by Tukey’s post 
hoc test for multiple comparison of treatment effects or interaction 
effects of treatment and time. Two-way ANOVA followed by Bonfer-
roni’s multiple comparisons was used for two-way analysis. Linear 
regression analysis was performed using GraphPad Prism software. 
Pearson correlation analysis was used to test for correlations. In all 
analyses, P < 0.05 was considered statistically significant.
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