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Intracerebral hemorrhage (ICH) is a severe neurological disease with limited treatment options. 
Microglia, the primary immune cells of the brain, contribute significantly to secondary injury 
following ICH, exhibiting heterogeneity in response across different stages of ICH. However, the 
exact mechanisms regulating this process remain incompletely elucidated. In this study, we utilized 
single-nucleus RNA sequencing (snRNA-seq) in conjunction with the ICH model of mice to establish a 
comprehensive single-nucleus transcriptomic atlas for ICH and further elucidate its pathogenesis to 
identify potential therapeutic targets. We identified five principal brain clusters with cell-type specific 
gene expression patterns. Focused on microglia and inflammation-associated subgroup, we identified 
8 distinct microglia subtypes and the key transcription factors (TFs) involved in the inflammatory 
response of microglia following ICH, including Stat2, Stat1, Irf7, Nfkb1, Etv6, Cebpb, Batf, and Bach1. 
Notably, Stat2 and Stat1 were identified as the most central TFs. In vitro experiments revealed that 
inhibiting Stat2 and Stat1 can attenuate the inflammatory response in microglia after ICH. Overall, 
our findings enhance the understanding of cell responses in ICH and highlight potential therapeutic 
targets, specifically suggesting that inhibiting STAT1 and STAT2 could mitigate microglial-mediated 
inflammation in ICH.
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Intracerebral hemorrhage (ICH) accounts for 10% − 15% of all stroke cases and is characterized by high incidence 
and mortality1. The pathophysiology involves primary injury from the hematoma and secondary injury driven 
by neuroinflammation and cell death2,3. As the brain’s resident immune cells, microglia significantly contribute 
to secondary injury post-ICH. While exacerbate damage through the release of pro-inflammatory cytokines and 
reactive oxygen species, microglia are also essential for debris clearance and tissue repair. Crucially, emerging 
evidence indicates that microglia exhibit substantial functional and transcriptional heterogeneity across different 
stages of ICH4. However, the precise regulatory mechanisms governing this dynamic microglial response, 
particularly the specific molecular drivers of their detrimental inflammatory phenotype, remain incompletely 
understood, hindering the development of targeted anti-inflammatory therapies.

In recent years, single-cell RNA sequencing (scRNA-seq) has achieved breakthroughs in the field of ICH 
research, offering a new perspective for dissecting cellular heterogeneity and the spatiotemporal dynamics of 
pathological processes. Zhang et al. were the first to establish an scRNA-seq dataset of diverse immune cell 
populations in human perihematomal edema tissues, and found that the SPP1 signaling pathway acts as a key 
bridge for crosstalk between microglial subtypes during ICH progression5. Furthermore, Wang et al. constructed 
the first full-brain spatiotemporal atlas of a mouse ICH model by integrating spatial transcriptomics (Stereo-seq) 
with scRNA-seq and identified 17 ICH-associated cell subpopulations6. However, traditional whole-genome 
RNA sequencing and scRNA-seq are sensitive to tissue dissociation stress, which tends to result in the loss 
of fragile cell types (e.g., specific neuronal subpopulations) and may obscure transcriptional information at 
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critical pathological stages. In comparison, single-nucleus RNA sequencing (snRNA-seq) can reduce cell bias 
and stress responses caused by tissue dissociation. Notably, snRNA-seq primarily captures nuclear transcripts, 
which underrepresent cytoplasmic mRNA species compared to scRNA-seq. However, this difference is offset 
by snRNA-seq’s superior ability to preserve nuclear-enriched transcripts, such as those encoding transcription 
factors and chromatin regulators, which are critical for deciphering regulatory networks in pathological 
processes. It also shows high compatibility with frozen samples, thus serving as an effective alternative and 
complement to scRNA-seq. Huang et al. combined snRNA-seq and bulk RNA-seq to reveal the molecular 
mechanism of thalamus haemorrhage-induced central poststroke pain. However, the most common area for 
spontaneous ICH is the basal ganglia region.

Transcription factors (TFs) are pivotal regulators of the cellular function. Previous studies have indicated 
that several key TFs are involved in ICH pathogenesis: the neuroprotective nuclear factor-erythroid 2-related 
factor 2 (Nrf2) mitigates ICH-induced brain injury7,8; the pro-inflammatory tonicity-responsive enhancer-
binding protein (TonEBP), which is upregulated in perihematomal microglia, exacerbates neuroinflammation 
by enhancing nuclear factor-κB (NF-κB) signaling via PELI19; and several other TFs are extensively implicated 
in ICH pathogenesis through the classic NF-κB and JAK/STAT pathways10–12. However, these discoveries 
failed to resolve the differential TF regulatory mechanisms within specific microglial subpopulations and the 
spatiotemporal dynamics of key pathways.

Accordingly, this study aims to employ snRNA-seq to build a comprehensive single-nucleus transcriptome 
map of ICH mice, systematically explore the heterogeneity of microglia at different post-ICH periods, and 
investigate the key transcription factors involved in the inflammatory response.

Result
Identification of major brain cell types and their overall changes after ICH
To explore the dynamic changes in cellular heterogeneity and differential gene expression following ICH, we 
utilized an autologous blood injection method to establish ICH mouse model. Perihematomal tissues were 
collected from ICH mice at the hyperacute phase (6 h), acute phase (24 h), and subacute phase (72 h), as well 
as from corresponding regions in the sham-operated group for snRNA-seq (Fig. 1A). After quality control, a 
total of 45,608 single-nucleus transcriptomes were obtained from the four samples. Unsupervised clustering 
analysis identified 39 distinct cell clusters (Fig. 1B). Using the sctype software and previously reported marker 
genes for brain cells, five major cell types were identified: Astrocytes (AC), Microglia (MG), Neurons(Neu), 
Oligodendrocytes (OL), and Oligodendrocyte Progenitor Cells (OPCs). Neurons were the most abundant cell 
type detected, followed by Oligodendrocytes and Microglia, with fewer Astrocytes and OPCs (Fig. 1B). And we 
validated the cell type in this study with previously published marker genes(Fig. 1D and E). Statistical analysis 
revealed that astrocytes were predominantly found in the hyperacute phase (B-hour6), OPCs had a higher 
proportion in the hyperacute phase but significantly decreased in the acute phase (C-Day1), and microglia were 
more prevalent in the subacute phase (D-Day3), while the proportion of neurons remained nearly constant 
across different stage (Fig. 1C, S1A). Functional enrichment analysis and pathway analysis revealed cell-type 
specific or shared biological and molecular function. Microglia are primarily enriched in the lysosomal pathway, 
participating in hematoma clearance and the regulation of neuroinflammation. Astrocytes are mainly enriched 
in the NOD-like receptor signaling pathway, involved in immune surveillance and inflammasome activation. 
Oligodendrocytes are predominantly enriched in lipid metabolic processes, contributing to the maintenance 
of myelin homeostasis. Oligodendrocyte precursor cells (OPCs) are mainly enriched in cell adhesion and 
differentiation, which facilitates lineage regeneration. Neurons are primarily enriched in redox reactions and 
nervous system development, potentially associated with antioxidant defense following ICH(Fig.S1B, S1C). 
These findings reflect the heterogeneity of cellular responses during different phases of ICH.

Unique gene expression characteristics of microglia subpopulations
As the resident immune cells in the brain, microglia are responsible for carrying out remarkable and multiple 
functions during ICH. In our study, we identified 3,183 microglia and eight unique cell clusters (MG0-MG7). 
MG0, MG3, and MG4 were predominantly derived from the sham and ICH-3d groups, while the MG2 
accounted for 59.57% in the ICH-6 h group and 37.84% in the ICH-1d group (Fig. 2A and B). Cluster MG0 
was characterized by high expression of homeostatic microglia marker genes(Siglech, Cx3cr1, Tmem119, 
Hexb), and functional enrichment analysis revealed associations with signal transduction, lysosome, and 
glycosphingolipid biosynthesis, indicating that MG0 represents homeostatic microglia13–15. Cluster MG1 
exhibited lower specificity in gene expression but relatively higher levels of Ccl12 and Pla2g4, suggesting that 
MG1 might be transitional or early-activated microglia16,17. Cluster MG2 showed high expression of chemokine 
genes(Ccl3, Ccl4) and proinflammatory cytokine genes (Il12b, Il1b, Tnf), and was directly enriched in the core 
inflammatory and immune response pathways (NF-κB, tumor necrosis factor (TNF), and Toll-like receptor 
signaling(TLR) pathways), indicating that MG2 is the primary cluster involved in inflammatory and immune 
responses18,19. Cluster MG3 demonstrated high expression of macrophage marker genes(F13a1, Mrc1, Dab2, 
Ms4a7), traditional M2 marker genes(Arg1, Tgfbi), and metabolism-related gene Apoe, with enrichment in 
cholesterol metabolism and intestinal immune network pathways20,21. Cluster MG4 was characterized by the high 
expression of cell proliferation-related genes (Top2a, Knl1, Kif11, Mki67), with enrichment in mitosis, cell cycle, 
and cell differentiation pathways, indicating that MG4 represents proliferating microglia21. Cluster MG5 showed 
high expression of Apod and oligodendrocyte marker genes(Plp1, Trf, and Mobp), and functional enriched in 
lipid metabolism, myelin formation and cell adhesion, which may play a significant role in oligodendrocyte 
heterogeneity, myelin maintenance, demyelination and remyelination14,22. Cluster MG6 and cluster MG7 were 
enriched in cell adhesion, neural development, synaptic transmission, and calcium signaling pathways, which 
may mainly participates in interactions with neurons (Fig. 2C, S2A, S2B).
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Furthermore, heatmap revealed the temporal dynamic changes of M1/M2 marker genes in microglial cell 
subpopulations(Fig. 2D). M1 genes such as Ccl3, Cxcl10, Il6, and Cd86 were predominantly upregulated at ICH-
6 h, whereas M2-associated genes like Tgfb1 and Arg1 were most prominently expressed at ICH-3d. Notably, 
clusters MG2-5 demonstrated higher expression of M1 genes during the hyperacute phase, while M2 genes 
were relatively upregulated during the acute and subacute phases, suggesting a potential transition from M1 to 
M2 phenotypes in these microglial subtypes throughout the progression of ICH. Conversely, the MG1 cluster 
exhibited similar levels of M1 and M2 gene expression, while MG0, MG6, and MG7 consistently showed higher 
expression of M2-associated genes across different time points. Collectively, this section reveals the pronounced 
heterogeneity of microglial responses across different ICH phases.

Temporal diversification and functional reprogramming of microglia after ICH
To explore the differentiation trajectory of microglia following ICH, we used Monocle2 analysis and found 
five distinct microglial states (S1-S5) and two major differentiation pathways (Fig. 3A and B). S1 showed high 
expression of Pchd9, Apod, Phactr1, related to cell adhesion and neurodevelopment; S2 had elevated levels of 
metabolism-related gene(APOE, SAA3) and cell proliferation-related genes (Top2a); S3 specifically expressed 

Fig. 1.  Single nucleus RNA-seq analysis of brain tissue of mouse recapitulates transcriptome atlas in ICH. (A) 
Graphical diagram of single nucleus isolation and RNA-seq experimental setup. (B) UMAP plot of composite 
single-cell transcriptomic profiles from all 4 samples. Sample origin, cell clustering, and cell annotation results 
are shown from left to right. (C) Bar plot comparing the proportions of cell populations of each cell type 
within each sample group. (D) Unsupervised clustering heatmap showing the expression of representative 
genes annotated by cell types in each cell type. (E) UMAP showing the expression of selected marker genes. 
Oligodendrocyte Progenitor Cells (OPC).
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pro-inflammatory genes such as Ccl3, Ccl4, Ccl5 and Tnf; S4 was characterized by signature genes involved in 
apoptosis and endocytosis (Ccnd3, Entpd1 (CD39), Siglech (CD33), Ctsd); S5 was enriched in neuroprotective 
genes (Arg1, F13a1, Tgfbi). Over the post-ICH timeline, microglial state distribution evolved: primarily in 
homeostatic/proliferative states S1/S2 (sham), shifting acutely to inflammatory state S3 (ICH-6 h, ICH-1d), and 
progressing by ICH-3d to a broad distribution encompassing all states, with a significant presence in phagocytic/
repair state S4. (Fig. 3C-F).

To identify dynamic gene expression patterns after ICH, we employed time course sequencing data 
analysis(TCseq) and 10 time-dependent gene clusters (Cluster 1–10) were revealed (Fig. 4A-C). Three clusters 
(Cluster 2, 8, 10) demonstrated significant associations with neuroinflammatory processes and microglial 
activation dynamics. Clusters 2 and 10 exhibited hyperacute upregulation followed by downregulation, with 
enrichment in inflammatory responses. Cluster 2, enriched in immune response, TNF production, NF-κB 
signaling, was implicated in initiating pro-inflammatory microglial activation (M1-like polarization). Cluster 
10 was enriched in positive regulation of TNF and IL-4 production, suggesting a transient immunomodulatory 
response, potentially involving early anti-inflammatory/reparative (M2-like) microglial functions. Cluster 
8 showed sustained expression during hyperacute and acute phases, enriched in inflammatory responses, 
translation, and gene expression regulation, indicating a role in maintaining microglial activity and facilitating 
functional adaptation. Conversely, Clusters 1, 3, and 9 were acutely upregulated, reflecting specialized microglial 
adaptations during tissue damage resolution: Cluster 1, enriched in lipid metabolism, ER stress, and protein 
folding, suggests involvement in lipid processing for membrane repair/efferocytosis and managing cellular stress. 
Cluster 3, characterized by enrichment in cell adhesion and migration, implicates enhanced microglial motility 
for targeted recruitment to lesion sites. Cluster 9, showing enrichment in chemical synaptic transmission and 
ion transport, may modulate neuron-microglia communication or synaptic environment remodeling.Clusters 

Fig. 2.  Subpopulation analysis of microglia. (A) UMAP shows the regrouping of microglia; (B) The bar graph 
showing the proportion of different subsets of microglial cells in each sample. (C) Expression of Top 3 marker 
genes in each subgroup of microglia. (D) Unsupervised clustering heatmap showing relative expression (z 
score, row scaled) levels of M1 and M2 marker genes in microglia.
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4–7 exhibited hyperacute downregulation followed by upregulation, indicating a shift towards reparative and 
homeostatic functions: Cluster 4, enriched for processes related to endocytosis and phagocytosis, directly 
supports phagocytic clearance (efferocytosis) of debris. Cluster 5, associated with GTPase activity, intracellular 
signaling, and phosphorylation, facilitates intracellular signaling required for functional responses. Cluster 
6, enriched in cell cycle and differentiation, may relate to microglial proliferation or phenotypic modulation. 
Cluster 7, showing enrichment in lipid metabolism, apoptosis, and neurodevelopment, points to roles in 
lipid homeostasis, regulated cell death, and potential neurorestorative processes(Fig. 4B and D). Collectively, 
these temporally regulated clusters delineate the transition of microglia from initial hyperinflammatory states 
(Clusters 2,8,10) towards damage resolution, homeostasis restoration, and potential repair (Clusters 1,3,4–7,9) 
following ICH.

Identification of key transcription factors in microglial inflammatory response after ICH
To further identify the key transcription factors (TFs) involved in regulating neuroinflammation in microglia, 
we employed SCENIC analysis to construct transcriptional regulatory networks and selected Regulon with score 
> 20 to display. We mainly focused on the gene clusters associated with inflammation and immune responses, 
including Cluster 2, Cluster 8 and Cluster 10. The key TFs in microglial inflammatory response after ICH 
included Stat2, Stat1, Irf7, Nfkb1, Etv6, Cebpb, Batf, and Bach1. Notably, Stat2 and Stat1 were identified as the 
most central TFs. Notably, Cluster 8 displayed lower regulon scores across its TFs, with Stat2, Stat1, and Irf7 
regulating the largest number of target genes. As shown in Fig. 5A, Stat2 and Stat1 co-regulated a significant 
number of interferon-stimulated genes(ISGs), including ubiquitin-specific peptidase 18 (Usp18) and several 
from the tripartite motif-containing protein (TRIM) family. USP18 is arguably the ISG with the most important 

Fig. 3.  Trajectory analysis of microglia. (A). Pseudotime analysis of microglia using Monocle, display based 
on state progression through pseudotime (B), Seurat-based clusters (C) and tissue origin (E).  (D)  The bar 
showing the proportion of microglia in each group in different states through pseudotime (F). Unsupervised 
clustering Heatmap showing relative expression (z score, row scale) levels of pseudotime state marker genes in 
microglia.
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role in establishing and maintaining long-term desensitization to type I interferon(IFN) signaling23. TRIM14, 
TRIM25, and TRIM30 function downstream of interferon as well as pathogen-recognition receptors, and 
modulate innate immune responses to bacterial and viral infections by regulating the activation of interferon-
regulatory factor 3 (IRF3), IRF7, and NF-κB24–26. Irf7 was found to regulate chemokine genes such as Cxcl10, 
interferon-induced GTP-binding protein genes Gbp2 and Gbp5, and interleukin-12B (Il12b). Irf7 also interacts 
with Stat2 and Stat1, with a particularly strong interaction with Stat2. Enrichment analysis indicated that the 
target genes regulated by Stat2, Stat1, and Irf7 are primarily involved in inflammatory and immune responses, 
with significant enrichment in the TNF signaling pathway and NOD-like receptor signaling pathway. In Cluster 
10, the key TFs included Nfkb1, Etv6, and Cebpb. Cebpb encodes the CCAAT Enhancer Binding Protein Beta 
(C/EBPβ), which upregulates the expression of pro-inflammatory and neurodegeneration-associated genes 
in microglia27(Fig. 5B). As depicted in Fig. 5C and E and Fig.S3A, Stat2, Stat1, and Irf7 exhibited heightened 
regulatory activity in microglia across different samples, particularly in the ICH-6 h sample, with the key TFs 
from Cluster 2 showing predominant expression in the MG2 cluster. Additionally, SCENIC analysis for MG2 
cluster, the main inflammation-related microglial subcluster post-ICH, revealed similar result to the combined 
of Cluster 2, Cluster 8, and Cluster 10 (Fig.S3B). In this study, Stat2 was found to be the TF with the highest 

Fig. 4.  The dynamic expression patterns of microglia genes after ICH. (A) The bar plot showing the number 
of differential genes up-regulated and down-regulated in microglia. Red are up-regulated genes and blue 
are down-regulated genes. (B) Analysis of microglial differential genes by TCseq analysis according to their 
expression patterns during disease progression. (C) The bar plot showing the number of microglia’s differential 
genes in TCseq cluster. (D) Gene ontology enrichment analysis of biological processes of each TCseq cluster. 
Top 3 terms were selected for each cluster and heatmap showing the enrichment q-value of these terms (scaled 
by column).
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transcriptional activity and the largest number of target genes in inflammation-related microglia after ICH, and 
it mainly co-regulated a large number of target genes with Stat1.

Inhibition of Stat1 and Stat2 alleviates microglial inflammatory response post-ICH
We validated the role of Stat2 and Stat1 in the microglial inflammatory response in both in vivo and in vitro 
models (Fig.S4A, S4B). In the in vivo model, RT-qPCR and WB demonstrated a significant upregulation of 
Stat1 and Stat2 gene expression in the perihematomal tissue of mice at 6 h and 24 h post-ICH, with expression 
levels decreasing by 72 h (Fig. 6A, S4C, S4D). For the in vitro model, primary microglial cells were treated with 
20 µM Hemin to simulate ICH conditions(Fig.S4B). We utilized siRNA transfection to respectively inhibit the 
expression of STAT1 and STAT2 (Fig. 6B, S4E, S4F). RT-qPCR results showed that down-regulated STAT1 and 
STAT2 inhibited the expression of proinflammatory genes Cd86, Tnfa and Il6, but had no significant effect on 
anti-inflammatory gene Tgfb after ICH(Fig. 6C). To further elucidate the role of Stat1 and Stat2 in microglial 
polarization post-ICH, we used relative mean fluorescence intensity (MFI) to evaluate the expression of the 
traditional M1 marker FcγR III/Ⅱ (CD16/32) and M2 marker arginase1 (Arg1). The immunofluorescence 
results indicated that the downregulation of STAT1 and STAT2 reduced the expression of CD16/32 in microglia 
after ICH, but had no significant effect on Arg1 (Fig. 6D and E). Overall, the significant suppression of canonical 
M1 markers (Cd86, Tnfa, Il6 at mRNA level; CD16/32 at protein level) demonstrates that Stat1/2 knockdown 
inhibits microglial inflammatory response post-ICH.

Fig. 5.  Identification of key transcription factors in microglial inflammatory response after ICH. 
Transcriptional regulatory network of microglia gene group Cluster 2 (A) and Cluster 10 (B). Regulon with 
score > 20 was selected for visualization, where the red diamond represented transcription factors, the blue oval 
represented target genes, and the line represented the co-expression association. (C). Gene ontology enriched 
biological processes for key transcription factors in Cluster 2. D. Significantly enriched KEGG pathways for key 
transcription factors in Cluster 2 (Kanehisa & Goto, 2000). E. Expression of key TFs in microglia subgroups.
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Fig. 6.  Functional validation of STAT1 and STAT2 in in vitro and in vivo ICH models. (A) Western blotting 
was performed to detect the expression of STAT1 and STAT2 in the perihematoma tissue of ICH mouse 
model, n = 3. (B) Primary microglia were transfected with siRNA for 48 h, and the expression of STAT1 and 
STAT2 was detected by WB, n = 3. (C) After siRNA transfection inhibited the expression of Stat1 or Stat2 in 
primary microglia, ICH models were constructed in vitro, and the expression levels of Cd86, Tnfa, Il6 and Tgfb 
genes were detected by qPCR, n = 4. (D) CD16/32 and Arg1 immunofluorescence staining of ICH model in 
vitro after transfection with siRNA, scale = 50 μm. (E) Relative mean fluorescence intensity (MFI) statistics of 
CD16/32 and Arg1, n = 4, each with at least 3 fields of view. ns, no statistically significance, *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. Data are presented as mean ± SEM. A two-sample t-test was employed for 
comparisons between two groups, while one-way ANOVA was used for comparisons among multiple groups.
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Discussion
In this study, we employed snRNA-seq to reveal the cellular heterogeneity following ICH, and to identify 
the functional changes in specific cell types involved in neural injury and repair. Among the five major cell 
subpopulations identified in our study, neurons constituted the majority of all detected cells, followed by 
oligodendrocytes and microglia, and fewer OPCs and astrocytes, which was consistent with the general trend 
of previous snRNA-seq results in mouse brain tissue28. Endothelial cells and smooth muscle cells were not 
found in cell annotation, which may be due to the small number of cells and low expression level of marker 
genes. Compared to scRNA-seq, snRNA-seq effectively reduces cell bias and stress responses caused by tissue 
dissociation, and it is suitable for frozen samples, making it more potential for research on human brain 
specimens29. However, snRNA-seq lacks transcriptome data from the cytoplasm, which, although it reduces 
background noise in gene detection, also limits the sensitivity for detecting certain genes30,31. Thus, integrating 
snRNA-seq with scRNA-seq and other omics technologies could provide a more comprehensive understanding 
of cellular heterogeneity in neurological diseases.

Previous studies have demonstrated that following ICH, microglia rapidly undergo activation into the M1 
phenotype, with their numbers peaking within 6 h to 1 day. Subsequently, M2 microglia emerge more than 1 
day after ICH onset and gradually increase in number, reaching a peak around 14 days. By the time of 21 days 
post-ICH, both M1 and M2 microglia return to baseline levels32. In the pseudotime series analysis, microglia in 
S5 state exhibited high expression of marker genes for the M2-type microglia (Arg1 and Tgfbi); however, their 
abundance was limited. This limitation may be attributed to the narrow sampling timeframe employed in this 
study since neuroprotective microglial subtypes were still present at low levels. To comprehensively investigate 
phenotypic transformation towards neuroprotective subtypes, it may be necessary to add samples of chronic 
phase.

We found that Stat1, Stat2 and Irf7 are the primary TFs in inflammation-associated microglia following ICH. 
Notably, these TFs also exhibited enriched activity in one of the most inflammatory ischemic injury-associated 
microglial subclusters in another scRNA-seq study of ischemic stroke, which further confirms the significant role 
of JAK/STAT pathway in neuroinflammation33. Type I and III interferon signals activate TYK2 and JAK1, leading 
to the binding of STAT1 and STAT2 to form heterodimers or homodimers. The STAT1:STAT2 heterodimer 
combines with interferon regulatory factor 9 (IRF9), constitute the interferon-stimulated gene factor 3 (ISGF3) 
complex. ISGF3 translocates to the nucleus and binds to interferon-stimulated response elements (ISRE), directly 
driving the transcription of interferon-stimulated genes (ISGs) that encode key pro-inflammatory cytokines and 
chemokines(e.g., CXCL10, CCL5). The induced IRF7 further stimulates the expression of type I interferons 
through a positive feedback loop34,35. Additionally, even without IFN stimulation, STAT2 homologous dimers 
can also bind to IRF9 and ISRE to drive low but persistent ISGs expression34,36. Wang et al. demonstrated that 
curcumin alleviates ICH-induced neuronal apoptosis and neuroinflammation by inhibiting the JAK1/STAT1 
pathway37. On the other hand, the absence of Stat2 downregulates NF-κB target genes by impairing NF-κB 
nuclear translocation, thereby suppressing the inflammatory response38. These findings collectively suggest that 
early administration of JAK/STAT pathway inhibitors following ICH may suppress neuroinflammation and 
mitigate associated neurological damage.

Despite the insights gained into cellular heterogeneity after ICH, this study has several limitations. First, 
the autologous blood ICH model primarily simulates hematoma compression and the resulting inflammatory 
response, with minimal microvascular rupture and less severe blood-brain barrier disruption39,40, which may 
limit the generalizability of the findings. Second, siRNA transfection may lead to off-target effects or transient 
inhibition of gene expression, and the functional validation of Stat1 and Stat2 was limited to in vitro ICH 
model, without exploring the detailed mechanisms of their signaling pathway. Future studies should focus 
on the phosphorylation status of these TFs and their interactions to comprehensively elucidate their roles in 
the inflammatory response following ICH and other neurological diseases. Additionally, while animal models 
have been instrumental in this research, applying these findings to humans remains a challenge. Obtaining 
perihematomal tissue from human ICH cases suitable for single-cell sequencing will be a crucial step in future 
research.

Conclusion
This study has preliminarily constructed a single-cell transcriptomic atlas of ICH, identified 8 subtypes of 
microglia after ICH, and uncovering the critical transcription factors involved in the microglial inflammatory 
response after ICH, particularly Stat1 and Stat2. We believe these findings not only enhance our understanding 
of cellular heterogeneity and microglial function in ICH but also provide new targets and directions for future 
research into the mechanisms and treatment of ICH.

Materials and methods
Animals
Adult Male C57BL/6 mice, aged 8–10 weeks and weighing 24–26 g, were purchased from Liaoning Changsheng 
Biotechnology Co., Ltd. C57BL/6J neonatal mice (within 3 days of birth) were purchased from Shulaibao 
(Wuhan) Biotechnology Co., Ltd. The mice were housed in a stable and suitable barrier system with controlled 
temperature and humidity, maintaining a regular 12-hour light/dark cycle with free access to food and water. All 
experiments conducted in this study were approved by the Ethics Committee of Tongji Hospital, affiliated with 
Tongji Medical College, Huazhong University of Science and Technology (No.TJH-201909015). Animal care 
and experimental procedures were strictly conducted following institutional guidelines and complied with the 
ARRIVE guidelines.
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Mouse model of ICH
The model of basal ganglia ICH in mice was established by autologous blood injection. Mice were anesthetized 
with an intraperitoneal injection of 1% pentobarbital sodium (70 mg/kg; National Pharmaceutical Chemical 
Reagent Co., Ltd., Shanghai, China), and blood was collected from the retro-orbital venous plexus. 30 µl blood 
were stereotactic injected into the basal ganglia (AP: +0.5 mm; ML: -2 mm; DV: -3.5 mm) at 1 µl/min. The 
sham group were injected equal volume of PBS. After 10-minute pause, the needle was withdrawn slowly. 
Postoperative mice were placed on a thermostatic heating pad until recovery, after which they were returned to 
the housing environment.

Sample Preparation
Mice were sampled at designated time (sham, 6 h, 24 h, 72 h) after ICH modeling. Mice were euthanized with 1% 
pentobarbital sodium overdose anesthesia. Brain samples were obtained using brain matrix (1 mm, RWD Life 
Science, Shenzhen, China). For snRNA-seq, the brain was taken after cardiac perfusion. Deep anesthesia was 
induced using 1% sodium pentobarbital, and intracardial perfusion was performed with sterile PBS pre-cooled 
to 4 °C. The brains were rapidly extracted and quickly washed in sterile PBS, blotted dry on absorbent paper, and 
tissues surrounding the hematoma totaling 3 mm anterior and posterior to the injection site were collected using 
brain matrix, and the residual intracranial hematoma was removed. Samples were placed in 2 ml cryotubes and 
rapidly frozen in liquid nitrogen for storage. For snRNA-seq, three mice were prepared per group, resulting in a 
total of 12 adult mice. All 12 mice were verified to have successful ICH model establishment through behavioral 
and histological assessments, with no animals excluded due to experimental failure. For sequencing, one sample 
per group was selected based on comprehensive evaluations of behavioral performance, hematoma size and 
location, as well as sample quality.

Single-Nucleus RNA sequencing
Sample processing and library construction
Single-nucleus isolation was performed using the Chromium Nuclei Isolation Kit 16 rxns (10x Genomics, 
Pleasanton, CA, USA) according to the manufacturer’s instructions. Then, 9 µl aliquot of the nuclear suspension 
was mixed with 1 µl of trypan blue, and the concentration of nuclei was determined under a microscope using 
a hemocytometer, with the count averaged over three replicates. The concentration of the nuclei suspension 
was adjusted to approximately 1,000 nuclei/µl by adding Wash and Resuspension Buffer. Library construction 
was carried out using the Chromium Next GEM Single Cell 3ʹ Reagent Kits v.3.1 (10x Genomics, Pleasanton, 
CA, USA). After quality control, the libraries were sequenced on the DNBSEQ platform, and FASTQ data were 
exported for subsequent analysis.

Date processing and quality control
Sequencing data were processed using Cell Ranger (v5.0.1) against the mm10 reference genome and transcriptome 
(refdata-gex-mm10-2020-A). UMI count matrix was converted into a Seurat object by the R package Seurat 
(version 4.0.4)41. Cells with UMI numbers < 1000, and detected genes < 500 and over 15% mitochondrial-derived 
UMI counts were considered low-quality cells and removed. Genes detected in less than 5 cells were removed 
for downstream analyses.

Dimension reduction、unsupervised clustering and Cell-type annotation
After quality control, the UMI count matrix was log normalized. Then top 2000 variable genes were used to 
create potential Anchors with FindIntegrationAnchors function of Seurat. Subsequently, IntegrateData function 
was used to integrate data. To reduce the dimensionality of the snRNA-seq dataset, principal component analysis 
(PCA) was performed on an integrated data matrix. With Elbowplot function of Seurat, top 50 PCs were used to 
perform the downstream analysis. The main cell clusters were identified with the FindClusters function offered 
by Seurat, with resolution set as default (res = 0.6). Finally, cells were clustered into 39 major cell types. And 
then they were visualized with tSNE or UMAP plots. To identify the cell type for each cluster, we detected gene 
markers for each cell clusters using the “FindMarkers” function in Seurat package (v4.0.4), then we annotated 
cell types using ScType tools with expanded previously published marker genes of neurons and glial cells42.

Differential gene expression analysis
Differentially expressed genes (DEGs) were determined with the FindMarkers function from the Seurat package 
(one-tailed Wilcoxon rank sum test, pvalues adjusted for multiple testing using the Bonferroni correction). For 
computing DEGs, all genes were probed that the expression difference on a natural log scale was at least 0.5 and 
the difference of percent of detected cells was at least 0.15 and adjusted pvalue was less than 0.05.

Functional enrichment analysis
Gene Ontology (GO) terms and Kyoto encyclopedia of genes and genomes (KEGG) pathways were identified 
using KOBAS 2.043–45. Hypergeometric test and Benjamini-Hochberg FDR controlling procedure were used to 
define the enrichment of each term.

Pseudotime analysis
Monocle2(v2.18.0) was used for pseudotime analysis46. DDRTree method with default parameters was used for 
dimensionality reduction, and branch expression analysis modelling (BEAM) was used to identify specific genes 
enriched along the evolutionary tracks of each branch. Branch heat maps were created using significant clad-
specific genes (q < 5 × 10− 5), and various patterns derived from each pseudo-temporal analysis were analyzed 
by GO.
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Time-dependent expression pattern analysis
TCseq packages(​h​t​t​p​s​:​​/​/​b​i​o​c​​o​n​d​u​c​t​​o​r​.​o​r​g​​/​p​a​c​k​​a​g​e​s​/​r​​e​l​e​a​s​e​​/​b​i​o​c​/​​h​t​m​l​/​T​C​s​e​q​.​h​t​m​l​)​w​e​re exploited to identify 
time-dependent transcriptional alterations in disease progression. First, the average expression level log 2 
(TPM/10 + 1) of each gene in each stage among single cells was calculated. Then, the ‘timeclust’ function was 
used to cluster different expression patterns.

Transcription factors analysis
From AnimalTFDB website (http://bioinfo.life.hust.edu.cn/AnimalTFDB#! /) obtained 1623 transcription 
factors (TFs) in mice and 970 TFs target genes, using pySCENIC package (v0.11.2, https://scenic.aertslab.org/) 
transcription regulation network analysis was carried out on the microglia. TFs were extracted from microglia 
respectively and co-expression analysis was performed. Co-expression associations of TF and targeted genes 
were built by the “grn” algorithm from the SCENIC python workflow (version 0.11.2) using default parameters 
(http://scenic.aertslab.org)47. Activated TFs were identified in the AUC matrix. Networks of the modules with 
TF and their target genes were visualized by Cytoscape (v3.9.1, https://cytoscape.org/).

Cell culture and ICH model in vitro
Primary microglia were isolated using the differential adhesion method. Briefly, mixed glial cell cultures were 
obtained from the brains of neonatal C57BL/6J mice (within 3 days old) and were initially cultured in poly-D-
lysine (PDL)-coated flasks. The cells were maintained in DMEM/F12 medium supplemented with 20% fetal 
bovine serum (FBS) at 37℃ in a 5% CO2 incubator. After 3 days, the medium was replaced with DMEM/high 
glucose containing 20% FBS, and the medium was half changed every 3 days. When the astrocytes had reached 
confluency and a significant number of microglia had adhered to the surface, the microglia were separated and 
purified with shaking method. Immunofluorescence staining was performed using an Iba-1 antibody to identify 
the extracted primary microglia, with a cell purity of over 90%.

To establish an in vitro ICH model, primary microglia were treated with hemin (Sigma-Aldrich, St. Louis, 
MO, USA)48. The appropriate concentration of hemin was determined using the Cell Counting Kit-8 (CCK-8). 
Briefly, primary microglia were seeded at a density of 5000 cells/well in 96-well plates and incubated for 24 h to 
allow for adherence. Hemin was then added to the medium at various concentrations (0, 5, 10, 20, 30, 40, 50, 
70, and 100 µM) and cultured for 24 h. Cell viability was assessed, and the concentration of hemin that resulted 
in a 50% reduction in cell viability compared to the control group was selected for subsequent experiments to 
simulate the in vitro ICH microenvironment.

Cell transfection
Primary microglia cultured for 48  h were transfected with siRNAs when the cell density reached 70–90%. 
Transfection was performed using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA) 
according to the manufacturer’s instructions. Lipofectamine 3000 (3 µL) was diluted in 62.5 µL Opti-MEM 
(Gibco, Grand Island, NY, USA). Separately, 62.5 µL Opti-MEM was used to dilute the target gene inhibitor or 
NC inhibitor (3 µL). The two dilutions were then mixed together and incubated at room temperature for 15 min. 
The resulting mixture was added to each well, bringing the final concentration of the target gene inhibitor or 
NC inhibitor to 30 nM in a total volume of 869 µL Opti-MEM per well. The cells were then incubated at the 
incubator. After 48 h of transfection, total RNA was extracted, and the expression levels of the target gene were 
measured by qPCR to evaluate transfection efficiency. The siRNA used in this study was purchased from RiboBio 
Co., Ltd. (Guangzhou, China), and the sequences are as follows:

si-Stat1: 5’-​G​C​A​G​C​A​C​A​A​C​A​T​A​C​G​G​A​A​A-3’.
si-Stat2: 5’-​G​G​G​T​G​T​T​A​C​T​A​C​C​A​G​G​A​A​A-3’.

Protein extraction and Western blot (WB)
Perihematomal tissues and primary microglial cells were lysed in ice with RIPA buffer solution (Beyotime, 
Shanghai, China) supplemented with phenylmethylsulfonyl fluoride (PMSF) (1:100, Sigma, St. Louis, MO, 
USA), phosphatase, and proteinase inhibitors (1:100, both Cell Signaling Technology, Danvers, MA, USA). 
Protein concentrations were measured by using the BCA Protein Assay Kit (Beyotime, Shanghai, China). 
Equal quantities of protein (20 µg/lane for tissue and 30 µg/lane for cell) were subjected to 10% SDS-PAGE 
for electrophoresis separation and then transferred to PVDF membranes. Subsequently, the membranes were 
incubated with QuickBlock™ Blocking Buffer for Western Blot at room temperature for 15 min to block non-
specific binding, and were incubated overnight at 4 ℃ with the primary antibodies STAT1, STAT2 and β-actin 
(1:1000, Cell Signaling Technology, #14994, #72604 and #4970). Next, the membranes were incubated with 
Goat Anti-Rabbit IgG-HRP and Goat Anti-Mouse IgG-HRP secondary antibodies (1:10,000; Proteintech Group, 
#SA00001-2 and #SA00001-1 ) at room temperature for 1 h. Protein bands were visualized utilizing enhanced 
chemiluminescence reagents ((ECL Prime Western Blotting Detection Reagent, Beyotime, Shanghai, China) 
and imaged with ChemiDoc MP system (Bio-Rad, Hercules, CA, USA). Band intensities were semi-quantified 
utilizing ImageJ software.

Immunofluorescence
Primary microglia were seeded on PDL-coated coverslips in 12-well plates. At the designated experimental time 
points, the cells were fixed with 4% paraformaldehyde solution for 15–20 min. Permeabilization was carried 
out using an IF permeabilization solution for 30 min. Non-specific binding was blocked at room temperature 
using an IF blocking solution for 1 h. The cells were then incubated overnight at 4℃ with the following primary 
antibodies: Iba1 (1:500, WAKO, #019-19741), CD16/32 (1:100, Thermo Fisher Scientific, #14-0161-82) and 
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Arg1 (1:100, Abcam, #ab91279). Subsequently, the cells were incubated for 1 h in the dark with the secondary 
antibodies: Alexa Fluor® 594-conjugated Goat Anti-Mouse IgG (H + L) (1:200, Thermo Fisher, #A-11005) and 
Alexa Fluor® 488-conjugated Goat Anti-Rabbit IgG (H + L) (1:200, Abcam, #ab150077). Finally, the coverslips 
were mounted using an anti-fade mounting medium containing DAPI.

RNA extraction and quantitative Real-Time polymerase chain reaction (qPCR) analysis
Total RNA was extracted using RNAiso Plus (Takara, Japan) according to the manufacturer’s instruction and 
quantified with a spectrophotometer. The cDNA was synthesized using PrimeScript™ RT Master Mix (Takara, 
Japan), and then RT-qPCR was performed using TB Green® Premix Ex Taq™ II (Takara, Japan). The relative 
expression levels of genes were calculated using the 2-∆∆CT method with Gapdh as the internal control gene. 
The primers were synthesized by Tsingke Biological Technology (Beijing, China), and their sequences are as 
follows:

The forward primer of GAPDH: 5′ ​G​G​T​T​G​T​C​T​C​C​T​G​C​G​A​C​T​T​C​A 3′,
The reverse primer of GAPDH: 5′ ​T​G​G​T​C​C​A​G​G​G​T​T​T​C​T​T​A​C​T​C​C 3′.
The forward primer of STAT1: 5′ ​T​C​A​C​A​G​T​G​G​T​T​C​G​A​G​C​T​T​C​A​G 3′,
The reverse primer of STAT1: 5′ ​C​G​A​G​A​C​A​T​C​A​T​A​G​G​C​A​G​C​G​T​G 3′.
The forward primer of STAT2: 5′ ​G​T​T​A​C​A​C​C​A​G​G​T​C​T​A​C​T​C​A​C​A​G​A 3′,
The reverse primer of STAT2: 5′ ​T​G​G​T​C​T​T​C​A​A​T​C​C​A​G​G​T​A​G​C​C 3′.
The forward primer of IL6: 5′ ​C​T​G​C​A​A​G​A​G​A​C​T​T​C​C​A​T​C​C​A​G 3′,
The reverse primer of IL6: 5′ ​A​G​T​G​G​T​A​T​A​G​A​C​A​G​G​T​C​T​G​T​T​G​G 3′.
The forward primer of TNFA: 5′ ​C​A​G​G​C​G​G​T​G​C​C​T​A​T​G​T​C​T​C 3′,
The reverse primer of TNFA: 5′ ​C​G​A​T​C​A​C​C​C​C​G​A​A​G​T​T​C​A​G​T​A​G 3′.
The forward primer of CD86: 5′ ​G​A​C​C​G​T​T​G​T​G​T​G​T​G​T​T​C​T​G​G 3′,
The reverse primer of CD86: 5′ ​G​A​T​G​A​G​C​A​G​C​A​T​C​A​C​A​A​G​G​A 3′.
The forward primer of TGFβ: 5′ ​T​G​C​G​C​T​T​G​C​A​G​A​G​A​T​T​A​A​A​A 3′,
The reverse primer of TGFβ: 5′ ​C​G​T​C​A​A​A​A​G​A​C​A​G​C​C​A​C​T​C​A 3′.

Statistical analysis
GraphPad Prism 9 software was used for both data visualization and statistical analysis. Experimental data are 
presented as mean ± standard error of the mean (SEM). A two-sample t-test was employed for comparisons 
between two groups, while one-way analysis of variance (ANOVA) was used for comparisons among multiple 
groups. Statistical significance was defined as P < 0.05.

Data availability
The data supporting the findings of this study have been deposited in the Gene Expression Omnibus (GEO) da-
tabase under accession number [GSE279874]. These data are currently under private status until the publication 
of this manuscript. Following acceptance and publication of the article, the data will be immediately released to 
the public, superseding the original embargo date (February 20, 2026). During the peer review process, review-
ers can access the data using the following secure token: atsteuqanzajhgb, via the GEO private review link: https:​​​
//w​ww.n​cbi​.nl​m.n​ih.​gov/g​eo/​que​ry​/​acc.cgi?acc=GSE279874.
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