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Abstract 

Background Meningeal lymphatic vessels (mLVs) play a critical role in clearing erythrocytes from the subarachnoid 
space and immune cells from the brain parenchyma following subarachnoid hemorrhage (SAH). However, the drain-
age function of mLVs is impaired during the acute stage after SAH and gradually recovers in the subacute phase. We 
aimed to investigate the meningeal transcriptional response post-SAH and elucidate the dynamic influence of menin-
geal microenvironment on meningeal lymphatic function.

Methods We employed bioinformatics analysis of single-cell RNA sequencing and spatial transcriptomics to charac-
terize the spatiotemporal dynamic changes in the early meningeal microenvironment post-SAH. In a mouse model 
of SAH, the early dynamic changes of the meningeal immune cells and the potential growth factor that promoted 
the early repair of the mLVs were further investigated and validated.

Results During the acute phase, myeloid cells early infiltrated the meninges and triggered inflammatory responses. 
In the subacute phase, the fibroblast population expanded significantly, contributing to tissue remodeling. The inter-
play between immune cells and fibroblasts regulated cell migration and phenotypic transition, potentially affecting 
the function of mLVs. Notably, placental growth factor (PGF) emerged as the most prominent ligand within the VEGF 
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signaling pathway received by meningeal lymphatic endothelial cells (mLECs) post-SAH. This signaling event 
was associated with the early recovery of mLVs after acute immune responses.

Conclusions Our study revealed a spatiotemporal transformation of the meningeal microenvironment 
from an “inflammatory response” phase to a “tissue remodeling” phase following SAH. Monocyte-derived mac-
rophages and self-recruiting neutrophils contributed to impairment of mLVs in the acute stage, while PGF might serve 
as a key factor promoting early meningeal lymphatic function repair following the inflammatory response. These find-
ings provided novel insights into the cellular dynamics underlying mLVs dysfunction and recovery post-SAH.

Keywords Subarachnoid hemorrhage, Meningeal lymphatic function, Meningeal microenvironment, Immune-
fibroblast crosstalk, Single-cell RNA sequencing, Spatial transcriptomics

Graphical Abstract

Introduction
The meninges serve as a crucial peripheral barrier of 
the central nervous system (CNS), providing struc-
tural support while accommodating diverse immune 
cells and fibroblasts [1]. The discovery of meningeal 

lymphatic vessels (mLVs) within the dura mater has 
significantly expanded our understanding of CNS 
immune regulation and metabolic waste clearance 
[1]. Beyond waste removal, mLVs actively participate 
in immune surveillance, and their function is closely 



Page 3 of 22Zhu et al. Journal of Neuroinflammation          (2025) 22:131  

regulated by meningeal immune cells [2]. Additionally, 
immune-fibroblast crosstalk plays a role in shaping the 
inflammatory response, tissue remodeling, and fibrosis 
within the meninges [3, 4].

The dysfunction of mLVs has been implicated in 
multiple CNS disorders. In neurodegenerative diseases 
such as Alzheimer’s disease and Parkinson’s disease, 
impaired meningeal lymphatic drainage exacerbates 
pathological protein deposition, neuroinflammation, 
and neuronal damage. Conversely, enhancing the 
meningeal lymphatic function alleviates these patho-
logical manifestations [5, 6]. In acute CNS injuries, 
such as traumatic brain injury and stroke, mLVs con-
tribute to the regulation of brain-peripheral immune 
crosstalk, neuroinflammation, and tissue repair [7–
9]. Notably, in hemorrhagic stroke conditions like 
intracerebral hemorrhage (ICH) and subarachnoid 
hemorrhage (SAH), mLVs facilitate the clearance of 
extravasated blood and immune cells, influencing dis-
ease progression [9–11].

SAH is a severe type of hemorrhagic stroke char-
acterized by high mortality and disability rates [12, 
13]. The extravasation of blood into the subarachnoid 
space triggers a cascade of inflammatory and oxidative 
stress responses, exacerbating secondary brain injury 
post-SAH [11, 14, 15]. Clinical evidence has indi-
cated that accelerating blood clearance from the cer-
ebrospinal fluid can improve neurological recovery in 
SAH patients [16, 17]. The mLVs have been reported 
to play a key role in clearing erythrocytes from the 
subarachnoid space and draining immune cells from 
the cerebral parenchyma post-SAH [10, 11]. However, 
impaired drainage function of mLVs worsens cerebral 
ischemia and edema, further aggravating brain dam-
age [2, 18, 19]. Our previous study demonstrated that 
the meningeal lymphatic function exhibited dynamic 
changes in a mouse model of SAH, with the most 
severe drainage dysfunction observed at 24 h (24 h) 
post-SAH, followed by partial recovery at 72 h (72 h) 
[2].

Despite these insights, the precise influential mecha-
nism underlying the dynamic transitions of meningeal 
cell subtypes and immune-fibroblast interaction on 
meningeal lymphatic function following SAH remains 
unclear. To address this gap, we employed single-cell 
RNA sequencing (scRNA-seq) and spatial transcrip-
tomics (ST-seq) to comprehensively characterize the 
spatiotemporal dynamics of the meningeal microen-
vironment following SAH, with a particular focus on 
the interaction between immune cells and fibroblasts 
in modulating meningeal lymphatic function.

Methods
Experimental design
The study consisted of four parts, as illustrated in Fig. 1 
and Table S1.

1. Bioinformatics analysis: The single-cell RNA sequenc-
ing (scRNA-seq) and spatial transcriptome sequenc-
ing (ST-seq) datasets from Sham, SAH 24 h and 72 h 
mouse meningeal samples were accessed from previ-
ous research conducted by Wang et al. [2]. To inves-
tigate the pathophysiological mechanisms underly-
ing spatiotemporal dynamic changes of meningeal 
microenvironment following SAH, we conducted a 
secondary analysis of scRNA-seq (Sham group, SAH 
24 h group, SAH 72 h group, 10 mice per group) 
and ST-seq (Sham group, SAH 24 h group, SAH 
72 h group, 1 mouse per group) data of mice from 
our previous study [2]. The primary bioinformatics 
analysis methods included: basic analysis of scRNA-
seq data, gene set enrichment analysis (GSEA), gene 
ontology (GO) enrichment analysis, pseudotime 
analysis, cell–cell interaction analysis, robust cell type 
decomposition (RCTD).

2. Experiment 1: A total of 23 mice were used in this 
experiment, and 3 of these mice died. To validate 
the composition of the meningeal immune micro-
environment following SAH, we induced SAH in 
mice (SAH 24 h group, SAH 72 h group, 10 mice per 
group). The intact meninges were collected from the 
skullcap of the mice for flow cytometry analysis to 
assess changes in meningeal immune cell following 
SAH.

3. Experiment 2: A total of 29 mice were used in this 
experiment, and 3 of the mice died. We performed 
immunofluorescence to representatively show the 
characteristics of bilateral hotspots of mLVs in the 
acute phase of SAH (Sham group, SAH 24 h group, 
1 mouse per group). Furthermore, we conducted 
immunofluorescence to explore whether acute PGF 
treatment could enhance the drainage function of the 
meningeal lymphatic system following SAH (Sham 
group, SAH 24 h + Vehicle group, SAH 24 h + VEGF-
C group, SAH 24 h + PGF group, 4 mice per group). 
Additionally, we performed immunofluorescence 
to ascertain whether PGF blocking could inhibit the 
recovery of mLVs post-SAH (SAH 72 h + IgG group, 
SAH 72 h + AntiPGF group, 4 mice per group).

4. Experiment 3: A total of 65 mice were used in this 
experiment, and 5 of the mice died. We used the 
modified garcia scale, pole test and wire hanging test 
to assess the effects of acute PGF treatment (Sham 
group, SAH 24 h + Vehicle group, SAH 24 h + VEGF-
C group, SAH 24 h + PGF group, 10 mice per group) 
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and PGF blocking (SAH 72 h + IgG group, SAH 72 
h + AntiPGF group, 10 mice per group) on the neu-
rological function.

Animals
Young male C57BL/6 mice (8–10 weeks old, 23–25 g, 
total of 117 mice) were purchased from Shanghai SLAC 
Laboratory Animal Company Limited. Mice were housed 
in animal facilities with controlled habituation and tem-
perature, on a 12/12-h light/dark cycle. Food and water 
were provided ad  libitum. Mice were allowed to accom-
modate for 2  weeks before experiments. All animal 
experiment protocols were approved by the Institutional 

Ethics Committee of the Second Affiliated Hospital, Zhe-
jiang University School of Medicine (approval No. 2024–
220). All procedures involving mice strictly followed the 
guidelines of the National Institutes of Health for the care 
and use of laboratory animals.

SAH model
Subarachnoid hemorrhage (SAH) was induced by pre-
chiasmatic cistern blood injection, as described previ-
ously [20]. Briefly, after anesthesia with 1% pentobarbital 
via intraperitoneal injection, the head was fixed in a ste-
reotactic device and then the skull was exposed along 
the midline. A small hole was drilled 4.5 mm anterior to 
the bregma. Using a Hamilton syringe (100μL, 26-gauge 

Fig. 1 The framework of this experiment
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needle), 60μL of autologous blood was extracted from 
the tail artery of the mouse, and the needle angled hori-
zontally at a 40° angle and inserted through the hole to 
contact the skull base. The blood was slowly injected 
within 10 s through the needle. After 5 min, the needle 
was slowly removed to avoid backflow. To prevent the 
pain of surgery, ketoprofen (5 mg/kg) was used as an 
analgesic in animals received surgery. Mice were treated 
with ketoprofen 30 min before surgery and for 1–2 day 
(once/day) after operation via subcutaneous injection. 
The treatment duration was adapted to the tissue col-
lection schedule. The same procedure was conducted 
on mice without blood injection to serve as the sham 
group. For antibody injection: we performed antibody 
injection to inhibit PGF in the meninges post-SAH to 
ascertain whether blockade of PGF protein in vivo would 
affect the outcomes, following a published protocol from 
previous experiments [2]. We injected a mixture of the 
blocking antibody with autologous blood into the prechi-
asmatic cisternae. Administering the anti-PGF antibody 
at the same site and time as the blood injection ensured 
immediate and localized neutralization of PGF during 
the initiation of SAH-induced acute inflammation and 
meningeal lymphatic impairment. A mixture of 10 μg/mL 
PGF antibody (R&D Systems, MAB264) or isotype IgG 
control (R&D Systems, MAB002) with 60 μL autologous 
blood was injected into the prechiasmatic cisternae. The 
needle was left in place for 5 min after injection to avoid 
backflow.

Intra‑Cisterna Magna (ICM) Injections
The anesthesia and perioperative analgesia methods 
were the same as above. The head was fixed in the stere-
otaxic apparatus. The head holder was adjusted to lower 
the nose and tilt the head downward at approximately 
30 degrees relative to the horizontal plane. This posi-
tioning effectively elevated the neck, thereby facilitating 
exposure of the cisterna magna. The neck skin was disin-
fected, then, the skin was incised along the midline of the 
neck, and the muscle tissue was separated to expose the 
cisterna magna area. Using a Hamilton syringe (coupled 
to a 33-gauge needle), the volume of the desired solution 
was injected into the cisterna magna compartment. For 
the fluorescent tracer experiments: 2μL of fluorescent 
beads (Thermo Fisher Scientific, yellow-green fluores-
cent 505/515, F8813) were drawn and injected into the 
cisterna magna at a rate of 0.2μL/min, as described pre-
viously [2, 21]. The procedure was performed 2 h before 
animal euthanasia. Additionally, the fluorescent tracer 
should be protected from light during experiments. For 
the recombinant protein experiments: we performed 
recombinant protein treatment to determine whether the 
PGF protein influenced early outcomes and possessed 

early therapeutic potential. We attempted intrathe-
cal injection treatment at an early stage (1 h) post-SAH. 
Recombinant proteins were injected into the cisterna 
magna 1-h post-SAH to enable therapeutic delivery after 
the initial hemorrhagic event occurred, which simulated 
a clinical therapeutic intervention. The administration 
protocol and dosage were referenced from previous stud-
ies [11, 16, 22]. 1  μg of recombinant proteins VEGF-C 
(MedChemExpress, HY-P74474) and PGF (SinoBiologi-
cal, 50,125-MCCH) were diluted in 2μL of sterile PBS 
respectively. Intra-Cisterna Magna injections were per-
formed using a Hamilton syringe (5μL, 33-gauge needle) 
at a rate of 0.2μL/min. This procedure was performed 1 h 
after SAH in the animals. The needle was retracted 2 min 
after injection to prevent backflow.

Immunofluorescence and image quantification of deep 
cervical lymph nodes (dCLNs) or meninges
Mice were euthanized with lethal doses of pentobarbital-
based euthanasia agent. The dCLNs were collected under 
the microscope and fixed in 4% paraformaldehyde (PFA) 
for 2 h at 4 °C. Then the dCLN clearance was performed 
following the CUBIC clearance protocol, and simultane-
ously stained the dCLNs with DAPI (1:1000) during the 
clearance. Mice were transcardially perfused with 0.1 M 
phosphate-buffered saline (PBS) and 4% PFA, then the 
intact skullcap was removed and fixed in 4% PFA for 24 
h at 4 °C. After dehydration in 15% and 30% sucrose solu-
tions, the meninges were carefully dissected from the 
skullcaps. The meninges were blocked with 2% donkey 
serum or 2% goat serum, 1% bovine serum albumin, 0.1% 
triton, 0.05% tween-20, and 0.05% sodium azide in PBS 
for 2 h at room temperature and then incubated at 4  °C 
overnight with the following primary antibodies or DAPI 
(1:500): Rabbit anti-Lyve1 (Cell Signaling Technology, 
67,538, 1:100), Goat anti-Cd31 (R&D Systems, AF3628, 
1:100), Rat anti-Ly6g + Ly6c (Abcam, ab25377, 1:100). 
The meninges were then washed three times for 10 min at 
room temperature in PBS and 0.05% tween-20, followed 
by incubation with Donkey Alexa Fluor 594 anti-Goat 
(Thermo Fisher Scientific, A11058, 1:500), Donkey Alexa 
Fluor 647 anti-Rabbit (Thermo Fisher Scientific, A31573, 
1:500), Donkey Alexa Fluor 594 anti-Rabbit (Thermo 
Fisher Scientific, A21207, 1:500) and Donkey Alexa Fluor 
488 anti-Rat (Thermo Fisher Scientific, A21208, 1:500) 
for 2  h at room temperature in the same solution used 
for blocking. The meninges were washed three times for 
10 min at room temperature in PBS and then spread out 
on glass slides with mounting medium and coverslips. 
The dCLNs and meninges processed in the above manner 
were imaged respectively using a Leica DMI8 confocal 
microscope and LAS X software (Leica Microsystems).
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Quantitative analysis of the images was conducted 
using Imaris and ImageJ software. The results of lymph 
nodes were analyzed by Imaris software. The percent-
age of the volume occupied by beads in the lymph nodes 
after three-dimensional reconstruction was calculated 
to evaluate the drainage function of meningeal lym-
phatic system. The results of meninges were analyzed 
by ImageJ software. The vascular density was measured 
by using the VesselJ tool. To evaluate the proportion of 
the  Lyve1+ area, we calculated the  Lyve1+/CD31+ vascu-
lar density ratio. Given the regional aggregation of beads 
within mLVs, calculating the area alone does not provide 
an accurate measurement of bead distribution. Therefore, 
the mean fluorescence intensity of beads across the cov-
erage area of mLVs was measured to assess the drainage 
function of the meningeal lymphatic system.

Flow cytometry
Mice were euthanized with lethal doses of pentobarbital-
based euthanasia agent and transcardially perfused with 
20 ml of cold 1 × PBS. Heads were removed and skull-
caps were dissected and harvested using small surgical 
scissors and put directly in ice-cold Dulbecco’s Modi-
fied Eagle Medium (DMEM). Subsequently, dura maters 
were carefully removed from interior aspect of the skulls 
under a microscope. Due to the small amount of dura 
mater tissue, two dura mater samples from mice in the 
same group would be combined into one sample for flow 
cytometry. Following this, dura maters were immersed in 
1 mL DMEM with 60 U/mL DNase 1 and 0.6 U/mL col-
lagenase blend. The resulting mixture underwent enzy-
matic digestion at 37 °C for a duration of 25 min. Cell 
suspensions were then stirred and put into a single tube 
after filtration through a 70-μm nylon mesh cell strainer. 
Cells were centrifuged at 400 g at 4  °C for 10 min. The 
supernatant was removed and the dura mater cells were 
resuspended with ice-cold 1 × PBS. Cells were stained 
for extracellular marker with immune cell associated 
antibodies to anti-CD45-Pacific Blue (BD Biosciences, 
CYT-45PBZ-R, 1:200), anti-CD3e-FITC (BD Biosciences, 
553,062, 1:200), anti-NK-1.1-BV605 (BD Biosciences, 
564,143, 1:200), anti-Ly6G-PerCP-Cy5.5 (BD Biosciences, 
560,602, 1:200), anti-CD11b-PE-Cy7 (BD Biosciences, 
552,850, 1:200), anti-CD19- PE (BD Biosciences, 557,399, 
1:200) and anti-CD11c-BV711 (BD Biosciences, 563,048, 
1:200). Incubation with antibodies lasted 30 min at 4  °C 
and was followed by centrifugation at 400 g at 4  °C for 
10 min and a 1 × PBS wash. Cells were finally suspended 
in 500 μL of 1 × PBS and analyzed using a FACScan flow 
cytometer. Data processing was finished with FlowJo and 
Excel. Statistical analysis was performed using GraphPad 
Prism.

Assessment of neurological function for mice
The Modified Garcia scale (0–18 points) included six 
subtests: response capacity, alertness, coordination, 
motor skills, complex movements, and balance [23]. A 
blinded investigator conducted the neurological assess-
ments at 24 h and 72 h after SAH. A higher score indi-
cated better neurological function.

For the pole test [23], mice were trained three times 
daily for 3  days before the start of testing and then a 
pole test was performed 24 h and 72 h post-SAH. Ani-
mals were placed on top of a 50–55 cm vertical pole with 
a diameter of 8–10 mm and trained to turn around and 
descend the pole. Scoring commenced upon the initia-
tion of the animal’s turning movement. The time taken to 
complete a full 180° turn  (Tturn) and the latency to reach 
the ground  (Ttotal) were meticulously documented. If a 
mouse failed to execute a turn and descended laterally, 
 Ttotal was equated to  Tturn. If a mouse completed a turn, 
descended halfway, and eventually fell, the recorded time 
stopped when it reached the ground. The maximum time 
of 60 s was imposed for the test.

The Wire Hanging test evaluated grip strength, balance, 
and endurance in mice [2]. Mice were trained to sus-
pend their body by holding on to a single wire stretched 
between two posts 50–60 cm above the ground, with 
their hind limbs taped to restrict the usage of all four 
paws. A pillow was placed between the two posts to avoid 
injury in case of falls."Latency to fall"served as the pri-
mary endpoint for evaluating motor performance, with a 
maximum testing time of 60 s. Mice were trained three 
times daily for 3 days before the start of testing.

The neurological function assessment was performed 
by a blinded investigator.

Basic analysis of scRNA‑seq data
The scRNA-seq data was preprocessed by CellRanger. 
The filtered data was further analyzed in R (v4.3.3) with 
the Seurat R package (v5.1.0) [24]. Briefly, cells were 
included with detected genes ranging from 350 to 5500 
and a mitochondrial gene ratio of less than 10%. Data 
normalization and variance stabilization were carried 
out with the SCTransform method. Principal component 
analysis (PCA) was used to reduce the dimensionality. 
The FindClusters function was applied to identify differ-
ent clusters. The uniform manifold approximation and 
projection (UMAP) was used to visualize the cell distri-
bution. Differentially expressed genes (DEGs) were iden-
tified using the Wilcoxon rank-sum test implemented in 
the FindAllMarkers function. Only genes with adjusted 
p ≤ 0.05 and  log2(fold change) > 0.25 or < − 0.25 were 
considered DEGs. Cell clusters were annotated to known 
cell lineages using well recognized marker genes from 
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CellMarker 2.0 database (http:// bio- bigda ta. hrbmu. edu. 
cn/ CellM arker or http:// 117. 50. 127. 228/ CellM arker/) 
[25] and PanglaoDB database (https:// pangl aodb. se/) 
[26].

Gene set enrichment analysis
Gene set enrichment analyses (GSEA) were performed 
with clusterProfiler R package (v4.10.1) [27]. For each 
comparison group, all genes identified by FindMarkers in 
Seurat (v5.1.0) (with thresholds set as min.pct = 0.1 and 
logfc.threshold = 0) were ranked by their average  log2 
fold change (avg_log2 FC). FDR q-values were used to 
determine statistical significance. We conducted GSEA to 
identify the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways that were induced or repressed in 
meninges 24 and 72 h post-SAH.

Gene ontology enrichment analysis
Gene Ontology (GO) enrichment analyses were per-
formed with clusterProfiler R package (v4.10.1) [27]. The 
GO reference gene sets were acquired from MSigDB 
databases (https:// www. gsea- msigdb. org/ gsea/ msigdb/) 
[28].

Pseudotime analysis
The Monocle (v2.30.0) R package [29] was used for 
pseudo-time analysis. We reduced the dimension with 
the DDRTree algorithm. The cellular trajectory was per-
formed with the orderCells function and the plot_cell_
trajectory function.

Cell–cell interaction analysis
The CellChat R package (v1.6.1) [30] was used to infer 
intercellular communication between meningeal lym-
phatic endothelial cells (mLECs) and main meningeal 
cell subcluster. Briefly, normalized expression values of 
mLECs and main meningeal cell subcluster were run in 
the R tool. The identifyOverExpressedGenes, identi-
fyOverExpressedInteractions and projectData functions 
were applied to perform preprocessing. The probability 
of interactions within each cluster was calculated with 
computeCommunProb, computeCommunProbPathway, 
aggregateNet and netAnalysis_computeCentrality func-
tions. Finally, the netAnalysis_signalingRole_heatmap 
function was applied to identify the senders and receivers 
in the network.

Spatial deconvolution of ST‑seq with scRNA‑seq reference
The raw ST-seq data was preprocessed using Space 
Ranger. Seurat (v5.1.0) was used to process Space Ranger 
output data files [24]. We used SCTransform to normal-
ize the data, ScaleData to standardize the data, Run-
PCA for dimensionality reduction, FindNeighbors and 

FindClusters to cluster the spatial transcriptome points, 
and RunUMAP for data visualization. AddModuleScore 
function was used to calculate a module of a biological 
process. Robust Cell Type Decomposition (RCTD) was 
performed for spatial deconvolution to connect scRNA-
seq data.

Statistical analysis
All statistical analysis methods were described in the 
figure legends. All data are presented as mean ± stand-
ard deviation (SD). Normality was assessed using the 
Shapiro–Wilk test. To compare the statistical signifi-
cance between the two groups, the Student’s t-test or the 
Mann–Whitney test (both two-tailed) was performed. 
One-way analysis of variance (ANOVA) followed by Tuk-
ey’s multiple comparisons test or Kruskal–Wallis test fol-
lowed by Dunn’s multiple comparison test were used to 
detect differences between groups. All statistical analyses 
were performed with GraphPad Prism (v.9.5.1) and p < 
0.05 was considered to identify statistical significance.

Results
Overview of early spatiotemporal transcription profiling 
of meninges after SAH
To deeply understand the spatiotemporal changes in the 
meningeal microenvironment after SAH, we analyzed the 
data of scRNA-seq and ST-seq of meninges from SAH 
mouse models at 24 h and 72 h post-SAH. After initial 
quality control and removal of doublets, we obtained 
single-cell transcription data for 22,721 cells (8,731 from 
the Sham group, 7,296 from SAH 24 h group, 6,694 from 
SAH 72 h group). Based on typical markers from the 
CellMarker 2.0 and PanglaoDB databases, we identified 
16 cell types, including macrophages, monocytes, neu-
trophils, dendritic cells, mast cells, T cells, B cells, NK 
cells, fibroblasts, endothelial cells, smooth muscle cells, 
schwann cells, choroid plexus cells, erythroid-like and 
erythroid precursor cells, neurons, proliferating cells 
(Fig.  2A-D; Table  S2). Some cluster markers were ref-
erenced from Wang et  al. [2]. In the Sham group, non-
immune cells were dominant in the meninges. Among 
them, fibroblasts and endothelial cells were the main 
types. At 24 h, the meningeal immune response was 
activated, and myeloid cells, including mainly mono-
macrophages and neutrophils, became dominant in the 
meninges. At 72 h, the meningeal immune response 
weakened compared to 24 h. The level of neutrophils 
decreased, while the number of fibroblasts increased 
sharply, becoming the most abundant cell type (Fig. 2C). 
The GSEA results illustrated that the pro-inflammatory 
pathways such as the “TNF signaling pathway”, “NF − κB 
signaling pathway” and “Neutrophil extracellular trap 
formation” were significantly activated at SAH 24 h. At 

http://bio-bigdata.hrbmu.edu.cn/CellMarker
http://bio-bigdata.hrbmu.edu.cn/CellMarker
http://117.50.127.228/CellMarker/
https://panglaodb.se/
https://www.gsea-msigdb.org/gsea/msigdb/
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72 h, these pro-inflammatory pathways were downregu-
lated compared to 24 h (Fig. 2E). Flow cytometry further 
revealed changes in the composition of the meningeal 
immune microenvironment after SAH (Fig.  2F-H; Fig. 
S1). In the  CD45high population, the percentage of mye-
loid cells was approximately five times that of lympho-
cytes at 24 h post-SAH. At 72 h, the myeloid-to-lymphoid 
ratio was about 2 (Fig.  2F). At 24 h, neutrophils and 
mono-macrophages were the major components of mye-
loid cells. By 72 h, neutrophils had a significant decrease 
(Fig. 2G). The proportion of lymphocytes was small at 24 
h, while there was a notable increase in T cells at 72 h 
(Fig.  2H). ST-seq further revealed the dynamic changes 
of cell types in the mLVs area. Fibroblasts and endothelial 
cells were spatially located around mLVs under homeo-
stasis. Activated monocytes and neutrophils significantly 
infiltrated the mLVs at 24 h, while macrophages became 
the prominent cell type around mLVs at 72 h (Fig.  2I). 
Our previous research has shown that the drainage 
function of mLVs was most severely impaired at SAH 
24 h. The drainage function of mLVs began to gradually 
recover by 72 h [2]. To further investigate the influence of 
the meningeal microenvironment on the meningeal lym-
phatic system, we conducted subpopulation analysis of 
the major immune cells and meningeal fibroblasts within 
the meninges.

Early dynamic changes of macrophage subtypes 
infiltrating around mLVs post‑SAH
Our results indicated that macrophages were one of 
the main immune cell types in the meningeal microen-
vironment during different phases post-SAH (Fig.  2C, 
G). Therefore, macrophages may play a key role in the 
immune response within the meningeal microenviron-
ment. We performed subcluster analysis of macrophages 
and identified three main subclusters (M01-M03) 
(Fig. 3A, B).

M01 primarily overexpressed monocyte-related genes 
(Chil3, Ly6c2) and early macrophage recruitment genes 

(Ccr2). M01 might originate from monocytes infiltrat-
ing meningeal tissue from blood in the acute phase. 
Monocytes predominantly reside in the blood within 
the venous sinuses. They can migrate to meningeal 
tissue under the influence of cytokines or inflamma-
tory factors and differentiate into macrophages. Addi-
tionally, M01 differentially expressed Spp1. Antigen 
presentation-related MHC II encoding genes (H2-Eb1, 
H2-Ab1, H2-Aa, Cd74) were highly expressed in M02. 
M03 mainly expressed genes related to phagocytosis 
receptors (Mrc1, Cd163) (Fig. 3C; Table S3).

In the sham group, the meningeal tissue-resident 
macrophages only included M02 and M03, and their 
levels were almost equal. At 24 h post-SAH, the number 
of M01 subcluster increased significantly and it became 
the dominant subtype. At 72 h, M02 became the main 
subcluster of macrophages (Fig.  3D). Among them, 
GO enrichment analysis revealed that different mac-
rophage subtypes might participate in different biologi-
cal processes. M01 might be involved in the "regulation 
of inflammatory response" and "acute inflammatory 
response". M02 was mainly involved in "antigen pro-
cessing and presentation of peptide antigen via MHC 
class II" and "positive regulation of T cell activation". 
The biological function of M03 was related to "posi-
tive regulation of protein kinase activity", "response to 
transforming growth factor beta", and "regulation of 
cellular response to growth factor stimulus"(Fig.  3E). 
To understand the association among macrophage sub-
groups, we performed trajectory analyses. Pseudotime 
analysis indicated a differentiation trajectory from M01 
to M03 along M02 (Fig. 3F). ST-seq data clearly showed 
the spatial distribution of macrophage subtypes around 
mLVs across the groups. Under steady-state, the pre-
dominant macrophage subcluster around the venous 
sinuses and mLVs was M03. M01 heavily infiltrated 
around the area at 24 h, with the highest enrichment 
in the bilateral hotspots of the mLVs. At 72 h, M02 
became the major subgroup of macrophages distribut-
ing around the venous sinuses and mLVs (Fig. 3G).

Fig. 2 Single-cell profiling of the meningeal microenvironment after SAH. A, B UMAP projection of cells in the meninges colored by manually 
annotated clusters (A) and samples (B). C Stacked bar plot showing the proportion of cell clusters in each group. D Dot plot illustrating 
the expression levels of cell typing genes in each cluster using Wang et al. as a reference [2]. E KEGG enrichment analyses of ranked gene lists 
from three different sample groups based on GSEA. F Flow cytometric analysis of myeloid-to-lymphocyte ratio of CD45 high cells in the SAH 24 
h and SAH 72 h group G Flow cytometric analysis of neutrophil and mono-macrophage percentage of CD45 high cells in the SAH 24 h and SAH 
72 h group. H Flow cytometric analysis of T, NK and B cell percentage of CD45 high cells in the SAH 24 h and SAH 72 h group. (n = 10, the dura 
mater from two mice in the same group were combined into one sample for flow cytometry; unpaired two-tailed Mann–Whitney test for B cell 
percentage, unpaired two-tailed Student’s t-test for others). All data was represented as mean ± SD. *p < 0.05, **p < 0.01, ns represents no statistical 
difference. I The spatial spot map corresponding to the annotations of single-cell sequence, with different colored spots representing different 
clusters

(See figure on next page.)
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Neutrophils induced the strong self‑recruitment within 24 
h post‑SAH to promote meningeal immune response
Under the steady-state, the proportion of tissue-resident 
neutrophils in the meninges is particularly low. A large 
number of neutrophils infiltrated the meninges during 
the acute phases following SAH. Neutrophils became one 
of the main types of immune cells, and then decreased in 
later stages (Fig. 2A-C, G).

Analysis of neutrophil subtypes revealed three distinct 
subpopulations in the meninges after SAH (Fig.  4A). 
Among them, N01 and N02 were predominant in sham 
and SAH 72 h groups (Fig. 4B, D). N01 mainly expressed 
the naïve stage associated genes (Ngp, Camp, Chil3) 
and dominated in the sham and SAH 72 h group. N02 
highly expressed chemotaxis related genes (Ccl6, Cxcr2) 
(Fig. 4C; Table S4). At SAH 24 h, N03 became the main 
subcluster, constituting 89% of all neutrophils (Fig.  4D). 
N03, the predominant subgroup of neutrophils at 24 h 
post-SAH, highly expressed chemotaxis-related genes 
(Cxcl2, Ccl3, Ccl4) and pro-inflammatory genes (Tnf, 
Il-1β) (Fig.  4C, E; Table  S4). N03 activated the inflam-
matory response in the meningeal microenvironment 
in the acute phase. On one hand, N03 released inflam-
matory factors (such as TNF and IL-1β), promoted the 
inflammatory response in the meninges as well as exerted 
potential neurotoxic effects (Fig. 4E). On the other hand, 
it also produced pro-inflammatory chemokines, and the 
CXCL and CCL signaling pathways were the main path-
ways for promoting the chemotaxis of myeloid cells. 
Interestingly, we found a self-chemotaxis phenomenon 
within neutrophils in the acute inflammatory stage. N03 
was self-recruited through the CXCL2-CXCR2 signaling 
pathway (Fig. S2A-C). This ligand-receptor pair has been 
reported as a common self-chemotaxis pathway for neu-
trophils [31, 32]. Our pseudotime analysis revealed that 
N01 was in the naïve stage, N03 was the most mature 
subcluster, and N02 was in an intermediate developmen-
tal stage between N01 and N03 (Fig.  4F). ST-seq analy-
sis showed the spatial distribution of different neutrophil 
subtypes around the venous sinuses and mLVs at differ-
ent stages. In the acute phases, both N02 and N03 mainly 
infiltrated around the venous sinuses and mLVs. Addi-
tionally, N02 and N03 were mainly distributed in the hot-
spots of mLVs (Fig. 4G). Immunofluorescence confirmed 

that neutrophils infiltrated the bilateral hotspots of mLVs 
at 24 h (Fig. 4H).

Effects of SAH on the meningeal lymphocyte 
transcriptome
Studies have reported that meningeal lymphocytes, 
including T and B cells, may play a crucial role in poten-
tially influencing the drainage function of mLVs, regu-
lating cerebral homeostasis and neurological function 
[33–35]. Flow cytometry revealed that T cells dominated 
the lymphocyte population at both 24 h and 72 h fol-
lowing SAH, while the number of B cells was relatively 
sparse (Fig. 2H; Fig. S1). At 72 h post-SAH, the propor-
tion of T cells among immune cells began to increase 
(Fig.  2H). We conducted subgroup analyses of T and B 
cells to investigate the subtype changes and interactions 
between meningeal T and B cells after SAH. According 
to classical markers [32], T cells are classified into three 
typical subgroups:  Cd4+ T,  Cd8+ T, and NKT (Fig.  5A-
C; Table S5). Based on the maturation markers of B cells 
[36], B cells are divided into three subclusters, including 
Immature B cells, Mature B cells, and Activated B cells 
(Fig.  5D-F; Table  S6). Mature B cells express high lev-
els of the B cell maturation marker Cd37 and the genes 
of the B cell receptor (Cd79a, Cd79b). Activated B cells 
specifically and highly expressed genes related to MHC 
II molecules (H2-Aa, H2-Eb1, H2-Ab1). Immature B cells 
primarily expressed Rag1 and Il7r (Fig.  5F). Addition-
ally, we analyzed the differentiation trajectory of B cells, 
indicating that Immature B cells have the lowest maturity 
level, while Activated B cells have the highest. Mature B 
cells fall in between these two subclusters (Fig. 5G). GO 
enrichment analysis revealed that the function of Imma-
ture B cells and Mature B cells was mainly associated 
with immune development and lymphocyte activation. 
The Activated B cells with the highest differentiation 
degree could process and present antigen to activate 
 Cd4+ T cells (Fig. 5H). Cell–cell interaction analysis fur-
ther revealed that  Cd4+ T cells received signaling from 
MHC II-related ligand-receptor pairs at 72 h post-SAH 
(Fig. 5I). Activated B cells and the M02 subgroup of mac-
rophages, as antigen-presenting cells (APCs), interact 
with Cd4 receptors through MHC II molecules, contrib-
uting to the activation of  Cd4+ T cells.

(See figure on next page.)
Fig. 3 The dynamic change of meningeal macrophage subtypes post-SAH. A, B UMAP projection of meningeal macrophage subpopulations 
colored by clusters (A) and samples (B). C Dot plot illustrating marker genes for the three macrophage subclusters. D Stacked bar plot 
demonstrating the proportion of meningeal macrophage subclusters in each group. E GO enrichment analyses of DEGs among the three 
macrophage subtypes. F Developmental trajectories of meningeal macrophage subclusters. G Predicted spatial localization of meningeal 
macrophage subtypes around mLVs by RCTD
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Transcriptional modulation of meningeal fibroblasts 
following SAH
Our previous experiment illustrated that the drainage 
function of mLVs was gradually improved at SAH 72 
h [2]. Meanwhile, the proportion of meningeal fibro-
blasts significantly increased, becoming one of the 
most abundant cell types in the meningeal microenvi-
ronment (Fig.  2C). We further analyzed the subpopu-
lation changes and spatial distribution of fibroblasts 
to explore the association between fibroblasts and the 
repair of mLVs.

We conducted subgroup analysis of meningeal 
fibroblasts and identified five subtypes with differ-
ent highly expressed genes, including F01 (Pgf, Smoc1, 
Nov), F02 (Apod, Apoe, Tgfbr2), F03 (Zbp1, Ifit1, Ifit2, 
Ifit3), myofibroblasts (Acta2, Tagln, Postn), and prolif-
erative fibroblasts (Pgf, Mki67, Top2a, Stmn1) (Fig. 6A; 
Fig. S3A-C; Table  S7). GO enrichment analysis fur-
ther revealed potential functions of various subtypes. 
F01 might be associated with angiogenesis, wound 
healing, and negative regulation of leukocyte activa-
tion and adhesion. F02 and myofibroblasts were pri-
marily responsible for maintaining the extracellular 
matrix (ECM) structure and the growth and develop-
ment of smooth muscle and connective tissue. F03 was 
related to immune response regulation. Proliferative 
fibroblasts were mainly associated with the cell cycle 
(Fig.  6B). F02 was the predominant resident subtype 
under homeostasis. F01 and proliferative fibroblasts 
were activated and began to increase significantly 
after SAH. F01 became the most prevalent subtype at 
72 h post-SAH (Fig. 6C). Pseudotime analysis revealed 
that the developmental trajectory of meningeal fibro-
blasts progressed from proliferative fibroblasts at the 
naïve stage through F01, F03, and F02 to myofibro-
blasts (Fig.  6D). ST-seq analysis illustrated prominent 
collagen production around mLVs at 72 h post-SAH, 
compared to the sham and SAH 24 h groups (Fig. 6E). 
Additionally, we further revealed the distribution char-
acteristics of fibroblast subtypes around mLVs. F02 and 
myofibroblasts were the two subtypes with the densest 
distribution around mLVs particularly in Sham group. 
Their distribution characteristics corresponded to the 
potential biological function in maintaining the normal 
ECM structure around mLVs. Furthermore, F01 and 

proliferative fibroblasts surrounding mLVs gradually 
increased following SAH. At 72 h post-SAH, F01 and 
proliferative fibroblasts around mLVs gathered at the 
hotspot regions (Fig. 6F).

The crosstalk of immune cells and fibroblasts post‑SAH
To further reveal the complexity of the meningeal micro-
environment, we utilized CellChat to construct the inter-
action network between immune cells and fibroblasts in 
the meninges following SAH.

The CCL and CXCL signaling pathways were domi-
nant at immune cell chemotaxis following SAH (Fig. 
S4). Neutrophils and macrophages were the most active 
participants. Among them, N02 and N03 released the 
most chemotactic signals at both 24 h and 72 h, primar-
ily contributing to the self-recruitment among neutrophil 
subpopulations. M01 and M02 released higher levels of 
chemotactic signals at 24 h. At 72 h, however, M03 signif-
icantly enhanced its chemotactic effect to recruit T cells 
through the CXCL signaling pathway (Fig. S4).

There were some signaling pathways in the crosstalk 
between immune cells and fibroblasts, mainly including 
CSF (CSF1-CSF1R), TGFβ (TGFβ1-TGFβR1/2, TGFβ1-
ACVR1/TGFβR1), FN1 (FN1-SDC4, FN1-CD44, FN1-
ITGα4/ITGβ1) (Fig.  7A, B; Fig. S5A-D; Fig. S6A-D). 
Fibroblasts regulated macrophage phenotype via CSF1-
CSF1R signal (Fig. S5B; Fig. S6B). Fibroblasts primarily 
received TGFβ signals from macrophages (Fig. S5C; Fig. 
S6C). Additionally, fibroblasts could secrete FN1 to inter-
act with the majority of immune cell subpopulations (Fig. 
S5D; Fig. S6D).

PGF treatment improves the meningeal lymphatic 
drainage function and neurological outcomes in mice 
after SAH
VEGF-C has been demonstrated to be the most sig-
nificant factor in the proliferation and development of 
mLECs, which can enhance the meningeal lymphatic 
drainage function [37]. To investigate the association 
between meningeal lymphatic repair and VEGF signal-
ing, we profiled the VEGF signaling network within the 
meningeal microenvironment at 72 h post-SAH (Fig. 8A). 
The PGF-VEGFR1 ligand-receptor pair represents the 
most significant interaction in the VEGF signaling path-
way received by mLECs (Fig. 8B). Fibroblasts, especially 

Fig. 4 Self-recruited neutrophils enhance meningeal inflammatory response within 24 h following SAH. A, B UMAP projection of meningeal 
neutrophil subtypes colored by clusters (A) and samples (B). C Dot plot illustrating marker genes for the neutrophil subclusters. D Stacked 
bar plot showing the proportion of meningeal neutrophil subtypes in each group. E Feature plot depicting several significantly upregulated 
pro-inflammatory genes in N03. F Developmental trajectories of meningeal neutrophil subclusters. G Predicted spatial localization of meningeal 
neutrophil subpopulations around mLVs by RCTD. H Representative image of the bilateral hotspots area on mLVs in Sham and SAH 24 h group

(See figure on next page.)
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Fig. 5 Transcriptional response of meningeal lymphocytes post-SAH. A, B UMAP projection of meningeal T cell subclusters colored by clusters (A) 
and samples (B). C Violin plot showing the expression levels of marker genes in each T cell subpopulation. D, E UMAP embedding of meningeal 
B cell subclusters colored by clusters (D) and samples (E). F Dot plot showing the expression levels of marker genes in each B cell subpopulation. 
G Developmental trajectories of meningeal B cell subclusters. H GO enrichment analyses of DEGs among the B cell subpopulations. I Bubble plot 
showing the intercellular communication of MHC II signaling pathway at 72 h post-SAH
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Fig. 6 The phenotype transition of meningeal fibroblasts after SAH. A UMAP projection of meningeal fibroblast subclusters colored by clusters. 
B GO enrichment analyses of DEGs among the fibroblast subtypes. C Stacked bar plot showing the proportion of meningeal fibroblast subtypes 
in each group. D Developmental trajectories of meningeal fibroblasts subclusters. E Projection of collagen production module score for Collagen 
Biosynthetic Process GO term (GO: 0032964). F Predicted spatial localization of meningeal fibroblast subpopulations around mLVs by RCTD
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F01 and proliferative fibroblast subpopulations, are the 
main source of PGF (Fig. 8A-C).

We administered recombinant protein (VEGF-C/PGF) 
into the cisterna magna to emulate the acute intrathecal 
injection treatment in the early phase of SAH (Fig. 8D). 
The meningeal lymphatic drainage function and 

neurological outcomes were assessed at 24 h post-SAH. 
Compared to the Vehicle and VEGF-C groups, acute 
PGF treatment preserved the  Lyve1+ vascular density at 
a higher level (Fig. 8E, F). PGF resulted in better menin-
geal lymphatic drainage function compared to both Vehi-
cle and VEGF-C (Fig.  8E, G). There was a prominent 

Fig. 7 The immune-fibroblast crosstalk following SAH. A, B Chord plots of CSF, TGFβ and FN1 signaling network among fibroblasts and immune 
cells at 24 h (A) and 72 h (B) post-SAH. Arrows represented signals from the releasing cells to the receptor cells

Fig. 8 PGF administration reversed SAH induced meningeal lymphatic dysfunction and neurological deficits in SAH mice. A Chord plots of VEGF 
signaling network among fibroblasts and immune cells at 72 h post-SAH. Arrows represented signals from the releasing cells to the receptor 
cells. B Bubble plot showing the intercellular communication of VEGF signaling pathway at 72 h post-SAH. The releasing cells were fibroblasts 
and the receptor cells were mLECs. C Violin plot showing the expression levels of Pgf gene in each fibroblast subpopulation. D Experimental setting: 
(Left) Mice were induced SAH through a prechiasmatic cistern blood injection and, after 1 h, received an ICM injection of either recombinant 
VEGF-C/PGF or vehicle. (Right) Mice received a prechiasmatic cistern injection of a mixture of antibodies (IgG/AntiPGF) with autologous blood. E 
Representative image of the mLVs area and beads area in Sham, SAH 24 h + Vehicle, SAH 24 h + VEGF-C and SAH 24 h + PGF group. F Quantification 
of the Lyve1 +/CD31 + vascular density ratio of the mLVs in the different groups (n = 4, Kruskal–Wallis test). G Measurement of the mean 
fluorescence intensity of beads in the mLVs in the different groups (n = 4, one-way ANOVA). H Representative image of the beads at dCLN 
in the different groups. I Quantification of the beads volume at dCLN (n = 4, one-way ANOVA, each data point represented unilateral dCLN from one 
mouse). J Neurofunction scores in each group at 24 h post-SAH (n = 10, Kruskal–Wallis test for Modified Garcia Score, one-way ANOVA for others). 
K Representative image of the mLVs area and beads area in SAH 72 h + IgG and SAH 72 h + AntiPGF group. L Neurofunction scores in each group 
at 72 h post-SAH (n = 10, unpaired two-tailed Student’s t-test). M Quantification of the Lyve1 +/CD31 + vascular density ratio of the mLVs (n = 4, 
unpaired two-tailed Student’s t-test) N Measurement of the mean fluorescence intensity of beads in the mLVs in the different groups (n = 4, 
unpaired two-tailed Student’s t-test). O Quantification of the beads volume at dCLN in the different groups (n = 4, unpaired two-tailed Student’s 
t-test). P Representative image of the beads at dCLN in the different groups. All data was represented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 
0.001, ****p < 0.0001, ns represents no statistical difference

(See figure on next page.)



Page 17 of 22Zhu et al. Journal of Neuroinflammation          (2025) 22:131  

Fig. 8 (See legend on previous page.)



Page 18 of 22Zhu et al. Journal of Neuroinflammation          (2025) 22:131 

increase in the accumulation of fluorescent beads in 
dCLNs (Fig.  8H, I). Moreover, the neurological deficits 
following SAH were alleviated by PGF treatment (Fig. 8J). 
Next, we used PGF-antibody to further illustrate whether 
the blockage of PGF would exacerbate the dysfunction 
of mLVs (Fig.  8D). The results showed that AntiPGF 
reduced the  Lyve1+ area proportion of the mLVs com-
pared to IgG treatment at 72 h post-SAH (Fig.  8K, M). 
Additionally, the inhibition of PGF aggravated neurologi-
cal deficits and the dysfunction of meningeal lymphatic 
system after SAH (Fig. 8K-P).

Discussion
In this study, we systematically analyzed the spatiotem-
poral changes of meningeal immune cells and fibroblasts 
following SAH, with a particular focus on immune-fibro-
blast interactions and their potential roles in regulating 
meningeal lymphatic drainage. Our findings highlight 
the critical involvement of myeloid cells and fibroblasts 
in the acute injury and early repair of meningeal lym-
phatic drainage function post-SAH. The key discoveries 
of this study include: (1) Monocyte-derived macrophages 
early infiltrated the mLVs within 24 h post-SAH, while 
antigen-presenting macrophages accumulated around 
the mLVs at 72 h, contributing to T cell activation; (2) 
A pro-inflammatory neutrophil subset underwent sus-
tained self-recruitment via the CXCL2-CXCR2 axis at 24 
h post-SAH, exacerbating meningeal inflammation; (3) 
By 72 h post-SAH, fibroblast proliferation facilitated tis-
sue remodeling and angiogenesis; (4) Immune-fibroblast 
crosstalk played a crucial role in shaping the meningeal 
microenvironment; and (5) Following SAH-induced 
inflammatory injury, PGF emerged as a potential growth 
factor that may facilitate the early repair of meningeal 
lymphatic drainage function.

Macrophages exhibit a dual role in inflammation, 
neuronal injury and repair after SAH. Previous stud-
ies have shown that Spp1+ macrophages are associ-
ated with inflammation, metabolic reprogramming, 
and fibrosis in aneurysmal subarachnoid hemorrhage 
(aSAH), suggesting their involvement in early disease 
progression [38]. In contrast, Mrc1+ macrophages have 
been reported to alleviate early neuroinflammation and 
enhance neurological recovery following acute neural 
injury [39]. Increased Cd163+ macrophages in the cer-
ebrospinal fluid of SAH patients correlate with improved 
prognosis [40]. Similarly, our findings aligned with these 
observations, revealing that Spp1+ monocyte-derived 
macrophages (M01) rapidly infiltrated the mLVs within 
24 h post-SAH. GO enrichment analysis suggested that 
M01 might be involved in leukocyte migration, activa-
tion and acute inflammatory responses. By 72 h post-
SAH, the predominant macrophage subsets shifted to 

M02 (antigen-presenting phenotype, linked to T cell 
activation) and M03 (homeostatic meningeal mac-
rophages with high Mrc1 and Cd163 expression). This 
temporal shift suggested a dynamic transformation of 
macrophages from an inflammatory to a reparative phe-
notype, with potential implications for the activation of 
meningeal lymphocytes in the subacute phase as well as 
meningeal lymphatic system recovery.

Neutrophils are pivotal mediators of tissue injury in 
SAH. Previous studies have shown that neutrophil extra-
cellular traps (NETs) contribute to neuroinflammation 
and secondary brain injury post-SAH [41], and that intra-
vascular and perivascular NETs formation exacerbates 
cerebral vasospasm and delayed cerebral ischemia (DCI) 
[42, 43]. In addition, NETs formation in the meninges has 
been implicated in meningeal lymphatic dysfunction via 
the CX3 CR1 pathway in mouse models of intraventricu-
lar hemorrhage (IVH) [44]. Our study further confirmed 
that neutrophils are the most abundant immune cell type 
at 24 h post-SAH, with N03 subset localized to inflam-
matory hotspots around the bilateral transverse sinuses 
of the mLVs. This coincided with the peak period of acute 
meningeal lymphatic dysfunction. The N03 subpopula-
tion underwent sustained self-recruitment via CXCL2-
CXCR2 signaling. Self-recruitment of neutrophils has 
been reported in myocarditis, ischemic stroke, and bac-
terial infection. The CXCL2-CXCR2 ligand-receptor pair 
is regarded as one of the principal mechanisms facili-
tating neutrophil self-chemotaxis [31, 32, 45]. Notably, 
peripheral neutrophils have been reported to lack the 
self-recruiting subtype under steady-state conditions 
[31, 32]. Peripheral neutrophils may initially respond to 
early chemotactic signals released from the damaged tis-
sue and migrate into injured sites. In the acute inflam-
matory environment, they subsequently transition into 
a self-recruiting phenotype. The mechanisms underly-
ing this phenotypic shift warrant further investigation, 
particularly given the complex meningeal microenvi-
ronment, where neutrophils originating from both skull 
bone marrow and peripheral circulation might coexist 
during acute inflammatory responses. Additionally, given 
its role in amplifying inflammatory storms, targeting this 
self-recruitment mechanism may represent a promising 
therapeutic strategy for reducing acute inflammation in 
SAH.

Fibroblasts are the predominant stromal cells in the 
meninges, playing essential roles in CNS develop-
ment, ECM deposition and vascular remodeling [46]. In 
response to TBI, fibroblasts secrete ECM components 
and activate immune pathways to facilitate wound heal-
ing [36]. Furthermore, meningeal fibroblasts have been 
demonstrated to regulate the proliferation of meningeal 
vessel endothelial cells [47]. In this study, we identified 
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a marked expansion of fibroblasts at 72 h post-SAH, 
particularly the F01 subpopulation, which was highly 
enriched in genes associated with angiogenesis, wound 
healing, and immune regulation. Integrating the results 
from scRNA-seq and ST-seq, we hypothesized that 
meningeal immature fibroblasts (F01 subpopulation and 
proliferative fibroblasts) might grow and develop within 
72 h post-SAH. These newly formed fibroblast subtypes 
might play a role in the recovery of the drainage function 
of mLVs following acute inflammation. Spatially, F02 and 
myofibroblast subsets were localized around the mLVs, 
expressing genes involved in ECM production and con-
nective tissue development. The spatial module score 
associated with collagen production was significantly ele-
vated at 72 h post-SAH, which suggested that fibroblast 
activation and proliferation might induce ECM remod-
eling around mLVs in the subacute phase of SAH. Fibro-
blasts may contribute to early meningeal lymphatic repair 
by modulating ECM composition and promoting vascu-
lar remodeling. However, excessive fibroblast activation 
could lead to meningeal fibrosis, a potential long-term 
complication that could impair meningeal lymphatic 
drainage function and warranted further investigation.

In various diseases, immune cells infiltrate tissues 
and undergo subtype transformation. The interactions 
between fibroblasts and immune cells are critical in dis-
ease progression, particularly in tissue repair, inflam-
mation resolution, and fibrosis [4, 36, 48–50]. Our 
analysis revealed that meningeal fibroblasts interacted 
with macrophages via CSF1-CSF1R signaling pathway, 
which has been shown to promote monocyte-derived 
macrophage differentiation into anti-inflammatory and 
reparative phenotypes, especially in the ischemic and 
hypoxic microenvironment [48, 51, 52]. This suggests 
that fibroblasts may drive macrophage polarization from 
an inflammatory (M01) to a reparative (M02) phenotype 
post-SAH. Additionally, fibroblasts interacted with neu-
trophils, macrophages, and T cells via fibronectin (FN1 
signaling), a key ECM protein involved in cell adhe-
sion, migration, and tissue remodeling [53, 54]. FN1 was 
reported to regulate the immune response of myeloid 
cells [55]. Meanwhile, macrophage derived TGFβ1 sign-
aling to fibroblasts (via ACVR1/TGFβR1) might drive 
fibroblast activation and collagen synthesis, potentially 
contributing to the fibroblast expansion observed at 72 h 
post-SAH [52]. The TGFβ signals were reported to par-
ticipate in the fibrosis, matrix remodeling and angiogen-
esis [49].

The VEGF family is essential for the development of 
vascular and lymphatic networks [56]. VEGF-C and 
VEGF-D are recognized as the principal growth factors 
regulating lymphatic development, primarily signal via 
VEGFR3 [56]. VEGF-C-VEGFR3 ligand-receptor pair 

plays a pivotal role in the development of the central lym-
phatic system [37]. Pretreatment with VEGF-C can stim-
ulate the growth of mLVs and enhance drainage efficiency 
[11, 22]. Inhibition of VEGF-C leads to limited develop-
ment and growth of mLVs, impairing drainage function, 
whereas inhibition of VEGF-D does not produce similar 
adverse effects [37]. Compared with VEGF-C, VEGF-D 
exerts a significantly weaker regulatory effect on the cen-
tral lymphatic system [37]. VEGF-C is regarded as the 
critical growth factor for maintaining the normal struc-
ture and drainage function of the meningeal lymphatic 
system under physiological conditions [37, 57]. How-
ever, early VEGF-C treatment has failed to improve the 
drainage function of the meningeal lymphatic system fol-
lowing ischemic stroke, raising concerns about its repara-
tive potential in acute inflammation settings [22]. Acute 
inflammatory response may lead to the reduced expres-
sion of VEGFR3 on mLECs, thereby limiting the efficacy 
of VEGF-C during the acute phase [22, 58]. Communica-
tion analysis suggested that PGF was the strongest ligand 
in the VEGF signaling network received by mLECs at 72 
h post-SAH. We further pinpointed F01 fibroblasts as 
the primary source of PGF, suggesting that fibroblasts 
may contribute to early repair of mLVs via PGF-VEGFR1 
signaling following SAH. Our findings suggested that 
PGF, rather than VEGF-C, play a more critical role in 
the early repair of damaged mLVs post-SAH. Exogenous 
PGF preserved the  Lyve1+ vascular density in the mLVs, 
enhanced drainage efficiency and improved neurological 
outcomes at 24 h post-SAH. Conversely, PGF inhibition 
would impair the recovery of mLVs at 72 h. These find-
ings supported PGF as a promising therapeutic target 
for enhancing meningeal lymphatic function and miti-
gating secondary brain injury after SAH. Notably, PGF 
has been shown to promote pathological vessel forma-
tion and regeneration in the inflammatory environment 
[59–61]. PGF may participate in the survival and growth 
of a specific mLEC subpopulation, thereby maintaining 
structural integrity and drainage function of mLVs in the 
acute phase following SAH. However, the long-term effi-
cacy of PGF remains uncertain. Chronic PGF exposure 
may paradoxically induce pathological lymphangiogen-
esis, potentially contributing to persistent drainage ineffi-
ciency during the chronic phase—a critical consideration 
warranting further investigation.

Despite its strengths, this study has several limitations: 
First, animal models do not fully recapitulate the complex 
pathophysiology of human SAH. Second, scRNA-seq and 
ST-seq provide only static snapshots, limiting our ability 
to capture real-time cellular dynamics in the meningeal 
microenvironment. Third, bioinformatics-based cell sub-
population analysis requires validation with cytometry 
and functional assays to fully elucidate differentiation 
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pathways. Fourth, the mechanistic details of PGF-medi-
ated meningeal lymphatic repair and its downstream 
effectors remain to be explored.

Conclusion
Our study, utilizing single-cell resolution analysis, uncov-
ered a dynamic transition in the meningeal microen-
vironment with the first 72 h post-SAH, shifting from a 
“myeloid cell-mediated acute inflammatory response” 
to an “immune-fibroblast interaction-mediated tissue 
remodeling process”. This transformation was closely 
associated with the early drainage dysfunction and subse-
quent recovery of meningeal lymphatic drainage. Target-
ing the phenotype transition of meningeal immune cells 
and fibroblasts may offer a promising therapeutic strat-
egy to enhance meningeal lymphatic function and miti-
gate secondary brain injury following SAH.
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