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Single-cell transcriptomic analyses reveal
angiogenic vascular responses to chronic cerebral
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SUMMARY

Elucidating the mechanisms underlying vascular injury and repair may guide development of therapies
against vascular cognitive impairment and dementia (VD). We employed single-cell RNA sequencing to
map cell populations and explore vascular responses in mouse brains collected 42 days after asymmetric
common carotid artery stenosis (ACAS)-induced chronic cerebral hypoperfusion. A unique tip cell type
was identified among endothelial cell (EC) clusters and validated by immunostaining. Gene Ontology ana-
lyses suggested tip cell enrichment in angiogenesis and the involvement of Apln/Aplnr signaling. Immuno-
blotting confirmed an increase in apelin (Apln) protein after ACAS. In EC cultures, [Pyri]-Apelin-13
(ApIn13), a selective endogenous apelin receptor agonist, enhanced EC proliferation, migration, and tube for-
mation. Treatment with Apln13 also improved angiogenesis, white matter integrity, and cognitive functions in
ACAS mice. Cell-cell interaction analyses highlighted astrocyte-tip cell crosstalk via Vegfa-Vegfr interactions.

INTRODUCTION

Vascular cognitive impairment and dementia (VD) is the second
most common type of dementia after Alzheimer’s disease (AD),
comprising approximately 15%-20% of clinically diagnosed de-
mentia cases in North America and Europe.’ VD emerges under
various conditions, such as aging, hypertension, diabetes, and
hypercholesterolemia, which can interrupt cerebral blood flow
(CBF) and induce hypoperfusion of the central nervous system
(CNS).? Hypoperfusion initiates a cascade of toxic events in
the brain, as it has limited energy storage capacities, and relies
on oxygen and glucose from the bloodstream to meet its high en-
ergetic demands.®

The neurovascular unit (NVU) is a network of cellular and ma-
trix components that regulate CBF and maintain brain func-
tions.* The NVU is composed of neural elements (neurons
and astrocytes [ASCs]), vascular elements (endothelial cells
[ECs], pericytes [PCs], and smooth muscle cells [SMCs]), and
the basal lamina.® Disruption of intercellular communication in
the damaged NVU contributes to the onset and progression
of various types of dementia, including VD and AD.>°® As a
key structural component of the entire circulatory system,
ECs often lie at the root of vascular dysfunction.” Cerebral hy-
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poperfusion leads to oxidative stress and compromises EC
integrity,® which is followed by CBF dysregulation, blood-brain
barrier (BBB) disruption, and decreased capillary density.” In
addition, EC dysfunction triggers the activation of surrounding
cells, including pericytes, ASCs, and SMCs.” This cascade of
events compromises neuronal function and white matter integ-
rity, ultimately impairing cognition.>”° Aside from these
adverse events, chronic cerebral hypoperfusion also triggers
cellular responses that repair or regenerate damaged vessels,
in a natural attempt to regain the blood supply and reestablish
brain homeostasis. For example, angiogenesis, or the creation
and growth of new vessels, has been reported in patients with
VD or AD."'° Thus, a better understanding of EC responses and
intercellular crosstalk in the NVU will elucidate molecular mech-
anisms driving vascular damage and repair after chronic cere-
bral hypoperfusion and facilitate the development of therapeu-
tic interventions for VD.

In the present study, we employed single-cell RNA
sequencing (scRNA-seq) analyses to explore vascular
responses to chronic hypoperfusion in a mouse model of VD.
A distinct cluster of tip ECs with prominent angiogenic proper-
ties was identified. Further functional analysis suggested the
importance of tip cells in angiogenesis and involvement of the
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Figure 1. A chronic reduction in cerebral blood flow is associated with changes in brain cell composition

(A and B) Representative images (A) and quantification (B) of cerebral blood flow (CBF) before (Pre) and at different time points after asymmetric common carotid
artery stenosis (ACAS). n = 3/group. Two-way ANOVA and Bonferroni test.

(C) Quantification of CBF on ameroid constrictor (AC) side or microcoil side of the brain 28 and 35 days after ACAS. n = 3/group. Student’s t test.

(D-E) Representative images (D) and quantification (E) of surface areas wherein CBF decreased by more than 60% (blue) of baseline (white) values 28 and 35 days
after ACAS. Student’s t test.

(F) UMAP plots showing clusters and cluster annotations of brain cells obtained 42 days after sham or ACAS operation. The numbers of cells are in parentheses.
(G) Heatmap showing the top 20 markers for each cluster.

(H) Bar graph showing numbers and percentages of cells in each cluster among total numbers of cells.

Data are shown as mean + SEM. *p < 0.05, **p < 0.01. Scale bars: 1 mm.

apelin/apelin receptor (ApIn/Aplinr) signaling pathway. We
discovered that [Pyr1]-Apelin-13 (ApIn13), a selective endoge-
nous apelin receptor (APJ) agonist, enhanced angiogenesis,
improved white matter integrity, and promoted functional re-
covery after chronic cerebral hypoperfusion-induced VD.

RESULTS

A chronic reduction in CBF alters the composition of
brain cells

An asymmetric common carotid artery stenosis (ACAS) mouse
model was used to explore the cellular responses to chronic ce-
rebral hypoperfusion and investigate the mechanisms underlying
VD. The reduction of CBF after ACAS was monitored by laser
speckle imaging. A progressive drop in CBF was observed start-
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ing at 28 days after ACAS in both the AC and microcoil sides of
the brain (Figures 1A-1C). The area with severe (>60%) CBF
reduction was also quantified 28 and 35 days after ACAS
(Figure 1D) and was dramatically higher than sham conditions
by 35 days after ACAS (Figure 1E).

Single-cell suspensions were isolated from mouse brains
42 days after ACAS or from mouse brains with sham operation
and processed for droplet-based scRNA-seq. After quality
control steps (Figure S1), 9,066 (51.0%) cells from two sham
mice and 8,709 (49.0%) cells from two ACAS mice were jointly
analyzed. Unsupervised clustering identified distinct cell clus-
ters that were visualized using uniform manifold approximation
and projection (UMAP) (Figure 1F) and annotated into 14 major
cell types: EC, microglia (MG), ASC, mural cell (MC), quiescent
neural stem cell (QNSC), oligodendrocyte (OG), choroid plexus
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Figure 2. A distinct tip endothelial cell population is present in the chronically hypoperfused mouse brain

(A) UMAP visualization of 4,907 ECs, revealing nine distinct subclusters. Integrated UMAP for 4 samples and per-sample UMAPs are shown.

(B) Bar plot of each sample illustrating the number of cells and proportion of cells in EC subclusters, with five major EC subclusters annotated by special cell types.
(C) Stacked violin plots showing logarithmic-scale expression of top gene expression in each major EC subcluster.

(legend continued on next page)
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epithelial cell (cpEC), monocyte/macrophage (Mo/MP), oligo-
dendrocyte precursor cell (OPC), olfactory ensheathing glia
(OEG), neural stem cell (NSC), granulocyte (GRAN), natural
killer cell/T cell (NK/T), and fibroblast (FB). Each cell cluster
was annotated by significantly enriched markers, such as
Cldn5 for EC, Cx3cr1 for MG, Vegfa for ASC, Pip1 for OG,
and Rgs5 for MC (Figure 1G; Table S1). The percentages of
cells in each cluster among total cells demonstrated enrich-
ment in vascular components of the NVU, including EC, MG,
ASC, and MC, in both sham and ACAS brains (Figure 1H).
The percentages of OG were markedly decreased, whereas
the percentages of infiltrating immune cells (Mo/MP, GRAN,
and NK/T) were higher in the ACAS brain compared to sham
brain (Figure 1H).

A distinct endothelial tip cell population emerges in the
hypoperfused brain

As the main cellular component of vasculature, ECs exhibit
diverse but distinct phenotypic and functional properties. We
re-clustered the 4,907 ECs (sham N = 2,300; ACAS N =
2,607) into subclusters and annotated them based on their
expression of marker genes (Figures 2A-2C; Table S2). Five
EC subclusters were annotated as EC in different blood vessel
segments, including capillary vein (ECO, capV), capillary artery
(EC1, capA), artery (EC2), vein (EC8), and tip cells (EC5)
(Figures 2B and 2C). Two subclusters were identified as OG-
like EC (EC6) and MC-like EC (EC7) because of expression of
some marker genes for OGs and MCs, respectively. The iden-
tities of EC3 and EC4 clusters remained unclear due to the
absence of distinctly highly expressed marker genes. One clus-
ter was excluded from further analysis because it appeared to
be a mixture with microglia, with high expression of microglia
marker genes (not shown). Trajectory analysis indicates a tip
cell axis (Tip) closely associated with capillary venous subpop-
ulations (capV, Figure 2D). Transcriptional perturbations
emerged across all EC subclusters after ACAS (Figure 2E;
Table S3). For example, genes related to endothelial dysfunc-
tion (Vwf'"), EC apoptosis and survival (Igfbp3'?), and cell
senescence (Cdknla'®) were significantly upregulated after
ACAS in ECs from different vessel segments. Genes that regu-
late blood vessel remodeling (Angpt2'* and Cxcr4'°) were up-
regulated in capV EC and tip ECs. Genes mediating paracellular
junction and vascular integrity (TJP1,'® Kif4,'” and ocln), and
anti-inflammatory factors (Tgfb2) were downregulated in
capV, capA, and artery ECs. Expression of multiple transporter
genes (Ttr,'® SLC6A6,'® and Sic7a5°°) was also downregulated
in different clusters of ECs.

iScience

Changes in EC composition were noted after ACAS
(Figure 2B). Most prominently, the tip EC population (EC5) is
highly present after ACAS but low in the sham brain (ACAS
n = 258 in total; sham n = 34 in total; Figure 2B). These tip ECs
are readily distinguished by their transcriptome, such as the
high expression of Cd93 and Mcam (Figure 2F). Kinetic plots of
relative expression of venous to arterial marker genes across
pseudotime reveal a phenotypic continuum of arterial-to-venous
gene expression (Figures S2A-S2C). The proximity of tip ECs to
the capV cluster is consistent with previous findings that the tip
cells emerge from veins®'?? (Figures 2D and S2A-S2C).

Isolectin B4 immunostaining was then performed to visu-
alize tip EC morphology in the brain 35 days after ACAS.
High-resolution imaging of isolectin B4-stained cells revealed
tip ECs with extended filopodia (Figure 2G). These cells
were immunonegative for lbal signal, indicating that they
are unlikely to be microglia/macrophages. We then double
stained tip EC marker CD93 with the endothelial marker
CD31 and observed CD93* endothelial filopodia in CD31*
cells 14, 35, and 56 days after ACAS (Figures 2H and S3).
As expected, the number of CD93*CD31* tip ECs was signif-
icantly higher in the ACAS compared to sham brain in both the
hippocampus (Figure 2I) and striatum (Figure 2J) across all
time points.

Endothelial tip cells are related to angiogenesis and
apelin signaling in the hypoperfused brain

To further characterize tip cells, we performed a differential
expression gene (DEG) analysis comparing tip cells to other
ECs, focusing specifically on ACAS brains (Figure 3A;
Table S4). Gene Ontology (GO) analysis of upregulated DEGs
in tip ECs compared to other ECs revealed significant enrich-
ment in biological processes related to angiogenesis and
developmental morphogenesis (Figures 3B; Table S5), sug-
gesting a potential function of tip EC in new vessel generation
under chronic hypoperfusion. In addition, we observed en-
riched terms related to the extracellular space and the base-
ment collagen-containing structural matrix, suggesting a role
for tip ECs in remodeling vascular structure. We also noted
the involvement of Apln, which encodes apelin, and Aplinr,
which encodes apelin receptor signaling, in these biological
terms (Figure 3B). Expression of both Apln and Ap/nr was highly
enriched in tip ECs (Figure 3C). Apln and ApInr mediate multiple
biological processes, including vasculature development,
angiogenesis, circulatory system development, and tube
morphogenesis (Figures 3B and S2D). There was little colocal-
ization of Ap/n with ApInr within individual tip cells (Figure 3D),

(D) Pseudotime trajectory analysis of five major EC subclusters.

(E) Horizontal volcano plots showing up- (top) and downregulated (bottom) genes in each EC subcluster (Jlog2 FC| > 0.25 and Bonferroni-adjusted p < 0.05).
(F) UMAP visualization showing the distinct color-coded tip cell subcluster in ACAS and sham conditions (left) and joint density plot showing the co-expression

visualization of Mcam and Cd93 (right).

(G) Representative image of immunostaining for Isolectin B4 (red) and microglia marker Iba1 (green) in the brain 35 days after ACAS, with DAPI nuclear staining

(blue). White arrowheads indicate Isolectin*lbal~ tip cells.

(H) Representative immunostaining images of EC marker CD31 (magenta) and tip cell marker CD93 (green) in the brain 35 days after ACAS. White dashed
rectangles in a low power image indicate individual tip cells (No. 1-4). High power images of cell No. 2 and No. 3 were displayed in the right image.
(I and J) Quantification of the numbers of CD93*CD31* tip ECs in the hippocampus (I) and striatum (J) of the brain 14, 35, and 56 days after ACAS. n = 5-7/group.

One-way ANOVA test.

Data are shown as mean + SEM. ***p < 0.001. Scale bars are indicated in images.
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Figure 3. Tip cells show enhanced function in angiogenesis with an upregulation in Apln after VD

(A) Volcano plot showing a total of 1,472 up- (right) and downregulated (left) DEGs (Jlog2 FC| > 1 and Bonferroni-adjusted p value <0.05) of tip cells versus other EC
subclusters in ACAS brains.

(B) Gene Ontology (GO) enrichment analysis of DEGs identified in (A). Five major classes of GO terms were identified. Top genes of each plotted GO term are
shown in the right. Dot colors representing the significance level (—log10(adjusted p value)) and dot sizes indicating the number of genes in each category.
(C) UMAP plot showing expression of Apln and Apinr in ACAS and sham cells.

(D) UMAP plots depicting the co-expression visualization of Apln and Apinr in ECs. The colors represent scaled expression levels.

(E) Representative immunostaining images of Apln (red), tip cell marker CD93 (green), endothelial cell marker CD31 (magenta), and DAPI nuclear staining (blue) in
the brain 35 days after ACAS. The Apelin“CD93*CD31" tip cells in white squares are enlarged and 3D reconstructed to show colocalization.

(F) Representative images of western blots for Apln in brain 35 days after ACAS or sham operation.

(G) Quantification of protein levels of Aplin. p-actin was used as a loading control. n = 4-7/group.

Student’s t test. Data are shown as mean + SEM. *p < 0.05. Scale bars are indicated in images.

a role for tip ECs in angiogenesis after ACAS and point to
potential involvement of apelin/APJ signaling in angiogenesis
after chronic hypoperfusion.

suggesting that Apln may act on other tip cells through
paracrine rather than autocrine signaling. Immunostaining
confirmed Apln expression within CD93*CD31" tip cells in the
ACAS brain (Figure 3E). Western blotting was performed on

brain lysates collected 35 days after ACAS or sham operation.
Several Apln bands were observed, which are consistent with
the multi-isoforms of ApIn.>® Apln expression increased in
both the AC and microcoil hemispheres of the brain after
ACAS (Figures 3F-3G and S4). Together, these data suggest

The endogenous apelin receptor ligand, Apin13,
promotes angiogenesis in cultured brain microvascular
endothelial cells

Next, we investigated the effects of ApIn13, a highly potent
pyroglutamyl form of APJ agonist, on EC proliferation and

iScience 29, 115331, April 17, 2026 5
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Figure 4. ApIn13 treatment promotes in vitro angiogenesis in cultures of mouse brain microvascular ECs

(A) Proliferation analysis under different concentrations of Apln13 treatment (0, 10, 100, and 500 ng/mL) for 20 h. n = 5/group. One-way ANOVA and Dunnett.
(B and C) In vitro scratch assay in mBMEC cultures in reduced growth media (2% FBS) with vehicle or Apin13 treatment (100 ng/mL). Normal growth media (5%
FBS) was used as a positive control. Scratch area closure was assessed after 0, 6, 12, 24, and 30 h. (B) Representative images showing the scratched area (red
outline). Scale bars: 100 pm. (C) Quantitative analysis of scratch closure at indicated time points. n = 3-4/group. two-way ANOVA and Dunnett.

(D and E) Tube formation experiment. The mBMECs in matrix gels were treated with vehicle or ApIn13 (100 ng/mL) in reduced growth media (2% FBS) or cultured
in normal growth media (5% FBS) for 4 h. (D) Representative images of tubular-like structures. Scale bars: 100 pm. (E) Quantitative analysis of mesh numbers,

mesh covered area, total tube length, and branchpoints in the culture.

One-way ANOVA and Tukey. n = 3/group. Data are shown as mean + SEM. *p < 0.05. *p < 0.01, **p < 0.001.

angiogenic activities in mouse brain microvascular ECs
(mMBMECs). ApIn13 treatment at 10, 100, or 500 ng/mL without
VEGF in culture media enhanced EC proliferation, as shown
by increased BrdU incorporation, with similar efficacies
(Figure 4A). Interestingly, although ApIn13 or VEGF alone pro-
moted mBMEC proliferation, no robust synergetic or additive ef-
fect was observed when mBMECs were treated with VEGF and
ApIn13 together (Figure S5A).

The scratch assay demonstrated that ApIn13 treatment at
100 ng/mL increased EC migration and facilitated in vitro wound
closure compared to vehicle-treated ECs (Figures 4B-4C).
Moreover, the tube formation assay revealed that ApIn13
increased the formation of EC tubular structures in the matrix
gel, with more meshes, higher mesh-covered areas, longer
tube lengths, and an increased number of branchpoints
(Figures 4D and 4E). No synergetic or additive effects were
observed in scratch assay or tube formation assay with VEGF
and ApIn13 cotreatment (Figures S5B and S5C). Collectively,
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these results demonstrate that ApIn13 treatment promotes
in vitro angiogenic activities in mBMECs.

ApIn13 enhances angiogenesis, white matter integrity,
and cognitive functions in mice subjected to chronic
cerebral hypoperfusion

To further elucidate the function of apelin in angiogenesis after
chronic hypoperfusion-induced VD, we administered Apln13 to
ACAS mice. C57BL/6 mice received ApIn13 (300 pg/kg body
weight)®* or an equal volume of vehicle, starting at 14 days after
surgery and repeated three times a week for 4 weeks (Figure 5A).
BrdU (50 mg/kg) was injected once a day on day 14-17 and day
29-32 after ACAS to label newly generated cells. Mice were
sacrificed 42 days after ACAS. We found that ACAS impaired
cognitive functions, as detected by less time spent exploring a
novel object (Figure 5B), fewer successful alternations in the Y
maze (Figure 5C), and faster entry into a room associated with
electric shock in the passive avoidance test (Figure 5D).
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Figure 5. Apin13 treatment promotes angiogenesis and improves cognitive functions after ACAS

(A) Experimental design (created with BioRender.com).

(B) Novel object recognition (NOR) test 27 days after ACAS. Percentages of exploration time for familiar (old) versus novel (new) objects were recorded. n = 6-7/
group. Student’s t test between the percentages of time spent on the old object and time spent on the new object.

(C) Y-maze. Percentages of successful alternation and total numbers of entries were recorded 28 days after ACAS. n = 6-7/group. One-way ANOVA and Dunnett.
(D) Passive avoidance. The latency to enter the dark chamber was recorded 36 days after ACAS. n = 6-7/group. One-way ANOVA and Dunnett.

(E and F) Representative immunostaining images (E) and quantification (F) of BrdU (green) and CD31 (red) positive cells in the hippocampal area 42 days after
ACAS. n = 6-7/group. One-way ANOVA and Dunnett for AC side. Kruskal-Wallis and Dunn for microcoil side. Scale bars: 50 pm. White arrow heads indicate the
BrdU*CD31* cells.

(G) Quantification of Ki67*CD31™ cells in the hippocampal area 42 days after ACAS. n = 6/group. One-way ANOVA and Dunnett for AC side. Kruskal-Wallis and
Dunn for microcoil side.

(legend continued on next page)
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Furthermore, ApIin13 treatment reduced each of these cognitive
deficits compared to vehicle (Figures 5B-5D).

We assessed angiogenesis in Apln13- and vehicle-treated
mice 42 days after ACAS. ECs were recognized by immunostain-
ing for CD31 (Figure 5E). An increase in newly generated
(BrdU*CD31*) EC numbers was observed in the AC hemi-
spheres of Apln13-treated mice compared to vehicle-treated
mice (Figure 5F). Additionally, an increase in proliferating
(Ki67*CD31*) EC numbers was found in the AC hemisphere after
ApIn13 treatment (Figure 5G).

White matter is vulnerable to vascular impairment because its
major blood supply arises in the terminals of long arterioles.?*°
Immunostaining for myelin basic protein (MBP), a protein marker
of the myelin sheath, was then performed to evaluate white mat-
ter lesions 42 days after ACAS (Figure 5H). Apln13-treated mice
displayed significant recovery of hippocampal MBP signal
compared to vehicle-treated mice (Figure 5I).

Next, Pearson correlation analyses were performed between
behavioral performances, white matter integrity, and angiogen-
esis (Figure 5J). Positive correlation between the number of
BrdU*CD31" ECs and time exploring the new object in the novel
object recognition test was observed (Figure 5K). There was no
correlation between the number of BrdU*CD31" ECs and MBP
intensity (Figure 5L). Positive correlation was also observed be-
tween MBP intensity and the latency to enter a room associated
with electric shock in the passive avoidance test (Figure 5J).

Mapping of the intercellular communication between
ASCs and tip cells

Following similar methodologies, we identified ACS0 and ACS1
subclusters within the ASCs (Figures 6A-6C; Table S6). DEG
and GO enrichment analyses revealed that the ASCO cluster is
linked to ASC structural integrity and homeostatic functions,
including neurotransmitter transport, regulation of cell differenti-
ation and development, and maintenance of cell structure
(Figures 6D; Table S7). The ASC1 cluster is associated with an
inhibition of cell proliferation and upregulation of secretion-
related processes (Figures 6D; Table S7). The ASCO subcluster
fraction was reduced while the ASC1 cluster increased following
VD (Figure 6A), suggesting a potential shift of cellular responses
to combat vascular injury. To validate ASC state changes after
ACAS, we performed double immunostaining for GFAP and
Agp4. We observed a decreased number of GFAP* cells while
the area of Aqp4* cells unchanged in the hippocampi in the brain
35 days after ACAS compared with sham brains (Figures 6E and
6F), suggesting that there is a shift of ASC states upon chronic
hypoperfusion.

We explored cell-cell interaction to gain insight into the
communication patterns between EC and ASC clusters
(Figures 6G; Table S8). Vegfa-Vegfr signaling interactions were
highlighted for communication from ASCs to ECs, under both
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sham and ACAS conditions. Specifically, the Vegfa-Vegfr1 inter-
action was preferred by ASCs (ASCO0 and ASC1) as a signal sent
to EC cells under normal and hypoperfusion conditions, while
Vegfa-Vegfr2 and Vegfa-Vegfrir2 crosstalk was activated be-
tween ASCO/ASC1 and tip cells under hypoperfusion conditions
(Figure 6G, left). For the EC-to-ASC communication patterns,
Ptn-Sdc3 signaling was dominant in the other EC to ASC0/
ASC1 crosstalk (Figure 6G, right). The communication from tip
cells to ASCs appeared to be less specific and involved multiple
signals. We used circle plots for an overview of the probabilities
of interactions between tip cells and other ECs, ASCs, as well as
MCs. Of all the major pathways, VEGF signaling between tip cells
and ASCs showed the highest probability of interactions
(Figure 6H). This signaling pathway also became evident be-
tween tip cells and vascular smooth muscle cells (vSMCs) but
with lower probabilities (Figure 6H). A heatmap matrix further
highlighted the VEGF signaling network between ASCO0/ASCH1
(as sources) and tip cells and other ECs (as targets) (Figure 6l).

To visualize cell-cell interactions in the brain, VEGF and
VEGFR2 expression were examined by immunostaining together
with the ASC marker GFAP and the tip EC marker CD93 in brain
tissue 35 days after ACAS. Three-dimensional reconstruction of
the immunostaining revealed VEGFR2 expression on CD93* tip
cells and close spatial proximity of VEGFR2*CD93" tip cells
with VEGF*GFAP* ASCs (Figure 6J), consistent with the findings
from the cell-cell interaction analysis.

DISCUSSION

Patients with VD typically have multiple cerebrovascular
pathologies at autopsy, including atherosclerosis, small vessel
disease, and cerebral amyloid angiopathy.”® These vascular
abnormalities cause chronic cerebral hypoperfusion, which
reciprocally exacerbates endothelial damage.?” Elucidating the
vascular responses to chronic hypoperfusion may therefore pro-
vide insights into the mechanisms of VD progression and identify
therapeutic targets to treat or prevent VD. The present study em-
ployed scRNA-seq to map cellular changes in the mouse brains
after chronic cerebral hypoperfusion induced by ACAS. The re-
sults reveal significant alterations in EC subpopulations following
ACAS. We observed alterations in endothelial expression of
genes related to apoptosis, survival, cell senescence, blood
vessel morphogenesis, regulation of angiogenesis, vascular
integrity, and inflammation. Pseudotime trajectory analyses
highlighted a gradual progression from capV to TipEC, under-
scoring the dynamic nature of endothelial responses in VD.
These findings support a pivotal role for ECs in vascular integrity
and remodeling under chronic cerebral hypoperfusion.

One prominent alteration in the EC population is the emer-
gence of a tip cell subtype after ACAS. Tip cells are known to
mediate angiogenic sprouting during development, a dynamic

(H and ) Representative immunostaining images (H) and quantification () of MBP (green) intensity in the hippocampus 42 days after ACAS. n = 5/group. Student’s

t test. Scale bars: 200 um

(J) Heatmap of correlation analysis between behavioral performance, white matter integrity, and angiogenesis.
(K) Pearson correlation analysis between the number of BrdU*CD31* cells in the hippocampal area and the novel object exploration ratio in the NOR.
(L) Pearson correlation analysis between the number of BrdU*CD31* cells and MBP intensity in the hippocampal area.

Data are mean + SEM. *p < 0.05. **p < 0.01, ***p < 0.001.

8 iScience 29, 115331, April 17, 2026



iScience ¢? CellPress
OPEN ACCESS

A Total Cells N=1,865 B Cc ACS0 ACS1 D
— D-aspartate trans- [ Extracellular matrix | —
membrane transport %en Inilalfls%%ﬁf monoatomic s
O Regulation of neural "
ACs1, & 3 N precursor cell proliferation [ Negafive regulation of cell | |
8 £ Glial cell development [ Regulation of CoA-
o 2 = ransferase activity | —
> A Myelin sheath [ Intracellular chemical [
2 £ X Romeo?(asls R
[) (,J@ Cell leading edge [:| egulation of protein |
=1 | molecul tivit catabolic process
g g 8 S:”;Ctluza moie(;u e ac‘ y [ Endopeptidase inhibitor activity [__]
= odulation of chemical
N | e R L
o o
N § £ B © cold-induced thermogenesis D Orgarlwi amofn "‘z"iio‘nl [
(2] < % Neural crest differentiation E] celPr%%;g?: endofeta ]
\?Q)\?‘ g%ﬂ;ﬁfg’nn of blood ] Lateral plasma membrane —
Regulation of cell |_| Regulation of sodium ]
%ye‘%’i,'?asﬁg‘c side of O organization .
Endocytic vesicle 0 Postsynaptic membrane (]
Embryonic morphogenesis (|
Protein localization ()
to cell periphery
G Cdh2 - Cdh2 oo o [ Veam1 - (itgad-+1igb1) H ....
To Tl b 553522
if — I - =2
Mif - Ackr3 o olle o0 offn Dagi s I
° ®|-cadm1 - Cadm1 = ©0Om
Cadm1 - Cadm1 ° elleee -Agrn - Dag1 9]
2 - Jam2
Ncam1 - Fgfr1 o . el
° lag2 - Notch1 /
Jam2 - Jam2i e oo /
Jam2 - F11r o0 /
Mdk - Ncl{e oo ol
Mdk - (Itga6+ltgb1){ e o olle ot
Mdk - (itga4+ltgb1) o o eftamst - Daat é‘w Jesam
Vegfa - Vegfrir2 . elle . S oo " :ECAM1
amb1 - (ltgav+itghs) l N1
Vegfa - Vegfr2 . ama4 - (ltgav+Itghs) EGF 77 ’\'
() ol4a2 - Sdcd N R CO
Vegfa - Vegfrije o o . Coldat - Sdos v\\ ‘Z_ o <4@
L4 Col4a2 - (Itgav+ltgh8)
F 2000 ns Ptn - Ncl . Coldat - (itgav+lighs) E SN - Za SN
5 o [Pin - Sdos 0§\,,, _o\\ 4,
o o Ptn - Sdc3 . e Pin - Sdc2 S D \_u- o) 2
£ 1500 = 4 jele} “Ptn - Piprz1 06/\3-@ § & \'“ 9
E = @ ¢ Commun. Prob. © w O%fy
8 T 3 = > - Z %
3 1000 5 ® . 2
& i’ |
500 =) "
e min
5] < 1
0 p-value
T T T ! e 001<p<005
sham ACAS sham ACAS ® p<001

VEGF signaling network

' ]
: o
O

>
»
Q
=]

ons~ [l
o3i8yl0 .
3D reconsctruction

Sources (Sender)
[ ]
O3dy
LOSvY

. Communication Prob.

=]

e o o
[N,

Targets (Receiver)

Figure 6. Mapping of intercellular molecular communication between astrocytes and ECs

(A) UMAP visualization of 1,865 astrocytes (ASCs) from sham and ACAS brains (left). Stacked bar plots (right) showing the proportions of the two major subsets,
ASCO and ASC1, in each group.

(B) UMAP visualization of subset-specific marker expression.

(C) Heatmap displaying the top 12 markers for each subset.

(D) Gene Ontology (GO) enrichment analysis based on significant differentially expressed genes (DEGs) using Metascape.

(E) Representative immunostaining images of GFAP (red) and Agp4 (green) in the hippocampal area 35 days after ACAS.

(F) Quantification of the numbers of GFAP* and the areas of Aqp4* astrocytes in the hippocampus of the brain 35 days after ACAS. n = 5-6/group. Student’s t test.
Data are shown as mean + SEM. *p < 0.05.

(G) Cell-cell interaction analysis illustrating interactions between EC cells (tip and other ECs) and astrocytes, inferred by the CellChat R package. All predicted
ligand-receptor pairs are shown, with dot colors representing interaction probability (red: high, blue: low) and dot sizes indicating the significance level. The VEGF
category exhibits a significantly high probability of interactions between ECs and astrocytes in both ACAS and sham.

(H) Visualization of signaling pathways in key cell populations. Each segment of the circular diagram corresponds to a cell type, with colored arcs indicating
communication between source and target cells. The strength of interactions is represented by the width of the connecting lines, with key signaling molecules
(e.g., VEGF, ESAM, and PECAM1) labeled.

(legend continued on next page)
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and complex process that involves the hierarchical organization
of ECs into tip and stalk cells.?® The specialized tip cells are usu-
ally located at the forefront of the sprouting vessel and guide the
direction of its growth.?® Tip cells exhibit distinct morphologies
with numerous elongated and dynamic filopodia.*® Using immu-
nofluorescent staining, we confirmed the appearance of tip cells
with high expression of tip cell marker CD93 and characteristic
finger-like slender filopodia in the brain after ACAS. In the
CNS, the consistent and organized differentiation of tip cells dur-
ing vascular development is essential to ensure normal vascular-
ization and barrier function.®'**? Following CNS injury in adults,
tip cells appear early at the injury site but gradually decrease
as the vascular regeneration stabilizes.®® In our study, we
observed tip cells from 14 to 56 days after ACAS. Consistent
with their roles in assembling the vascular lining,®* we found
that the tip cell subcluster highly expresses a group of genes
related to angiogenesis. Therefore, the increased number of tip
cells may represent an endogenous effort of neovascularization
through sprouting angiogenesis. However, whether and how
angiogenic tip cells regenerate functional new vessels and reper-
fusion in the injured brain remain unclear and warrant further
studies. A tip cell cluster was also identified in the human vessel
isolation and nuclei extraction from normal and AD brain cells us-
ing single-nuclear RNA sequencing (snRNA-seq).*° It would be
interesting for future studies to compare the transcriptomic
signature of mouse tip cells and human tip cells, which requires
special methodology and careful computational integration to
handle batch effects, difference in transcriptomic capture
methods (human snRNA-seq and mouse scRNA-seq), and spe-
cies-specific gene expression.

In the tip cell cluster that formed after ACAS, we noted en-
riched Apin/Apinr expression, which was associated with angio-
genic functions. Previously, Apln was identified as one of the tip
cell-enriched gene markers in the retina.*® Apin signaling has
been shown to maintain tip cell morphology, inducing ECs into
an angiogenic state and promoting vascular sprouting.®” Our
in vitro studies demonstrated that treatment with ApIin13, an
endogenous apelin agonist, promoted angiogenic responses in
mouse brain microvascular ECs, including proliferation, migra-
tion, and tube formation. Consistent with our findings, Yang
et al. reported that ApIn13 promotes angiogenic responses in
myocardial microvascular ECs (MMVECs).*® In human stroke
victims, the degree of angiogenesis in the hypoperfused penum-
bra is positively correlated with survival.>® As would be expected
from the role of angiogenesis in redelivering oxygen and nutri-
ents to hypoperfused brain tissues,*®*" increased angiogenesis
following ApIn13 treatment was also correlated with cognitive
improvements in our study. Accordingly, others have noted
that increased angiogenesis during chronic hypoperfusion due
to bilateral carotid artery stenosis improves cognitive perfor-
mance and white matter integrity.”” Intranasal delivery of
ApIn13 is also neuroprotective and promotes angiogenesis
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following ischemic stroke in mice.*® However, one concern is
that an absence of vascular guidance signals after nerve injury
will result in sustained activation of tip cells, leading to chaotic
revascularization that is detrimental to nerve repair.**~*® CNS in-
flammatory conditions such as multiple sclerosis (MS) can also
induce improper neoangiogenesis and formation of abnormally
leaky cerebral blood vessels.*’ In the experimental autoimmune
encephalomyelitis (EAE) model of MS, the leaky neovessels arise
from proliferative venous ECs but not from capillary ECs in
response to VEGF-A signaling.*® However, our trajectory anal-
ysis suggests the proximity of tip ECs to capV ECs after ACAS,
rather than veins, suggesting that they may not be related to
leaky neovessels. Nevertheless, future studies are required to
determine if augmenting angiogenesis with ApIn13 improves
brain perfusion without impairing BBB integrity after VD.

In this study, we noted that Apln13 enhanced white matter
integrity compared to the vehicle-treated group, which was
correlated with behavioral improvements. However, white mat-
ter protection was not correlated with angiogenesis, suggesting
that the white matter improvement and angiogenesis may
contribute independently to cognitive improvements after
ACAS. Indeed, many other mechanisms may lead to the salutary
effects of apelin on white matter. For example, apelin can pro-
mote cell viability in neurons and OGs and influence microglia/
macrophage activity, thereby preserving myelin content in a
model of EAE.*® APJ expression in myelin-forming cells pro-
motes remyelination through the translocation of myelin regula-
tory factor and is correlated with age-associated changes in re-
myelination efficiency.® In addition, apelin-APJ signaling exerts
other key functions including anti-inflammation,***" neuropro-
tection,***?> and BBB preservation or reconstruction.”® These
collective mechanisms may culminate in superior neurological
functions under conditions of chronic hypoperfusion.

Our immunoblotting revealed increased apelin expression in
the brain after ACAS. Although scRNA-seq data indicate that
Aplinis largely expressed in tip cells of the brain after ACAS, aplin
has been reported to be produced by other CNS cells such as
neurons®® and neural progenitor cells.®* In addition, apelin is
highly expressed and released by adipocytes and other periph-
eral tissues® and may leak into the injured brain through a
compromised BBB. Interestingly, the expression of APJ, the
apelin receptor, did not show a significant increase after ACAS
(not shown). Inconsistent changes in apelin and APJ levels
have also been reported in other disease models,*® and apelin
may have APJ-independent biological activities.®” Interestingly,
APJ expression has been shown to be upregulated in an EC clus-
ter after ischemic stroke,® suggesting that the severity of hypo-
perfusion may differentially impact APJ expression. Further in-
vestigations are warranted to elucidate the complexity of Apin/
APJ signaling and its multifaceted roles in VD.

The hierarchical organization of tip versus stalk cells is driven
by a balance between VEGF and Notch signaling.”® A gradient in

() The heatmap matrix represents the communication probability between source and target cell populations through the VEGF signaling network. The color
intensity indicates the interaction strength, with darker shades reflecting higher communication probability. Cell types are color-coded for easy identification.

(J) Representative immunostaining images and 3D reconstruction of astrocyte marker GFAP (blue), VEGF (red), tip cell maker CD93 (green), and VEGFR2
(magenta) in the hippocampus 35 days after ACAS. White arrow heads indicate the proximity of VEGFR2*CD93" tip cells and VEGF*GFAP* astrocytes. Scale

bars are indicated in images.
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VEGF concentration promotes the formation of endothelial tip
cells and extension of their filopodia, enabling them to migrate
at the forefront of the nascent vascular tree.*° Stalk cells then
participate in the formation of the vascular lumen.®® In response
to hypoxia, VEGF is produced by various cell types, including
ASCs, macrophages, pericytes, vSMCs, and neurons.®"*®2 Our
scRNA-seq showed that ASCs were the primary source of
VEGF after chronic hypoperfusion, and Vegfa-Vegfr crosstalk
appeared to be important for ASC communication with tip cells
as well as other ECs. In the early postnatal retina, all tip cells
are closely attached to ASCs, and the tip cell filopodia orientate
toward and alongside VEGF-expressing ASCs.*’ These data
support the importance of ASC-derived VEGF in guiding vessel
patterning during angiogenesis. Our ligand-receptor analyses
further suggest that Vegfr2 was used preferably by tip cells to
receive astrocytic signals, while Vegfr1 appeared to be more
important for ASC communication with other ECs. In line with
our data, VEGFR2 expression on EC filopodia in the postnatal
mouse retina mediates VEGF-dependent tip cell sprout-
ing.%%:%%5% Apelin and VEGF signaling are both crucial regulators
of angiogenesis, and potential interactions between these two
pathways have been explored. Our results showed that treat-
ment with ApIn13 alone was effective in inducing EC prolifera-
tion, migration, and tube formation, indicating at least some
VEGF-independent roles. Furthermore, we did not collect evi-
dence for robust synergistic or additive effects when combining
VEGF with ApIn13. Further parsing out subtle synergistic versus
additive effects would require isobolograms or other types of
curve fitting analyses in which the dose ratios are critical®® and
are out of the scope of the present work. In line with the VEGF-
independent role of apelin in angiogenesis, knockout or inhibi-
tion of apelin or APJ reduces pathological retinal angiogenesis
without decreasing VEGF or VEGFR expression when modeling
oxygen-induced retinopathy in vivo.®°” In addition, apelin and
VEGF signaling have been shown to independently promote
lymphatic development by stimulating a nonredundant activa-
tion of the serine-threonine kinase Akt/protein kinase B signaling
axis.®® In contrast, studies using human umbilical vein endothe-
lial cells have demonstrated that apelin-induced proliferation of
ECs is VEGF dependent.® Thus, there is evidence for both inde-
pendent and dependent roles for apelin and VEGF in angiogen-
esis but in highly context-specific manners.

Limitations of this study and implications for future
studies

Our scRNA-seq analyses included the minimum number of bio-
logical replicates (n = 2 per group), which potentially compro-
mised statistical power for rare cell populations. Therefore, we
focused our analyses on main cell clusters with large numbers
of cells. Although our scRNA-seq analysis picked only one
time point after ACAS, we validated the presence of endothelial
tip cell subset at multiple time points using brain sections
collected from day 14, 35, and 56 after ACAS, suggesting that
the increase in the number of tip cells is a persistent reparative
response in the brain upon hypoperfusion. As we did not observe
a significant difference between 14, 35, and 56 days after ACAS,
we selected 35 days as a representative time point for further
validation of Apin signaling and cell-cell interactions. Future
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studies with extended time points are warranted to delineate
the dynamics of these molecular events at different stages of
VD. In addition, all results in the current study are based exclu-
sively on the ACAS model. Future studies using other VD models,
such as bilateral carotid artery stenosis, should be performed to
verify the generalizability of our conclusions and raise the prob-
ability of translation.

The current study did not identify the mechanisms whereby
ApIn/Aplinr signaling impacts tip cell behavior and regulates
angiogenesis. It has been reported that apelin signaling main-
tains endothelial tip cell morphology and sprouting by enhancing
endothelial metabolic activity during angiogenic sprouting.>” A
recent study shows that neural progenitor cell-derived apelin
promotes sprouting angiogenesis by regulating tip cell behaviors
such as filopodia formation, tip-stalk cell shuffling, and tip cell
migration along Apln-expressing cells.”* Most of these mecha-
nistic studies, however, were carried out using zebrafish models.
Whether these mechanisms are also valid in adult mammalian
brain endothelium under chronic hypoperfusion needs to be
further explored.

This study tested a single dose of Apln13 in ACAS model. It also
remains unclear whether systemically applied Apln13 can cross
the BBB or induce angiogenic effects without BBB penetration
through its direct effects on ECs. Further studies are warranted
to test the pharmacokinetics and a dose response of ApIn13 to
establish optimal dosing and strengthen translational credibility.
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Experimental models: organisms/strains
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Software and algorithms

ANY-maze system Stoelting https://www.anymaze.co.uk/index.htm

Cell Ranger9.0 (10x)
CellProfiler v 4.2.8
Seurat v5.2.1
FastQC

STRING v11.0
Rv4.4.1

DESeq2 v2.13
CellChat v2.1.2
Monocle v3.0
clustree v0.5.1
clusterProfiler v3.20
Metascape v3.5
GSEA

Ingenuity Pathway Analysis
FlowJo™ v10
ImagedJ

Imaris 9.0.1

Prism 10

10XGENOMICS
CellProfiler’®
Stuart et al.”
Andrews’?
Szklarczyk et al.”®
R Core Team’*
Love et al.”

Jinetal.”®

Trapnell et al.””
Zappia and Oshlack’®
Yuetal.”®

Zhou et al.®°

UC San Diego and Broad Institute®
QIAGEN®

FlowdJo, LLC

NIH

Bitplane

GraphPad

www.affero.org/oagpl.html

https://cellprofiler.org/
https://cran.r-project.org/web/packages/Seurat
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://string-db.org/

https://www.r-project.org/
http://bioconductor.org/packages/DESeq2/
https://github.com/sqjin/CellChat
https://cole-trapnell-lab.github.io/monocle3/
https://github.com/lazappi/clustree
https://guangchuangyu.github.io/software/clusterProfiler/
https://metascape.org/gp/index.html#/main/step1
http://gsea-msigdb.org/gsea/index.jsp
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https://www.graphpad.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

All animal experiments were approved by the University of Pittsburgh Institutional Animal Care and Use Committee (protocol number:
24024655), carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals, and reported in accordance
with the ARRIVE guidelines (Animal Research: Reporting In Vivo Experiments). All animals were housed in a temperature and humid-
ity-controlled facility with a 12-h light/dark cycle. Food and water were available ad libitum. All treatments and analyses were per-
formed by blinded investigators wherever feasible. All efforts were made to minimize animal suffering and the number of ani-
mals used.

Experimental animals

Male C57BL/6J WT mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Animals were assigned randomly to
different treatment groups using a lottery drawing box. All assessments were performed by investigators who were blinded to exper-
imental group assignments.

Murine models of ACAS

Asymmetric common carotid artery stenosis surgeries (ACAS) were performed on 12-week-old male mice as described.®® In brief,
animals were anesthetized with 1.5 % isoflurane, and both common carotid arteries (CCAs) were exposed and isolated from carotid
sheaths through a midline cervical incision. The right CCA was gently lifted and a microcoil (inner diameter 0.18 mm, Wuxi Samini
Spring Co. Ltd, China) was looped below the carotid bifurcation. An ameroid constrictor (AC, inner diameter, 0.5 mm, Research In-
struments SW, CA) was implanted on the left CCA. The AC had a titanium casing surrounding a hygroscopic casein material with an
internal lumen. The casein component swelled after absorbing water, resulting in gradual narrowing and occlusion of the left CCA.
Rectal temperature was maintained at 37 + 0.5°C during surgery with a temperature-regulated heating pad. Animals that died before
the end of observation period were excluded from the final analysis.

Cell cultures

Primary mouse brain microvascular endothelial cells (BMECs) were purchased from Cell Biologics (Cat# C57-6023, Cell Biologics,
Chicago, IL). These cells were cultured between 2 and 9 passages as recommended on gelatin-coated plates in endothelial cell
growth media containing 0.1% VEGF, 0.1% ECGS, 0.1% heparin, 0.1% EGF, 0.1% Hydrocortisone, 1% Antibiotic-Antimycotic So-
lution, and 5% FBS (Cat# M1168, Cell Biologics, Chicago, IL). In some experiments, cells were maintained in reduced growth media
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containing 0.1% ECGS, 0.1% heparin, 0.1% EGF, 0.1% Hydrocortisone, 1% Antibiotic-Antimycotic Solution, and 2% FBS. Cells
were maintained at 37°C in a humidified atmosphere containing 5% CO2, and cell medium was changed every 2-3 days.

METHOD DETAILS

BrdU injections
To label proliferating cells, animals were intraperitoneally injected with the thymidine analog 5-bromo-2-deoxyuridine (BrdU, Sigma-
Aldrich, Cat# 59-14-3, 50 mg/kg) once a day at 14-17 days and 29-32 days after ACAS.

Apelin13 treatment

[Pyr1]-Apelin-13 (Cat# HY-P1033, MedChemExpress, Monmouth Junction, NJ) was dissolved in PBS. Animals were randomly as-
signed to receive intraperitoneal injections of ApIn13 (300 pg/kg body weight) or an equal volume of vehicle, starting at 14 days after
ACAS and repeated three times a week until sacrifice. All treatments were administered in the afternoon (between 3:00 PM and
5:00 PM).

Two-dimensional laser speckle imaging

Regional cerebral blood flow (CBF) was monitored by the laser speckle contrast imager (PeriCam PSI system; Perimed) as we
described.?* Briefly, mice were anesthetized with 1.5 % isoflurane. Recordings were performed through the intact skull surface
by a laser diode (785 nm). Two-dimensional CBF images were obtained before and at different time points after ACAS. The CBF
was measured in identically sized ROIs from both sides of the brain by two investigators blinded to experimental group assignments.
CBF value was expressed as a percentage of the pre-operation baseline.

Novel object recognition (NOR)

The hippocampus-dependent NOR test was conducted to evaluate short-term memory deficits. Before the task, mice were habit-
uated in a plastic chamber (40 cm long x 40 cm wide x 35 cm high) for 5 min. After habituation, mice were presented with two iden-
tical objects and allowed to explore freely for 10 min before being returned to their home cages (familiarization phase). The box and
the objects were cleaned with 70 % ethanol after each trial. After 1 h, mice were placed back in the box, in which one object was
replaced by a novel object. The animals were allowed to explore the testing area once again for 10 min (test phase). All trials
were recorded and analyzed with ANY-maze software. Object recognition was defined as time spent oriented toward the object
within 5 cm or less, touching the object, or sniffing the object with the snout. Percentages of exploration time for familiar (old) versus
novel (new) objects in the total exploration time were recorded.

Y-maze spontaneous alternations

Working memory was assessed using the spontaneous alternation Y-maze test (continuous trials) as previously described.®® The
arms contained no rewards and no internal or external cues. Mice were placed at the end of one arm of a symmetric Y maze (arm
dimensions: 37 x 6 x 17 cm, LxW xH) and allowed to freely explore all three arms during a single trial lasting 5 minutes. The sequence
of arm entries was recorded using an overhead camera. A correct alternation was scored when the mouse entered three different
arms in a triad of overlapping triplet sets (e.g., the sequence ABCACBABCA contains six correct alternations). Spontaneous alter-
nations (%) were calculated as correct alternations/(total entries—2) x100.

Passive avoidance test

Passive avoidance was assessed over two consecutive days. A chamber was divided into light and dark compartments, with a gate
between the two. Stainless steel grids were placed on the floor of the dark compartment to produce a mild foot shock. In the training
phase (day 1), the gate was opened. The mouse was placed in the light compartment and allowed to enter the dark compartment.
Once the mouse was entirely in the dark compartment, the gate was closed, and an electric shock (0.25 mA, 2 seconds) was deliv-
ered. After a 15-min inter-trial interval, the mouse was placed in the light compartment again, and the procedure was repeated. The
training was complete when the animal did not enter the dark compartment for 2 min. The mouse was returned to its home cage. On
day 2 (memory retrieval, 24 h later), each mouse was placed in the light compartment with the gate open, and the latency to enter the
dark compartment was recorded. The session ended when the mouse entered the dark compartment or remained in the light
compartment for 3 min. No electrical stimulation was applied in the test period. The test was repeated three times, and the average
entry latency was used for statistical analysis.

Immunohistochemistry and image analysis

Mice were deeply anesthetized and perfused through the heart with 0.9% NaCl followed by 4% (wt/vol) paraformaldehyde in PBS.
Brains were collected for immunofluorescent staining as we described.®® Primary antibodies used were listed in the key resources
Table. Secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA) and were diluted
1:1000 after reconstitution per the manufacturer’s instructions. The EVOS M7000 imaging system (Invitrogen) and a confocal micro-
scopy (Nikon A1) were used to capture images. Image analyses were performed on one or two randomly selected microscopic fields
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in the hippocampus of each section, and three sections were assessed for each mouse brain. Images were coded and analyzed using
ImagedJ/Fiji (National Institutes of Health, Bethesda, MD) by an investigator blinded to experimental groups.

Imaris 3D rendering

The software Imaris (Bitplane, v.9.0.1) was used to reconstruct 3D images. Briefly, image stacks obtained by confocal microscopy
were imported into Imaris, and the Surfaces or Spots module was used to generate 3D structures of immunofluorescence signals.
After a region of interest was selected, the absolute intensity of each source channel was used for reconstruction.

Western blot

Protein was isolated from the mouse brain. Western blots were performed using the standard SDS-polyacrylamide gel electropho-
resis (PAGE) method. Immunoreactivity was semi-quantitatively measured by gel densitometric scanning and analyzed with the Im-
ageJ software. The primary antibodies used include Apln (1:500, Cat# PA5-114860; Invitrogen, Carlsbad, CA) and B-actin (1:5000,
Cat# MAB8929; R&D systems, Minneapolis, MN). Polyvinylidene difluoride (PVDF) membranes were blocked in blocking buffer for
1 h at room temperature and then incubated with primary antibodies at 4 °C overnight. The membrane was incubated with secondary
antibodies for 1 h at room temperature (1:10,000, LI-COR Biosciences, Lincoln, NE, USA) and scanned with LI-COR Odyssey Infrared
Imaging System 9201-550U (LI-COR Biotechnology, Lincoln, NE, USA). The results were normalized to p-actin expression.

BrdU cell proliferation assay

A BrdU cell proliferation kit (Cat# 11647229001, Roche, Indianapolis, IN) was used to assess cell proliferation according to the man-
ufacturer’s instructions. Briefly, primary mBMECs seeded in a 96-well plate in reduced growth media were treated with Apin13 or
vehicle and then pulsed with BrdU reagent at 37°C for 20 h. Cells were fixed for 30 min and then incubated with mouse anti-BrdU
antibody at room temperature (RT) for 1.5 h. After incubation with the tetramethylbenzidine substrate in the dark for 30 min, the
stop solution was added. The absorbance was measured spectrophotometrically at 370nm using a microplate reader
(SpectraMax i3x, Molecular Device).

Scratch migration assay

The scratch migration assay was performed as described previously.®” In brief, MBMECs were seeded in a 24-well plate and incu-
bated for 24 hours with endothelial cell growth media (Cat# M1168, Cell Biologics, Chicago, IL). A wound was created in the mBMEC
monolayer using a 200 pL pipette tip. The cells were then replaced with fresh reduced growth medium with vehicle or Apin13 (100 ng/
mL) treatment or normal growth media and incubated at 37°C for a total of 30 hours. Images were captured at the startand at 6, 12, 24
and 30 hours. Cell migration was assessed using the EVOS M7000 imaging system (Invitrogen) and analyzed with Imaged software.
Relative scratch closure was calculated as (wound area at 0 h — wound area at each time point)/(wound area at 0 h).

Tube formation assay

Tube formation assay was performed as described.®® Briefly, a 48-well plate was coated with Cultrex Basement Membrane Extract
(BME, Cat# 3470-096-K, Bio-Techne, Minneapolis, MN) at 37°C for 1 hour. mBMECs were stained with Calcein AM solution for
30 mins at 37°C. After staining, the cells were seeded in the Cultrex BME-coated 48-well plates (5 x 10* cells/well) in endothelial
cell reduced growth media with or without ApIn13 (100 ng/ml) treatment or normal growth media and incubated at 37°C for 4 hours.
Tubular structures were imaged using an EVOS™ XL Core Imaging System and quantified by counting the number of branch points,
the number of meshes, and by measuring the total mesh coverage area, and total tube length using Imaged software.

Single cell RNA sequencing

Brains were perfused with ice-cold saline and freshly harvested 42 d after ACAS or after Sham operation. Single cell suspensions
were isolated as described.®® Cell viability were checked by Cellometer Auto 2000 Automatic Cell Viability Counter system (Nexce-
lom). The samples with > 85% viability were proceeded to single cell RNA sequencing library preparation. Single live cells were sepa-
rated into Gel bead in emulsion (GEM)s formed by oil micro-droplets by the Chromium instrument (10X Genomics) using Single Cell 3’
v3 reagents. Each GEM contains a gel bead and a cell. A greater than 1,000-fold excess of partitions compared to cells assured that
most GEMs were only one cell/GEM. The reaction mixture/emulsion with captured and barcoded mRNAs were removed from the
Chromium instrument followed by reverse transcription. The cDNA samples were fragmented and amplified per 10X protocol. The
libraries were then purified, quantified, and sequenced on an lllumina HiSeq in the UPMC Genome center.

Single-cell RNA sequencing data processing

Single-cell RNA-seq expression profiles of two ACAS and two sham-operated mouse brains were generated as described pre-
viously.?® The library for each sample was prepared per individual and integrated computationally. Raw base calls were pro-
cessed with Cell Ranger (v9.0, 10x Genomics), which performed demultiplexing, STAR-based alignment to the [mm10/
GRCm38] reference genome, and UMI-based gene quantification to generate filtered feature-barcode matrices (outs
filtered_feature_bc_matrix).
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Quality control, filtering, and integration

Raw count matrices were imported into R version 4.4.1 programming environment using R package Seurat v5.2.1. Initial quality con-
trol (QC) metrics were visualized separately for each of the four samples to evaluate sample-specific distributions of sequencing
depth and cell quality. For each cell, we computed the total UMI count (nUMI), the number of detected genes (nGene), the fraction
of reads mapping to mitochondrial genes (percent.mt; genes matching "mt-), and library complexity (log10[genes per UMI]).

To account for systematic differences between experimental conditions, samples were merged based on conditions (ACAS vs
sham) before QC filtering, and condition-specific thresholds were applied. Cells were retained if they had >500 UMls, <35% mito-
chondrial transcripts and log10(genes per UMI) > 0.8. Gene-count thresholds were determined at the condition level due to the
different distribution. ACAS cells with 200-2,500 detected genes, and sham cells with 200-4,000 detected genes were included.
At the gene level, genes expressed in fewer than 10 cells were excluded. QC thresholds were determined by visual inspection of
QC metric distributions within each condition. No explicit doublet-detection algorithm was applied; instead, we relied on stringent
QC thresholds on UMI counts, detected genes, mitochondrial fraction, and library complexity to remove low-quality cells and
extreme outliers consistent with potential multiplets.

After QC filtering, the ACAS and sham datasets were merged into a single Seurat object for normalization and integration. Potential
batch covariates included sequencing/library origin (encoded in orig.ident as vd1, vd2, sham1, and sham2), sequencing depth-
related QC metrics, and mitochondrial transcript proportion. To mitigate technical variation between experimental conditions, we
performed SCTransform-based integration following the standard Seurat workflow. The merged object was split by condition,
normalized using SCTransform with regression of percent.mt, and 3,000 integration features were selected. Integration anchors
were identified using SCT normalization, followed by data integration. Dimension reduction (PCA/UMAP) and downstream analyses
were performed on the integrated object.

Integration controls were applied to evaluate the effectiveness of batch correction. Low-dimensional embeddings were inspected
after integration by coloring cells according to experimental condition and library of origin to assess mixing across libraries. In addi-
tion, expression patterns of canonical endothelial marker genes were examined in both SCT-normalized and integrated assays to
confirm preservation of cell identity following integration. Only technical covariates, including mitochondrial transcript proportion,
were regressed during normalization, and no biological variables were regressed. To assess potential confounding effects of cell cy-
cle, cell cycle phase scores were computed using canonical S-phase and G2/M-phase marker genes and examined in downstream
dimensionality reduction analyses. Cell cycle scores were not regressed out during normalization or integration. The final integrated
dataset comprised high-quality cells from four samples (ACAS1: 2,578 cells; ACAS2: 2,237 cells; sham1: 4,827 cells; sham2: 4,429
cells).

Normalization, integration, and dimensionality reduction
For downstream analyses, the integrated dataset was subjected to principal component analysis (PCA), followed by UMAP and t-
SNE for visualization and clustering. All subsequent analyses were performed using the batch-corrected integrated expression
space. The integrated dataset was projected onto its first 40 principal components (PCs) using the RunPCA() function and further
visualized in two dimensions using RunUMAP() and RunTSNE(). For clustering, we explored resolutions between 0.1 and 1, incre-
menting by 0.1 each time, and determined an optimal resolution of 0.2 based on the clustree visualization tool. At this resolution,
20 clusters were identified and annotated using previously described cell-specific or enriched marker genes.”*°" Marker genes
were selected with a minimum fractional expression threshold (min.pct = 0.25).

For further downstream analysis, we isolated specific clusters, including endothelial cell (EC) and astrocyte (ASC) clusters. The
entire workflow —from normalization to cell-type annotation—was repeated for each subcluster to ensure accurate classification
and analysis.

Differentially expression gene (DEG) and gene-ontology (GO) enrichment analysis

Differential expression analyses were performed to identify marker genes for different cell clusters. The analysis focused on two iden-
tified cell types of interest: endothelial cells (ECs) and astrocytes (ASCs. We isolated Seurat objects of these corresponding cell types
for all samples combined and for ACAS samples specifically. Differential gene expression analyses in scRNA-seq data were per-
formed using the Wilcoxon rank-sum test as implemented in Seurat (FindMarkers, test.use = “wilcox”). This non-parametric test
does not assume normality or homoscedasticity of gene expression distributions and is therefore appropriate for sparse single-
cell count data. P-values were adjusted for multiple testing across all genes using the Benjamini-Hochberg false discovery rate
(FDR) procedure, as implemented by default in Seurat. Genes were considered differentially expressed based on an adjusted p-value
threshold (FDR) and a minimum log2 fold-change cutoff. GO enrichment analysis and gene set enrichment analysis (GSEA) were per-
formed using R Bioconductor package clusterProfiler v3.20 and the online tool METASCAPE. GO enrichment analysis was based on
the Bioconductor annotation database GO.db, with the mouse genome annotation database org.Mm.eg.db serving as the enrich-
ment background. The enrichGO() function was used to perform hypergeometric tests for GO term enrichment based on the pre-
identified DEGs. Multiple testing across GO terms was controlled using the Benjamini-Hochberg FDR method, and enriched terms
were reported based on FDR-adjusted p-values. Additionally, KEGG GSEA was performed to identify cellular pathways and pro-
cesses, as well as to assess statistically significant differences between ACAS and sham samples for predefined gene sets. We
visualized the enriched KEGG pathway using the R package pathview.
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Pseudo-time trajectory analysis

We performed pseudo-time analysis using the R package Monocle3’” to explore the developmental trajectory of subclusters within the
EC cluster. We ordered genes using default settings and applied the DDRTree algorithm through the reduceDimension() function to
construct the cell trajectory. The plot_cell_trajectory() function is used to generate the two-dimensional diffusion map. Gene expres-
sions across pseudotime trajectory were visualized using plot_pseudotime_heatmap() and plot_genes_in_pseudotime() functions.

RNA velocity analysis

To provide independent and kinetic support for the directionality of the inferred endothelial pseudotime trajectory, spliced, unspliced,
and ambiguous transcript count matrices were generated for each sample using velocyto.R v0.6 package. Loom files corresponding
to individual libraries were processed separately, and cell barcodes were standardized to ensure consistency with Seurat object.
Only endothelial cells retained after QC were included in downstream velocity analyses.

For each sample, spliced, unspliced, and ambiguous count matrices were subset to endothelial cells and subsequently merged across
samples, ensuring identical gene ordering across matrices. Cells were further restricted to those shared between the merged loom
matrices and the Seurat object used for downstream analyses. RNA velocity was estimated using the gene.relative.velocity.estimates()
function in velocyto.R, with default parameters set to deltaT = 1, kCells = 25, and fit.quantile = 0.02. This approach estimates gene-wise
RNA velocity by modeling the relationship between spliced and unspliced transcript abundances across local cell neighborhoods.

Velocity vectors were projected onto the two-dimensional UMAP embedding derived from the Seurat object using show.veloci-
ty.on.embedding.cor(), enabling visualization of predicted future transcriptional states in the context of endothelial subcluster struc-
ture. Velocity fields were smoothed and visualized using a square-root scaling of vector lengths (scale = “sqrt”), with grid-based flow
visualization enabled (show.grid.flow = TRUE, grid.n = 40, min.grid.cell.mass = 0.5). Cells were colored according to endothelial sub-
cluster identity to facilitate interpretation of directional transitions between EC states.

To validate velocity estimates at the gene level, phase portraits comparing spliced versus unspliced transcript abundances were
examined for representative endothelial and angiogenic genes, including Apln, Angpt2, and Pecam1. Together, RNA velocity pat-
terns were consistent with the pseudotime ordering and supported a directional transition from capillary vein-like endothelial cells
toward tip-cell and arterial states.

Cell-cell communication analysis

Cell-cell communication analysis was performed through the R package CellChat v2.1.2 with built-in CellChatDB.mouse ligand-re-
ceptor reference database bundled to this version.”® Analyses were conducted in single-cell RNA mode using raw RNA counts as
input. CellChat infers putative cell-cell interactions by integrating prior biological knowledge of ligand-receptor pairs with gene
expression data, identifying differentially expressed ligands and receptors across cell groups and estimating the probability of inter-
cellular communication using a mass action-based model.

Communication probabilities were calculated using a robust Tukey trimean aggregator, which integrates the average expression of
ligands in sender cell populations and the corresponding receptors in receiver populations. To assess robustness, interaction proba-
bilities were estimated using 100 bootstrap resamples with the default kernel bandwidth (Kh=0.5). No explicit spatial or contact-depen-
dent constraints were imposed (contact.dependent = FALSE), and population size weighting was not applied (population.size = FALSE).

CellChat objects were generated from Seurat objects restricted to EC, ASC, and vSMC clusters. To better understand communica-
tion patterns between cell clusters, we performed two sets of complementary analysis: 1) cell-cell communication analysis limited to
ACAS samples only; and 2) comparison analysis between ACAS and sham conditions using a merged CellChat object. We identified
and visualized conserved and context-specific signaling pathways as well as up-regulated and down-regulated signaling ligand-recep-
tor pairs. Multiple visualization approaches were used to visually compare the signaling gene expression distribution between ACAS
and sham. Edges in the inferred cell-cell communication networks were retained only if both ligand and receptor genes were expressed
in at least 10 cells within their respective sender and receiver populations (fiterCommunication(min.cells = 10)). No additional hard
thresholding on interaction probabilities was applied beyond CellChat’s intrinsic bootstrap-based significance estimation.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes for all animal studies were determined by power analyses, allowing us to detect differences with 80% power at the
expected effect sizes (range from 1.5 to 8). Effect sizes were estimated from pilot studies or our previously published work. The
Type | error rate was limited using an a level of 5%, with the Bonferroni adjustment according to the number of pairwise comparisons.
Results are presented as scatterdot plots with mean + standard error of the mean (SEM). GraphPad Prism software (version 10.0.0,
La Jolla, CA) was used for statistical analyses. The Student’s t-test was used for comparison of two groups for continuous variables
with normal distributions. The differences in means among multiple groups were analyzed using one-way or two-way analysis of vari-
ance (ANOVA) or its nonparametric version, the Kruskal-Wallis test. Differences in means across groups with repeated measure-
ments over time were analyzed using the repeated measures ANOVA. When the ANOVA showed significant differences, pairwise
comparisons between means were tested by post hoc Dunnett or Dunn’s (all conditions compared with an indicated group) or Bon-
ferroni or Tukey (comparisons between all conditions) tests. The correlation analyses between continuous data with normal
distributions were performed using Pearson correlation analyses. In all analyses, p < 0.05 was considered statistically significant.
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