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Chronic cerebral hypoperfusion induces
venous dysfunction via EPAS1 regulation
in mice
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Vascular dementia is the second most common form of dementia. Yet, the
mechanisms by which cerebrovascular damage progresses are insufficiently
understood. Here, we create bilateral common carotid artery stenosis in mice,
which effectively impairs blood flow to the brain, a major cause of the disease.
Through imaging and single-cell transcriptomics of the mouse cortex, we
uncover that blood vessel venous cells undergo maladaptive structural chan-
ges associated with increased Epas1 expression and activation of develop-
mental angiogenic pathways. In a human cell model comparing arterial and
venous cells, we observe that low-oxygen condition leads to sustained EPAS1
signaling specifically in venous cells. EPAS1 inhibition reduces cerebrovascular
abnormalities, microglial activation, and improves markers of cerebral perfu-
sion in vivo. In human subjects, levels of damaged endothelial cells from
venous vessels are correlated with white matter injury in the brain and poorer
cognitive functions. Together, these findings indicate EPAS1 as a potential
therapeutic target to restore cerebrovascular integrity and mitigate
neuroinflammation.

Vascular cognitive impairment is a debilitating condition caused by a
reduction in cerebral blood flow, that may or may not be associated
with a stroke. This affects cognitive abilities such as executive func-
tioning, which results in functional impairment, thereby contributing
to vascular dementia1. Chronic cerebral hypoperfusion is frequently
observed with ageing and leads to progressive changes to brain
vasculatures, including greater tortuosity of the arteries, increased

collagen buildup in the veins, and a decline in capillary density2.
Neuroinflammation has been recognized as a crucial pathological
response to cerebral ischemia. However, our understanding of the
molecular features of non-neuronal cells, as well as perturbations to
the arteriovenous axis in the ischemic brain, remains limited. Endo-
thelial cells maintain the integrity of, and regulate transport across,
the blood-brain barrier and control neurovascular coupling3.
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Moreover, endothelial cells interact with and influence surrounding
parenchymal tissue on their abluminal side. As such, dysfunctional
endothelial cells could have widespread consequences for the brain
and serve as an initial driver of vascular cognitive impairment.

Cerebral endothelial cells exist along an arterial-venous tran-
scriptional continuum of gradual phenotypic change along the arter-
iovenous axis4. Neurologicaldiseases arising fromvascular pathologies
often manifest themselves in a zonation-dependent manner. In cere-
bral cavernousmalformations, loss‑of‑functionmutations in oneof the
CCM genes lead to vascularmalformations primarily of venous origin5.
Similarly, venous endothelial cells are the primary source of endo-
thelial cells in arteriovenous malformations, where misdirected and
highly proliferative venous endothelial cells form a direct shunt
between arteries and veins, bypassing capillaries6. Venous endothelial
cells appear as early responders to oxygen changes, with chronic
hypoxia inducing endothelial proliferation and vascular leakiness pri-
marily in post-capillary venules, while arterioles show no changes in
permeability7. Therefore, we hypothesize that intracranial endothelial
subtypes differentially affect the zonated patterns of cerebrovascular
lesions in chronic cerebral hypoperfusion.

We used a mouse model of chronic cerebral hypoperfusion
induced by bilateral carotid artery stenosis (BCAS), which is known to
replicate key features of vascular dementia, including white matter
changes, blood-brain barrier disruption, and cognitive impairment8.
Clinical and experimental studies have shown elevated white matter
hyperintensities in the frontal lobes of individuals with vascular
dementia9. Consequently, we focused our vascular phenotyping and
single-cell transcriptomicson theprefrontal cortex, a region critical for
higher-order cognitive functions such as decision-making, planning,
and working memory.

Here, we show that BCAS induces chronic angiogenic sprouting.
Further, we show that the endothelial PAS domain protein 1 (Epas1),
also known as hypoxia-inducible factor 2 alpha (Hif2α), is the mole-
cular driver of venous remodeling in vivo, as well as in our in vitro
human isogenic arterial and venous cellular system. Rescue experi-
ments in BCASmice using a small molecule inhibitor of EPAS1 reduce
the chronic vascular remodeling, suppress vein-associatedmicroglial
activation and restore cerebral blood flow to the level of sham con-
trols. Finally, a blood-based biomarker of circulating damaged
endothelial cells (CECs) reveals that venous dysfunction is more
pronounced in human subjects with cerebrovascular disease and is
correlated with poorer cognitive performance. This work sheds light
on the distinct responses of endothelial subtypes to cerebral hypo-
perfusion and has important implications for targeted vessel nor-
malization strategies to preserve cerebrovascular integrity.

Results
Differential arteriovenous responses to cerebral hypoperfusion
Using laser Doppler flowmetry, the baseline cerebral blood flow
readings were measured prior to BCAS and sham surgeries in each
animal. In the BCASmodel, a 0.18mm (external diameter) microcoil is
permanently fixed around both carotid arteries (Fig. 1a). Our long-
itudinal data quantified relative changes in cerebral blood flow over
time, normalized to each animal’s baseline measurement, ensuring
that our analyses accounted for inter-individual variability in initial
flow rates. Immediately following this procedure, cerebral blood flow
was reduced to 60-70%, followed by a partial recovery by day 5 that
was sustained for up to 30 days post-BCAS (Fig. 1b), reproducing the
working model as previously reported10,11.

Given that BCAS treatment selectively affects working memory12,
we focused our cerebrovascular phenotyping on the brain’s frontal
lobes. Overall vessel density was determined by imaging endothelial
cells expressing Pecam1. In sham-operated mice, vessel density
remained unchanged between day 10 and day 60 post-BCAS (Fig. 1c),
indicating vascular stability under normal conditions. In contrast,

BCAS mice exhibited a significant rise in vessel density by day 60,
suggesting a gradual response of angiogenesis to chronic hypoperfu-
sion. Frontal lobes largely consist of grey matter, which may be
impacted later than white matter13, explaining the prolonged angio-
genic response. A previous study reported early venous branchgrowth
taking place at 6 days post-BCAS, involving changes in vessel caliber14.
To study arteriovenous responses to cerebral hypoperfusion, we dis-
cerned the origins of FITC-Dextran labeled blood vessels using alpha
smooth muscle actin (αSMA) staining patterns15,16 to distinguish
smooth muscle cell-invested arterial (striated αSMA) vessels from
venous (discontinuous αSMA) vessels. Indeed, we found that BCAS
mice exhibited earlier sprouting of venous vessels compared to sham
on day 10 that was sustained till day 60 (Fig. 1d). On the other hand,
arterial vessels demonstrated a delayed angiogenic response on day
60. Thus, vascular remodeling under chronic hypoperfusion was
characterized by an initial angiogenic response predominantly from
venous structures, followed by continued venous expansion and
delayed arterial angiogenic adaptation.

Furthermore, inour analysis of vascular lumen size, we focusedon
anatomically equivalent vascular structures in both BCAS and sham
groups - the pericallosal arteries that supply the cingulate cortex, a
region within the prefrontal cortex, as well as the sagittal sinus veins
that drain the prefrontal cortex. Our results demonstrated that in the
BCAS model, veins exhibited significantly increased lumen diameter
compared to sham controls, while arteries showed reduced lumen
diameter, indicative of constriction on 60 days post-BCAS (Fig. 1e).
These findings might suggest compensatory mechanisms in response
to chronic hypoperfusion. Arterial constriction reflected the brain’s
autoregulatory effort to optimize perfusion pressure. On the other
hand, venous dilation likely compensated for reduced outflow effi-
ciency, facilitating the drainage of deoxygenated blood.

To discern whether vein lumen changes were due to active vaso-
dilation or passive adjustments in vascular tone secondary to altered
intraluminal pressure, we stained brain tissues for endothelial nitric
oxide synthase (eNOS). We assessed eNOS protein levels at 60 days
post-BCAS, a timepoint representing prolonged cerebral hypoperfu-
sion. We observed increased eNOS protein expression in venous seg-
ments, whereas arterial eNOS expressionwas decreased (Fig. 1f). While
eNOS-derived nitric oxide is well known to mediate transient vasodi-
lation in response to acute shear stress, its expression under chronic
hypoperfusion may reflect sustained endothelial signaling. To further
evaluate structural remodeling, we examined changes in vessel archi-
tecture.We observed a significant increase in thewall-to-lumen ratio in
veins of BCASmice (Supplementary Fig. S1a), indicative of venous wall
thickening. This was accompanied by elevated collagen IV staining
(Supplementary Fig. S1b), suggesting extracellular matrix remodeling.
In summary, we found that the cerebrovascular response to hypo-
perfusion primarily involved venous angiogenic sprouting and vaso-
dilation, highlighting structural and functional adaptations.

Single-cell transcriptomics reveal pro-angiogenic venous cells
Next, we determined the transcriptomic basis of dysfunctional
endothelial subtypes along the arteriovenous axis by examining
genome-wide expression changes in endothelial cells. Single-cell
transcriptomics was performed on prefrontal cortex tissue obtained
from BCAS and sham mice 10 days post-surgery to capture early
transcript changes (Fig. 2a). Following quality control filtering
(Supplementary Fig. S2a–e) and unsupervised clustering, individual
clusters were annotated based on the expression of cell type-specific
markers4, allowing for the identification ofmajor cell types present in
the brain (Fig. 2b). We took particular interest in the endothelial cell
population with highly enriched expression of well-known endothe-
lial-specific marker genes, including Flt1, Cldn5 and Pecam1. We
employed AUCell (v. 1.12.0) to assign individual endothelial cells into
distinct subtypes based on expression profiles of arteriovenous
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zonation-dependent genes4. This approach identified sub-
populations of arterial, capillary, venous-capillary, and venous
endothelial cells expressing their respective subtype-specific mar-
kers (Fig. 2c). In the proportional analysis of endothelial subtypes,

both sham and BCAS groups exhibited a predominance of cells from
small vessels—primarily capillary and venous-capillary endothelial
cells—followed by arterial and venous endothelial cells (Fig. 2d). This
distribution aligned with the expected proportions of brain

Fig. 1 | Phenotyping of vessel subtype-specific response to cerebral hypo-
perfusion. a Schematic of BCAS performed on a mouse. Created in BioRender.
Wazny, V. (2025) https://BioRender.com/ujauv4d. b A time course of percentage of
cerebral blood flow changes relative to their respective baseline values of individual
mice (n= 11 sham, n= 10 BCAS). Statistical significances reflect differences of sham
versus BCAS. c Representative immunofluorescence images of Pecam1-positive
cerebral vessels (red) acquired 10 days or 60 days post-BCAS surgery. Statistical
significances reflect differences of day 10 versus day 60 post-BCAS. Scale bars,
100 µm. d Three-dimensional images of cerebral vasculatures injected with 500kDa
FITC-conjugated dextran (green). Alpha-smooth muscle actin (αSMA, green) was
used to distinguish arterial (striated) from venous (discontinuous αSMA) vessels.
Quantitative analysis of the number of sprouts per 100μm of vessel length was
determined. White arrows indicate angiogenic sprouts. Statistical significances

reflect differences of sham versus BCAS. Scale bars, 30 µm. e Representative
immunofluorescence images of arterial and venous vessels stainedwith Pecam1 (red)
and αSMA (white) at 10 days and 60 days post-BCAS. Quantitative analysis of the
lumen diameter measured by the shortest length across every vessel cross-section.
Statistical significances reflect differences of sham versus BCAS. Scale bars, 20 µm.
f Representative immunofluorescence images of eNOS (green) protein expression
on Pecam1-positive cerebral vessels (red). Protein expression of eNOSwas quantified
by eNOS signal intensity per area of the vessel. Statistical significances reflect dif-
ferences of sham versus BCAS. Scale bars, 20 µm. b–f Data points represent indivi-
dual animals in mean ± s.d.; unpaired t-test or Mann-Whitney test comparing two
groups (two-sided). c–f Sample size: 10 days [n= 12 sham (6 females, 6 males), n= 10
BCAS (5 females, 5 males)] or 60 days [n= 13 sham (6 females, 7 males), n= 10 BCAS
(5 females, 5 males)]. Source data are provided as a Source Data file.
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vasculature4,17. Notably, the BCAS group showed a significant
increase in the proportion of venous and venous-capillary endothe-
lial cells compared to the sham group. This observation was con-
sistent with phenotypic evidence of more apparent venous
angiogenic expansion in BCAS mice (Fig. 1), suggesting endothelial
subtype-specific dynamics in brain ischemia.

To investigate the functional relevance of gene expression chan-
ges, we performed pseudobulk differential expression analysis to
obtain differentially expressed genes (adjusted p value < 0.05,
Benjamini-Hochbergmethod) in BCASmice versus shammice for each
of the endothelial subtypes. Among the endothelial subtypes, venous-
capillary and capillary cells had the largest number of significant dif-
ferentially regulated genes (Fig. 2e). Gene ontology (GO) analysis
identified top enriched processes across all endothelial subtypes,
highlighting vascular structural remodeling in response to cerebral
hypoperfusion. These included focal adhesion assembly in arterial

endothelial cells, supramolecular fiber organization in capillary endo-
thelial cells, cell morphogenesis and angiogenesis in venous-capillary
endothelial cells, and cell junction assembly and angiogenesis in
venous endothelial cells (Fig. 2f). Interestingly, GO analysis also
revealed upregulated biological processes related to synapse organi-
zation and synaptic signaling across multiple endothelial subtypes
(Supplementary Fig. S2f). This finding reflects the organotypic traits of
specialized endothelial cells in different tissues, as reported in pre-
vious studies18. For instance, brain endothelial cells express genes
associated with synaptic vesicle function, while heart endothelial cells
express cardiac contractile genes. Notably, in the BCAS enriched
genes, we observed evidence of endothelial cell de-differentiation,
with enriched processes related to blood vessel development in
arterial cells, developmental maturation in capillary cells, and
embryonic development in venous cells (Supplementary Fig. S2f). This
suggests a potential regression to a more plastic or progenitor-like

Fig. 2 | Profiling endothelial cell transcriptomes in response to cerebral
hypoperfusion. a Schematic of the single-cell RNA-sequencingworkflowonmouse
prefrontal cortex. Created in BioRender. Wazny, V. (2025) https://BioRender.com/
g3sc0se. b UMAP visualization of single-cell transcriptomes from BCAS (n = 4, 2
males, 2 females) and sham (n = 4, 2 males, 2 females) mouse brains. Expression
patterns of endothelial marker genes (Flt1, Cldn5, Pecam1) in dataset have been
highlighted on UMAP plots. c Endothelial subtypes identified based on gene
expression patterns of published curated dataset4. Dot plot showing expression
andproportionof cells per endothelial subtypes expressing their respectivemarker
genes. Created in BioRender. Wazny, V. (2025) https://BioRender.com/m5oc7qp.
d Proportions of endothelial subtypes obtained from sham versus BCAS groups.
Chi-squared goodness-of-fit test (two-sided) was performed to assess the differ-
ence in frequencies between the groups. e Numbers of significantly upregulated
(red lines) and downregulated (blue lines) differentially expressed genes (DEGs) for
each endothelial subtype in response to BCAS (adjusted p value < 0.05, Benjamini-

Hochbergmethod). fBar graphsof top5 enrichedgeneontologybiological process
clusters, based on differentially upregulated genes for each endothelial subtype,
sorted by p value. Terms with a p value < 0.01, a minimum count of 3, and an
enrichment factor > 1.5 (the enrichment factor is the ratio between the observed
counts and the counts expected by chance) are collected and grouped into clusters
based on their membership similarities. More specifically, p values are calculated
based on the cumulative hypergeometric distribution, and q values are calculated
using the Benjamini-Hochberg procedure to account for multiple testings. Kappa
scores are used as the similarity metric when performing hierarchical clustering on
the enriched terms, and sub-trees with a similarity of > 0.3 are considered a cluster.
The most statistically significant term within a cluster is chosen to represent the
cluster. g Venn diagram showing the overlap of significantly upregulated DEGs
(adjustedp value < 0.05, Benjamini-Hochbergmethod) related to various biological
processes in BCAS venous endothelial cells. Bolded genes refer to transcription
factors.
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state, which may contribute to vascular remodeling in response to
cerebral hypoperfusion.

To investigate the molecular drivers of venous remodeling in
response to cerebral hypoperfusion, we analyzed venous-enriched
genes associated with blood vessel morphogenesis, angiogenesis,
hypoxia, and embryonicdevelopment. The commonmolecular drivers
identified included Acvrl1, Edn1, Epas1, and Kdr, with Epas1 encoding a
transcription factor (Fig. 2g). Notably, Epas1 (also known as Hif2α) is a
well-established regulator of angiogenesis and could potentially con-
fer venous endothelial cells with heightened sensitivity to hypoxia,
promoting their pro-angiogenic phenotype. Further supporting this
notion, patients with EPAS1 gain-of-function mutations exhibit abnor-
mal vascular patterns, including venous dilation, tortuosity, and
postcapillary venule leakage19. These venous cells also exhibited
developmental hallmarks, such as the expression of Kdr (vascular
endothelial growth factor receptor 2, Vegfr2), a known downstream
target of Epas120.

Since age-related declines in cerebral blood flow are well-
documented in humans21,22, we examined whether venous endothe-
lial signatures identified in our BCAS model were also evident in the
aged brain. We mapped our list of endothelial molecular signatures
associated with BCAS onto a published aged mouse brain endothelial
single-cell transcriptomicdataset17. Notably,weobservedupregulation
of several key genes implicated in angiogenic and developmental
pathways, such as Epas1, Id1, Kdr, Klf2, and Acvrl1, in aged brain
endothelial cells (Supplementary Fig. S2g). These findings suggest a
shared endothelial adaptation to cerebral hypoperfusion and vascular
aging, involving a reactivation of developmental programs in venous
endothelial cells, promoting angiogenic responses. Our current study
can advance our understanding of the initial events in vascular cog-
nitive impairment and lay the groundwork for subsequent studies
studying aging as a critical modifier of disease trajectory.

As evidenced in Fig. 1, BCAS venous endothelial cells displayed
vasoactive properties. We further examined key signaling pathways
associated with active vasodilation, specifically focusing on molecules
involved in regulating vascular tone, such as nitric oxide, prostacyclin,
andG-protein-coupled receptors. This included analyzing genes linked
to the eNOS pathway, calcium signaling, and vasodilatory molecules
like cyclic GMP. Our analysis showed that, compared to sham control,
BCAS condition significantly elevated the expression levels of these
vasoactive molecules in venous cells (Supplementary Fig. S2h). This
provides insight that venous endothelial cells could be engaged in
active vasodilatory responses, in addition to passive adjustments to
hemodynamic changes in the BCAS model.

We have made available an interactive browser that allows the
exploration of single-cell RNA-seq profiles of BCAS and sham endo-
thelial cells at https://christinecheunglab.shinyapps.io/mouse_bcas_ec/.

EPAS1 preferentially regulates venous angiogenic response to
hypoxia
Todetermine howendothelial cell state couldmediate the preferential
angiogenic phenotype of venous cells, we leveraged an in vitro system
of human arterial and venous cells (Fig. 3a) using an established pro-
tocol for endothelial differentiation from human pluripotent stem
cells23. As most primary endothelial cells lose their subtype specificity
after being sub-cultured in vitro, our human arterial and venous
endothelial system offered the advantage of isogenic cell subtypes
differentiated using chemically defined conditions to drive their sub-
type commitment. We could reproduce the arterial and venous cell
differentiation with high efficiency (~90% arterial and ~80% venous
specification; Supplementary Fig. S3). We mapped several venous
genes differentially upregulated during BCAS that were associated
with angiogenesis, blood vessel morphogenesis and hypoxia onto our
single-cell transcriptomes23 of different stages of human venous dif-
ferentiation. Expression of most of these genes was enriched in the

prevein cell population that is a precursor to venous endothelial cells
(Fig. 3b). Therefore, these BCAS-induced genes could potentially
represent a dedifferentiated endothelial state, conferring angiogenic
capability in venous cells.

To model the differential effects of cerebral hypoperfusion on
endothelial subtypes, we subjected both arterial and venous endo-
thelial cells to low oxygen condition (1%) for up to 48 h (Fig. 3a). We
acknowledge the absence of glucose deprivation. As the differentia-
tion protocol relied on chemically defined conditions, including glu-
cose in the basal media, removing glucose would disrupt the
established protocol and potentially impact differentiation efficiency
and cell fate commitment. Therefore, we applied reduced oxygen as
the stress paradigm for this model. Because ID1 (also known as Inhi-
bitor Of Differentiation 1) maintains multipotency in stem/ progenitor
cells24, we tracked the gene expression of ID1 in arterial and venous
endothelial cells exposed to 1% oxygen. In arterial cells, ID1 expression
levels were sharply induced during the first 2 h of 1% oxygen exposure,
and then rapidly declined (Fig. 3c). In contrast, expression of ID1 in
venous cells remained significantly elevated for up to 48 h of exposure
to 1% oxygen. A similar reactivation of the developmental program has
been documented in the oncofetal reprogramming of endothelial cells
during tumor angiogenesis25. Our finding highlights the plasticity of
venous cells in response to low oxygen and the involvement of
developmental genes in chronic angiogenic responses.

Hypoxia-inducible factors play a crucial role in embryonic vas-
cular development. Activation of HIF-1 supports vasculogenesis under
intense hypoxic conditions, while the dependence onHIF-2 is essential
for the remodeling of newly formed vasculatures26. Correspondingly,
Epas1 (Hif2α) was significantly upregulated in our BCAS venous
population that was actively remodeling. Hence, we compared the
dynamics of EPAS1 induction in human arterial and venous endothelial
cells exposed to 1% oxygen. Nuclear translocation of EPAS1, a key step
in the activation of its downstream hypoxia response genes, was ana-
lyzed by measuring colocalization of EPAS1 with nuclei stained with
DAPI (Fig. 3d). EPAS1 was translocated into the nuclei of venous cells
up to4-foldwithin6 hof 1%oxygen exposure and thiswas sustainedup
to 48h (Fig. 3e). On the other hand, induction of EPAS1 nuclear
translocation in arterial cells was milder, reaching 2-fold after 10 h and
remaining elevated afterward, albeit at significantly lower levels than
observed for venous cells. These expression changes concurred with
the temporal regulation of HIFs where EPAS1 drives chronic hypoxia
response (>24 h)26.

Iterative structure-based design utilizing the heterodimer of PAS-
B domains of EPAS1 and ARNT lead to the discovery of PT2385 – a
potent, selective, and orally active small-molecule inhibitor against
EPAS127. We performed an endothelial tube formation assay in venous
cells and found that 1% oxygen significantly increased the density of
tube-like structures in comparison to 21% oxygen (Fig. 3f). Further, the
inhibition of EPAS1 by PT2385 abolished the low oxygen-induced tube
formation by venous cells. While 21% O₂ served as a baseline normoxic
condition in our study, we recognize that it might not reflect the
physiological PO₂ experienced by endothelial cells in vivo, particularly
for venous endothelium where PO₂ levels are typically closer to
40mmHg. Future studies could refine thismodel by incorporating PO₂
values more reflective of in vivo conditions.

EPAS1 inhibition restores cerebral bloodflowanddampens vein-
associated microglial activation
The marked effect of PT2385 in vitro motivated us to examine the
actions of this drug in the BCAS model. PT2385 has been used in
human clinical trials because of its high penetration of the blood-brain
barrier28. We hypothesized that EPAS1 inhibition by PT2385 could
reverse venous remodeling induced by cerebral hypoperfusion in vivo.
We administered this drug after a 10-day recovery period post-BCAS to
allow physiological compensatory angiogenesis to take place (Fig. 4a).
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Mice then received daily doses of PT2385 for 30 days, followed by
harvesting of brain frontal lobe tissue to characterize arteriovenous
and microglial properties. In BCAS mice, cerebral blood flow was
restored to levels comparable to sham controls following PT2385
treatment, whereas cerebral blood flow was significantly reduced in
untreated BCAS mice (Fig. 4b). To assay overall cerebrovascular

density, we visualized Pecam1-expressing endothelial structures.
Remarkably, the increase in vessel density produced by hypoperfusion
in BCAS was reversed back to control levels following PT2385 treat-
ment (Fig. 4c). When we distinguished arterial and venous vessels by
co-staining FITC-Dextran labeled vessels with αSMA, we found that
PT2385 treatment reversed the increased vascular sprouting produced

Fig. 3 | Differential responses of human arterial and venous endothelial cells to
1% oxygen. a Schematic of the endothelial differentiation system. Human plur-
ipotent stem cells were differentiated into primitive streak, then dorsal lateral
mesoderm, and subsequently into arterial and venous endothelial cells23.
b Heatmap showing the expression profile of upregulated genes associated with
angiogenesis, blood vessel morphogenesis and hypoxia in BCAS venous cells, and
mapped onto the single-cell transcriptomics of human pluripotent stem cells, pri-
mitive streak, lateral mesoderm, pre-vein, and venous endothelial cell populations.
The color intensity indicates the expression level. cTime course of relative ID1 gene
expressions comparing arterial and venous endothelial cells under 1% oxygen
conditions (n = 3 biological replicates). d Representative immunofluorescence

images of arterial and venous endothelial cells stained for EPAS1 (purple) and
nuclei (DAPI, blue) in normoxia and after 4 h of 1% oxygen exposure. Scale bar,
50 µm. e Quantification of the fold change of % EPAS1 colocalization with the
nuclei over time comparing arterial and venous cells (n = 3 biological replicates,
n = 3 field of view per replicate). f Venous endothelial tube formation assay under
21% and 1% oxygen conditions, both untreated and treated with PT2385. Quan-
tification was based on the number of endothelial tube-like structures (n = 3
biological replicates). Scale bar, 400 µm. c, e, fData points represent mean ± s.d.;
unpaired t-test comparing two independent groups (two-sided), one-way ANOVA
for multiple comparisons (two-sided). Source data are provided as a Source
Data file.
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by BCAS (Fig. 4d). This emphasized the importance of EPAS1 for
hypoperfusion-induced angiogenic sprouting.

Disruption of the integrity of cerebrovascular structure by
pathophysiological conditions—such as ischemic trauma, brain

tumors, and neurodegenerative diseases—are associated with the
accumulation of activated microglia29. Similarly, the brains of BCAS
mice had a significantly higher density of ionized calcium binding
adaptor molecule 1 (Iba1)-expressing microglia, an effect that was

Fig. 4 | Venous remodeling in response to cerebral hypoperfusion is pharma-
cologically reversible. a Timeline for BCAS/ sham surgery, drug administration, and
cerebrovascular phenotyping. Created in BioRender. Wazny, V. (2025) https://
BioRender.com/vrn0741.b Percentage of cerebral blood flow changes relative to their
respective baseline values of individual mice comparing sham + vehicle (n= 11), BCAS
+ vehicle (n= 10), and PT2385-treated BCAS (n= 12) mice at 40 days post-BCAS.
c Representative immunofluorescence images of Pecam1-positive cerebral vessels
(red) acquired 60 days post-BCAS surgery. Scale bar, 100 µm. d Three-dimensional
images of cerebral vasculatures injected with 500kDa FITC-conjugated dextran
(green). Alpha-smooth muscle actin (αSMA, green) was used to distinguish arterial
(striated) from venous (discontinuous αSMA) vessels. Quantitative analysis of the
numberof sprouts per 100μmof vessel lengthwas determined.White arrows indicate
angiogenic sprouts. Scale bars, 30 µm. e Representative immunofluorescence images
of microglia stained with Iba1 (green) against Pecam1-positive vessels. Scale bars,

20 µm. fCircle plot showing the number of ligand-receptor (L-R) interactions between
pairwise cell populations among the endothelial cell subtypes and microglial popu-
lations in sham and BCAS groups. aEC arterial, capEC capillary, vcapEC venous
capillary, vEC venous endothelial cells. g Representative immunofluorescence images
of Iba1-positive microglia juxtaposed on arterial or venous structures. The average
number ofmicroglial cell bodies per vessel (three independent vessels) wasmeasured
in every animal, with at least 80% of each rendered spot of microglial cell body
colocalizing with the vessels. Yellow arrows indicate examples of vessel-associated
microglia. Scale bars, 20 µm. h Ramification index of vein- and artery-associated
microglia to characterize microglia activation state. Scale bars, 5 µm. c–e, g, h Data
points represent individual animals in mean ± s.d.; one-way ANOVA or Kruskal-Wallis
test for multiple comparisons (two-sided). Sample size at 60 days post-BCAS:
n= 13 sham+vehicle (6 females, 7 males), n= 10 BCAS+vehicle (5 females, 5 males)
and n= 12 BCAS (7 females, 5 males). Source data are provided as a Source Data file.
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eliminated by treatment with PT2385 (Fig. 4e). Analysis of our single-
cell data revealed distinct endothelial-microglial communication pat-
terns across endothelial subtypes, shedding light on gliovascular
interactions. In the sham control, ligand-receptor interactions were
observed between microglia and arterial, capillary, and venous-
capillary endothelial cells but were absent with venous endothelial
cells (Fig. 4f). Under BCAS conditions, new interactions emerged
between venous endothelial cells and microglia, involving
Sema3c–Nrp1/Nrp2/Plxna4, Ptn–Ncl, and Nampt–Insr pairs (Supple-
mentary Fig. S4a). Endothelial-derived semaphorin 3 C (Sema3c) likely
served as a guidance cue to regulatemicroglial migration, positioning,
and activation, with Nrp1/Nrp2 and Plxna4 acting as co-receptors to
fine-tune these responses. Similarly, endothelial-derived pleiotrophin
(Ptn) might act as a neurotrophic and immunomodulatory factor to
modulate microglial activation and phagocytosis through nucleolin
(Ncl). TheNampt–Insr pair, which is unique to venous endothelial cells,
suggest a specialized mechanism where Nampt, an enzyme in NAD+
biosynthesis, signals through the insulin receptor (Insr) onmicroglia to
regulate energy homeostasis and stress responses.

A growing number of studies have highlighted the involvement of
vessel-associated microglia in angiogenesis, vascular maintenance,
andpotentially the regulation of cerebral bloodflow30. Thesemicroglia
are primarily distinguished from parenchymal microglia by their close
proximity to blood vessels. To explore the distinct roles of vein- and
artery-associated microglia, we assessed their distribution following
BCAS. Our analysis revealed that BCAS significantly increased the
physical association of microglia with veins, an effect that was atte-
nuated by PT2385 treatment (Fig. 4g, right). In contrast, the levels of
microglial association with arteries remained unchanged (Fig. 4g, left).
Next, to assess microglial activation, we performed morphological
analysis using a ramification index. With this index, long, thin pro-
cesses yield a high index that reflects resting microglia, while a lower
index indicates the more ameboid shape of activated microglia. Fol-
lowing BCAS, vein-associated microglia showed a significant increase
in activation (Fig. 4h, right), whereas artery-associated microglia
remained unaffected (Fig. 4h, left). Treatment with PT2385 selectively
reduced the activation of vein-associated microglia, suggesting a
specific, EPAS1-mediated responseof thesemicroglia to BCAS-induced
venous stress.

Gene expression analysis revealed that Epas1 expression in the
prefrontal cortex was localized to the endothelial cell cluster, with
venous endothelial cells showing a higher relative change in expres-
sion compared to other endothelial subtypes (Supplementary Fig. S4b,
c). However, Epas1 expression was negligible in the microglial cluster
and was not induced in microglia by the BCAS procedure (Supple-
mentary Fig. S4d). This indicated that EPAS1 inhibition by PT2385 likely
reduced microglial activation via venous endothelial-microglial inter-
actions. These findings point to dynamic communication between
endothelial cells and microglia, which may play a role in inflammatory
responses during brain ischemia. Further studies will be required to
understand the mechanisms underlying such interactions.

BCAS impairs spatial working memory, reference memory, and
cognitive function8. To assess the behavioral impact of PT2385 treat-
ment, we evaluated spatial working memory by using a Y-maze and
general locomotor activity in an open field. In the Y-maze, while
spontaneous alternations (a measure of working memory) did not
differ significantly across groups, the total time taken per alternation
pattern was significantly shorter in treated BCAS mice compared to
untreated mice (Supplementary Fig. S5a, b). This finding suggests that
PT2385 treatment may improve cognitive processing speed or effi-
ciency. In the open field test, the total distance traveled, a measure of
general locomotion, remained relatively consistent across all groups
(Supplementary Fig. S5c). However, in the analysis of corner zone
immobile episodes, a marker of anxiety-like behavior, treated BCAS
mice showed a lowered trend and appeared to normalize to sham

control levels (Supplementary Fig. S5d). This suggests thatPT2385may
alleviate anxiety-like behaviors.

Venous dysfunction is associated with human cerebrovascular
lesions and poorer cognitive function
Finally, we sought to connect BCAS-related brain venous pathology to
cerebral blood flow, cerebrovascular burdens, and cognitive functions
in humans. Participants (n = 47, demographics detailed in Supple-
mentary Table S1) were recruited through the Dementia Research
Centre, Singapore, to undergo brain magnetic resonance imaging
(MRI), cerebral blood flow analysis, and cognitive assessments
(Fig. 5a). The limited availability of primary endothelial cells obtained
from patient brain biopsies constituted a bottleneck that we cir-
cumvented by using a surrogate biomarker of vascular injury, circu-
lating endothelial cells (CECs). CECs are cells dislodged fromdamaged
endothelia into the bloodstream and serve as a direct indicator of
in situ vascular injury or aberrant vascular remodeling. CECs have been
validated as a cell-based biomarker for vascular dysfunction across
various diseases, including cardiovascular disease, COVID-19, meta-
bolic disorders, preeclampsia, and sickle cell anemia31. Thus, bloodwas
collected from every subject and then processed to retrieve the per-
ipheral blood mononuclear cell (PBMC) fraction. CECs were then
detected in PBMC samples by flow cytometry using a combined
immunophenotypic profile of CD45-/CD31+/CD133-/DNA+ (Fig. 5a).

MRI white matter hyperintensity, a measure of cerebrovascular
disease, was quantified by a modified Fazekas scale32,33. White matter
hyperintensity was measured in four brain regions: right periven-
tricular, left periventricular, right deep subcortical, and left deep
subcortical. Absent-to-mild cerebrovascular disease was defined as a
score ranging from0–4 on the total Fazekas scale, whereas individuals
with scores of 5–12 were classified as having moderate-to-severe cer-
ebrovascular disease. Visual ratings were carried out independently by
two trained raters, and any substantial discrepancies in scores were
resolved through consensus. To measure cerebral perfusion, cerebral
blood flow was determined by 2D pulsed arterial spin labeling data
from brain MRI images34.

Participants withmild cerebrovascular disease (Fazekas score 1-4)
exhibited a significant inverse correlation between thenumber ofCECs
and cerebral perfusion (Fig. 5b), indicating a decline of cerebral blood
flow is associated with endothelial damage. However, this trend was
only apparent in the absent-to-mild cerebrovascular disease groups
(Fazekas score 0-4), rather than in severe cerebrovascular disease
(Fazekas score ≥ 5). This suggests that cerebral hypoperfusion gave
rise to early vascular perturbations. In cases of severe white matter
lesions, factors such as neuronal deficits, glial dysfunction, and neu-
roinflammation may have confounded the correlation between cere-
bral perfusion and endothelial changes.

To identify the subset of CECs originating fromvenous structures,
we required an additional marker that fulfilled both organotypic sig-
nature and venous subtype of interest. To find a marker of venous
endothelial cells, we leveraged advances in single-cell transcriptomics
by mining a single-cell transcriptomic atlas of organotypic endothelial
cells isolated from 11 mouse tissues35 (Supplementary Fig. S6a).
Expression of atypical chemokine receptor-1 (Ackr1) demonstrated
enriched venous expression in the brain, soleus muscle, extensor
digitorum longus muscle, intestines, and liver. This is consistent with
the venous specificity of ACKR1 expression in human brain single-
nucleus transcriptomes36,37 (Supplementary Fig. S6b). We recognized
that ACKR1 protein might not be exclusively expressed in brain
endothelial cells or venules; hence more precise markers for selective
identification of damaged venous cells in the brain would be desirable.
Nonetheless, we used ACKR1 expression to identify damaged CECs
that originated fromvenous vessels (Fig. 5a).When thehumansubjects
were divided into two groups based on the presence (Fazekas score >
0) or absence (Fazekas score =0) of cerebrovascular disease, therewas
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Fig. 5 | Circulatingvenousendothelial cell levels are elevated inhumansubjects
with cerebrovascular disease burden. a Schematic of study workflow. Human
subjects underwent blood sample collection, magnetic resonance imaging and
arterial spin labeling. Flow cytometry analysis on peripheral blood mononuclear cells
(PBMCs) was used to identify circulating endothelial cells (CECs) based on the
immunophenotypic markers of CD45− /CD31 +/CD133− /DNA+, followed by character-
ization with brain venous marker, ACKR1. Created in BioRender. Wazny, V. (2025)
https://BioRender.com/9ypd05j. b Spearman’s correlation analysis between cerebral
tissue perfusion, measured by arterial spin labeling, with the number of CECs per
million PBMCs. Subjects were grouped by Fazekas scores. Spearman’s correlation
coefficient r and p values (two-tailed test) are indicated. c Quantification of the

number of CECs per million PBMCs (left), and percentage of ACKR1+ CECs (right) in
subjects grouped by presence (Fazekas >0, n = 39 individual participants) or absence
(Fazekas = 0, n = 5 individual participants) of cerebrovascular disease burden. Data
points representmean ± s.e.m.; Mann-Whitney test (two-sided); *p<0.05 and ns non-
significant. d Correlation analysis between the percentage of ACKR1+ CECs and
Z-scores of various cognitive functions. Spearman’s correlation coefficient r and p
values (two-tailed test) are indicated for executive function Z-scores. Pearson’s cor-
relation coefficient r and p values (two-tailed) are indicated for language and global
cognitive Z-scores e Proportional analysis of zero (0), low ( <95th percentile), and high
( >95th percentile) percentages of ACKR1+ CECs in subjects grouped by negative and
positive global cognitive Z-scores. Source data are provided as a Source Data file.
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an upward trend inCEC levels (Fig. 5c, left). and a significant increase in
the percentage of ACKR1+ CECs in subjects with cerebrovascular dis-
ease (Fig. 5c, right). Hence, white matter lesions seen in patients with
vascular cognitive impairment might be associated with venous
dysfunction.

Increases in white matter hyperintensity and cerebrovascular
burden are associated with poorer cognition34. In our subject cohort,
the levels of ACKR1+ CECs were correlated with decreases in cognitive
performance, particularly in executive function and language skills
(Fig. 5d). In neuropsychological examinations, both single test scores
and entire performance profiles can be used to identify cognitive
deficits38.We further derived an average global cognitive score–based
on executive function, language, visuospatial, episodic memory abil-
ities, and processing speed – to compare to CEC biomarkers. A sig-
nificant correlation was observed between a higher percentage of
ACKR1+ CECs and a decrease in global cognition (Fig. 5d). When the
subjects were subset according to zero, low or high (>95th percentile)
percentage of ACKR1+ CECs, individuals with less than average global
cognitive performance (negative Z-score) sustained greater propor-
tion of detectable ACKR1+ CECs, especially ‘high’ levels of ACKR1+ CECs
(Fig. 5e). Taken together,we conclude that venous endothelial damage
was associated with poorer cognitive functions in humans.

In humangenetic studies of cognitive performance, the intergenic
single nucleotide polymorphism rs34743896 has been associated with
a change in attention score39. Interestingly, the closest gene to
rs34743896 is EPAS1 (~30 kb away). We performed data mining of in
situ Hi-C sequencing datasets that map genome-wide chromatin con-
tacts in human umbilical vein endothelial cells40, human aortic endo-
thelial cells41, and human brain prefrontal cortex42 (Supplementary
Fig. S7). Given the proximity of rs34743896 and EPAS1, both were
indeed found in regions of intensified chromatin interactions, and
potentially within the same topographically associating domains.
While it is known that genetic variants can act distally, to affect reg-
ulatory elements of genes within the same topographically associating
domains where regions of chromatin physically interact more fre-
quently, further investigation is required to define the relationship
between EPAS1 and cognition.

Discussion
Our study delineated the responses of specific subtypes of endo-
thelial cells to cerebral hypoperfusion at the molecular, structural,
and functional levels. We pinpointed cross-species convergence of
pathways in venous susceptibility to cerebral hypoperfusion in a
clinically relevant BCASmousemodel of vascular dementia, as well as
in deeply phenotyped human subjects. Our human analyses linked
hallmarks of venous endothelial dysfunction to the risk of cognitive
impairment. In line with our observations in the BCAS mouse model,
the well-described loss of blood-brain barrier integrity seen in cere-
bral hypoperfusion43,44 and inflammatory demyelinating diseases45

have been related to venular leakiness and venous association with
leukocyte infiltration. Our findings also suggest that venous nor-
malization could be a therapeutic strategy to moderate vein-
associated microglial activation and potentially reduce neuroin-
flammation in brain ischemia.

Emerging data suggest that venous endothelial cells are unique in
their ability to serve as the primary source of endothelial cellular mass
during both developmental and pathological angiogenesis46. During
assembly of the vascular network within the zebrafish hindbrain, the
arterial system is predominantly derived from the sprouting and
migration of endothelial cells from pre-existing veins47,48. Similarly, in
mouse embryonic development, widespread capillary arterialization
occurs from venous-features plexus during the expansion of intra-
embryonic vasculatures49. During postnatal vascular development of
the mouse retina of neural crest origin, endothelial tip cells that are
derived from veins differentiate into other endothelial subtypes6,50.

Such developmental plasticity of venous cells appears to translate to
an angiogenic phenotype in diseases of the brain. Here, the molecular
signatures of BCAS venous cells matched the dedifferentiated char-
acteristics of venous precursor cells in a human endothelial differ-
entiation system23. Angiogenic endothelial subpopulations have also
been commonly identified in the human brain single-cell tran-
scriptomes of arteriovenous malformations51 and Alzheimer’s disease
patients52, harboring pathological hallmarks for angiogenesis and
immune cell reactivity respectively.Webelieve that venous endothelial
cells exhibit a propensity for reactivation of their developmental
programs, leading to chronic vascular remodeling and subsequent
cerebrovascular instability.

EPAS1 plays both essential and pathophysiological roles in
angiogenesis and vascular remodeling53. Epas1-deficient mouse
embryos develop severe vascular defects and die in utero54. While
blood vessels in thesemice are formed by vasculogenesis, they either
fuse improperly or fail to assemble into larger vessels, suggesting
that EPAS1 plays an important role at post-vasculogenesis stages and
is required for the remodeling of the primary vascular network into a
mature hierarchy pattern. Here, we uncovered that EPAS1 (HIF-2α)
could be a key driver of preferential venous remodeling. Human
venous endothelial cells, when subjected to low oxygen (1%) condi-
tion in vitro, responded with more pronounced and sustained
EPAS1 signaling, unlike the arterial endothelial cells. Both ID1 and
EPAS1 revealed similar expression dynamics in venous endothelial
cells under low oxygen conditions. Id1 is highly expressed in the
endothelial cells of developing vessels and tumor vasculatures, and
the knock-out of Id1 results in embryonic lethality due to vascular
malformations and premature neuronal differentiation55. ID1
encodes a helix-loop-helix (HLH) protein devoid of DNA binding
activity but can inhibit the DNA binding and transcriptional activa-
tion ability of the proteins it interacts with. While the direct inter-
action between ID1 and EPAS1 is unknown, a close member of the
HLH family, ID2, can interact with the von Hippel–Lindau (VHL)
ubiquitin ligase complex, consequently inhibiting the ubiquitylation
and degradation of EPAS156. Regarding the more well-studied HIF-1α,
ID1 protein enhances its protein stability through reduced associa-
tion of VHL with HIF-1α, thus interfering with proteasomal degrada-
tion of HIF-1α57. In fact, EPAS1 and HIF-1α share a 48% amino acid
sequence identity and possess similar protein structures. Despite
their unique regulatory pathways, both proteins undergo oxygen-
dependent degradation facilitated by VHL, highlighting a common
regulatory mechanism26. Therefore, it would be intriguing to spec-
ulate that the interplay between ID1 and EPAS1 might be facilitated
via ID1’s interaction with VHL, underscoring the need for further
investigation.

To understand whether venous response is adaptive or mala-
daptive under blood flow impairment, we believe that Epas1 could
initially drive compensatory angiogenesis from venous endothelial
cells. We have observed arterial constriction to regulate flow and
venous dilation to manage outflow, highlighting the hemodynamic
implications of cerebrovascular responses to hypoperfusion. Unlike
HIF-1 that controls acute response to hypoxia, EPAS1mediates chronic
responses26. Hence, sustained imbalances of arteriovenous responses
in brain ischemia could transition to maladaptation. While venous
pathology has not been known to directly cause chronic hypoperfu-
sion, the absence of valves in cerebral veins permits bidirectional
blood flow, potentially exacerbating blood outflow. Hence, venous
cells would be exposed to more metabolic by-products due to
impaired drainage, exacerbating vascular remodeling. Elevated CEC
levels in human subjects, correlated with reduced cerebral blood flow
and cognitive impairment, could indicate endothelial cells that have
been shed from dysfunctional blood vessels, often because of endo-
thelial damage or stress. This underscores the need for therapeutic
interventions to alleviate venous dysfunction and restore cerebral
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blood flow. Given the temporal dynamics of EPAS1 in driving chronic
hypoxia response, an effective therapeutic approach targeting EPAS1
would require precise timing and further research of its stage-specific
effects on different cell types.

Our finding of venous dependency on EPAS1-driven angiogen-
esis draws parallels with a gain-of-function EPAS1mutation in human
patients, which results in a spectrum of venous anomalies and mal-
formations that are attributed to failure of developmental vascular
regression19,58. A mutation in the oxygen degradation domain of
EPAS1 hinders its hydroxylation by prolyl hydroxylase domain-
containing protein 2 and its subsequent binding to the VHL pro-
tein. This leads to stabilization of EPAS1 and lack of response to
increasing oxygen tension. EPAS1 stability, in turn, contributes to
chronic venous remodeling. Interestingly, genetic adaptations
involving EPAS1 in high-altitude populations, notably in Tibetan and
Andean highlanders, reduce hypoxia-induced responses such as
excessive erythrocytosis, which can strain the cardiovascular
system59,60. In Tibetans, EPAS1 adaptations, mainly missense muta-
tions and regulatory changes, moderate the hypoxia response, pre-
venting extreme red blood cell increases and likely supporting
cognitive stability through consistent cerebral oxygenation. Con-
versely, Andeans, who have adaptations that result in higher hema-
tocrit levels, may experience a greater risk of hypoxia-related
complications, including potential subtle cognitive effects with
prolonged altitude exposure. These differences highlight how EPAS1
adaptations contribute to resilience against low oxygen but suggest
that cognitive outcomes are likely shaped by other genetic and
environmental factors. Further studies on EPAS1’s role in cere-
brovascular and cognitive resilience at high altitudes could provide
valuable insights, especially concerning hypoxia-related cognitive
effects in lowland populations.

Developing therapeutic interventions targeting venous mala-
daptation to low oxygen, as well as neuroinflammation, will be bene-
ficial. Our study demonstrated that inhibiting EPAS1 through a small
molecule drug, PT2385, effectively reversed the venous response to
low oxygen, both in vitro and in vivo, and specifically reduced the
density and activation of vein-associated microglia. Vessel-associated
microglia appear to play a role in cerebral blood flow regulation during
hypoperfusion. Microglial P2RY12 contributes to cerebrovascular
adaptation during common carotid artery occlusion, and its blockade
reduces cerebral blood flow without affecting neuronal responses61.
The microglial processes around capillaries correlate with cerebral
blood flow levels during transient ischemia62, in turn indicating blood
flow’s role inmicroglial activation. In systemic inflammation,microglia
migrate towards cerebral vessels to initially protect their integrity,
then transform into a reactive state that results in widespread
neuroinflammation63. In vitro evidence further suggests that damaged
endothelium can promote microglia to transition toward an inflam-
matory phenotype64. Thus, decreased vein-associated microglial den-
sity and activation following PT2385 treatment here may be
attributable to the resolution of venous dysfunction and impaired
blood flow. However, we recognize a conundrumwith the direct effect
of EPAS1 inhibition on microglia. Blocking Cav2.2 channels has been
shown to enhancemicroglia towards a neuroprotective state involving
EPAS1 activation65. Given thepotential neuroprotective role of EPAS1 in
microglia, targeted drug delivery to normalize venous remodeling will
be important.

Our study bridges findings from animal models to human condi-
tions, aligning cerebrovascular and cognitive parameters where fea-
sible. In mice, cerebral blood flow was quantified using Doppler
flowmetry, providing real-time measurement of blood flow changes.
For human subjects, MRI arterial spin labeling was employed, offering
a non-invasive assessment of cerebral perfusion. Although distinct
methods, both techniques allow us to infer cerebral blood flow,
enablingmeaningful cross-species comparison of perfusion dynamics.

In terms of cerebrovascular phenotyping, in vivo analysis of cere-
brovascular structure in our mouse model included quantitative
measurements of sprouting and vasodilation in arteriovenous vessels,
markers directly relevant to vascular remodeling and endothelial
function. In humans, MRI imaging of white matter hyperintensities
serves as an indirectmarker of small vessel disease. To assess cognitive
function and its relation to vascular changes, we performed behavioral
tests inmice, focusing on workingmemory andmotor function, which
approximate the executive function, language, and memory assess-
ments conducted in our human cohort. Our approach aims to achieve
an integrative, cross-species analysis; however, we highlight some
inherent difficulties in aligning functional measures across species.
Differences in the pathogenesis between mice and humans pose
challenges in direct comparisons. Specificmarkers of vascular integrity
that are readily obtainable in the mouse model cannot be directly
measured in human subjects. In our human cohort, we utilized a
composite cognitive score, derived from assessments with distinct
testing formats, to approximate functional domains close to those
evaluated in mouse behavioral tests.

We have noted the following limitations in our study. While the
brain pathologies in BCAS mice share similarities with those in human
subcortical ischemic vascular dementia, the model does not exhibit
arteriosclerosis because hypoperfusion is induced through the occlu-
sion of extracranial vessels8. This highlights a key difference between
the mechanisms of hypoperfusion in human cerebral small vessel
disease and theBCASmodel.We acknowledge that cerebral bloodflow
reduction in BCAS occurs rather acutely due to the placement of
microcoils, instead of over a long time, as seen in atherosclerosis,
which may allow time for collateral vessel formation. However, BCAS
still induced chronic hypoperfusion, with blood flow not returning to
baseline levels over a 30-day period in our data. Alternative methods
that achieve a more gradual reduction in cerebral blood flow, such as
amyloid-based constrictors or hypercholesterolemic models that
develop atherosclerosis, could be considered66. To address the inher-
ent limitation of laser-Doppler flowmetry in providing only relative
perfusion readings, complementary imaging modalities, such as
magnetic resonance arterial spin labeling (MR-ASL), are more appro-
priate for quantifying absolute cerebral blood flow (e.g., in ml/min/
100 g). As such, MR-ASL would be necessary to draw definitive con-
clusions on absolute perfusion levels and should be considered in
future studies to extend our findings.

In conclusion, targeting EPAS1 as a therapeutic strategy for vas-
cular normalization could slow the progression of cerebrovascular
disease. EPAS1 inhibition mitigated vascular remodeling and dam-
pened vein-associated microglial activation in our BCAS model, sug-
gesting that modulating chronic angiogenesis might have a role in
reducing neuroinflammation. Currently, diagnosis of vascular
dementia relies on neuroimaging and assessment of cognitive function
impairment67,68. With this criterion, however, patients are only diag-
nosed after the onset of cognitive decline when the disease is irre-
vocably developed, as there is yet no effective treatment. Our analysis
of patient CECs, as part of a minimally invasive routine blood test, will
translate to accurate and transferable endpoints in early clinical
assessment of vascular health. The proof-of-concept in correlating the
levels of CECs with cognitive functions in patients may have applica-
tions in stratification-based clinical trials for selecting patients for
vascular-protective therapy, and as treatment-prediction biomarkers
to interpret clinical trial findings mechanistically.

Methods
Human studies approval, subject enrolment, and sample
collection
This study was approved by the Local Ethics Committee, namely
Nanyang Technological University Institutional Review Board (IRB-
2021-1036). Each participant provided written informed consent after
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being informed about the study’s nature and potential consequences.
The study protocol is in accordance with the Helsinki Declaration.
Human subjects were recruited as part of the Biomarkers and Cogni-
tion Study, Singapore (BIOCIS)69 of Dementia Research Centre Singa-
pore. Baseline patient characteristics, comprising age, sex, ethnicity,
and comorbidities, were collected through blood sampling at the time
of enrolment (Supplementary Table S1). For blood sample collection,
6-8mL was collected from each participant via venepuncture and
processed in the labwithin 3 h. Following Ficoll centrifugation of fresh
blood, buffy coat layers containing PBMCswere isolated for analysis of
circulating endothelial cells.

Animal studies approval and BCAS procedure
BCAS surgery was performed by a skilled animal surgeon according
to published protocol10. C57BL/6 J mice (aged 3-4 months) were
anesthetized with 2.0% isoflurane before a midline cervical incision
was made for tissue harvesting at 10 or 60 days post-BCAS. Common
carotid arteries were exposed by careful separation of tissue layers
and the vagal nerves. 0.18mm diameter microcoils (Sawane Spring
Co., Ltd) were applied by rotating them around each common car-
otid artery. Body temperature was monitored and kept within the
range of 36.5-37.5 °C by using a heating blanket. After microcoil
application, the incision was closed with a silk suture, and mice were
left on the heating blanket after surgery. Sham mice underwent the
same procedure without microcoil placement. Four sham and 4
BCAS mice (2 males and 2 females per experimental group) were
used for transcriptomic studies. For histological and functional stu-
dies, 10-13 mice were used per experimental group with both sex
representations.

Careprovided to the animals followed institutional guidelines and
was approved by the local Institutional Animal Care and Use Com-
mittee (IACUC#A18095).Animals are housed in individually ventilated
cages on forced ventilation-based system, air is HEPA filtered for
supply to IVC cages, and HEPA filtered on exhaust. Exhaust air is not
recycled. Room air change per hour set to >10. Animal holding room
temperature is set at 22*C (+/- 2*C), with humidity kept in 50% to 70%
range. Holding rooms have surface mounted and water-resistant
lighting fixtures, set to provide 12:12 hrs photoperiod (light:dark).
Housing density follows the NACLAR guidelines. Animals are fed
standard irradiated maintenance or breeding rodent diets. Water is
supplied by standard water bottles. All animals are housed on auto-
claved corn cob bedding and are provided with nesting material.
Environmental enrichment program and strict social housing practice
is in place.

Measurement of cerebral bloodflowby laser-Dopplerflowmetry
Under deep anesthesia (2% v/v isoflurane), a 1 cmmidline scalp incision
wasmade and retracted to expose the skull. A laser Doppler flowmetry
probe (FLO-N1, OMEGAWAVE, Inc.) was carefully positioned at the
midpoint between bregma and lambda over the parietal cortex, a
location that does not directly overlay large arterial or venous struc-
tures. A 3mW, 780nm laserwas delivered through the probe to record
cerebral blood flow. Baseline cerebral blood flow was recorded at the
onset of surgery, following anesthesia induction. Probe positioning
was standardized across animals, and the signal was allowed to stabi-
lizewithin ±0.5 perfusionunits beforedata collection. In each animal at
every time point, three replicate readings were acquired and averaged
to ensure consistency. Subsequent cerebral blood flow readings were
taken aftermicrocoil implantationand at regular intervals, every 5days
up to day 30, or on day 40 for drug treatment studies. Cerebral blood
flow values were expressed as a percentage of each animal’s individual
baseline. To minimize variability, physiological and environmental
conditionswere tightly controlled.Miceweremaintained at 37 ± 0.5 °C
using a feedback-regulated heating pad. All measurements were

performed in a thermostat-controlled, windowless roomwith constant
artificial lighting.

Histological analysis by immunofluorescence staining
Mice were deeply anesthetized with an intraperitoneal injection of
ketamine (100mg/kg) and xylazine (10mg/kg), and transcardially
perfused with DPBS (SH3002803, Hyclone). Cerebral tissue was fixed
in 4% paraformaldehyde (PFA; 09154-85, Nacalai Tesque) overnight at
4 °C. The anterior 4mmportion of the brain was cryoprotected in 30%
(w/v) sucrose solution (Thermo Fisher Scientific, 57-50-1), embedded
in Tissue-Tek optimal cutting temperature compound (Sakura, 4583),
andflash frozen in liquid nitrogen. Coronal sections of 20 µmthickness
were cut on a cryostat (Leica, CM3050 S) andmounted on glass slides.
The slides were washed with DPBS, permeabilized with 0.1% Triton
X-100 (omitted for CD45 staining), and blocked with 1% bovine serum
albumin (BSA; 9998, Cell Signaling Technology). Primary antibody
incubations were done overnight at 4 °C. The slides were then washed
and incubated with fluorophore-conjugated secondary antibodies for
1 h at room temperature in the dark. Sections were counter-stained
with DAPI (1:5000) and mounted using Fluoromount Aqueous
Mounting Medium (Sigma-Aldrich, F4680). Antibody details are pro-
vided in Supplementary Table S2.

To discern the origins of endothelial cells in the expansion of the
vascular network, we used αSMA staining patterns15,16 to distinguish
smooth muscle cell-invested arterial (striated αSMA) vessels from
venous (discontinuousαSMA) vessels. For lumendiameter analysis, we
implemented a systematic approach to identify and consistently
measure vessels of the same type across samples. Specifically, we
focused on the pericallosal artery and vein, which supply the cingulate
cortex—a region within the prefrontal cortex—allowing us to compare
analogous vascular structures in both BCAS and sham groups. This
approach minimized variance by avoiding misidentification between
small veins and arterioles, which could otherwise introduce con-
founding factors. To characterize active vascular remodeling, we
derived wall-to-lumen ratio70 to determine structural changes due to
wall thickening.

Histological analysis by three-dimensional vascular visualization
Mice were transcardially perfused with DPBS, followed by 50mg/mL
500 kDa FITC-Dextran (Sigma-Aldrich, FD500S). Brainswere harvested
and fixed in 4% PFA overnight at 4 °C. Subsequently, the prefrontal
cortex tissue was used for tissue clearing. Pre-delipidation was done
using 50%CUBIC-L (TCI, T3740) for 3 h at room temperature, followed
by further delipidation with CUBIC-L at 37 °C for 5 days until optical
transparency was achieved. CUBIC-L was refreshed on days 1 and 2,
followed by every other subsequent day. The tissue was washed with
DPBS, permeabilizedwith 0.2% TritonX-100, and then blockedwith 5%
BSA. Incubation with conjugated-primary antibodies was done at 4 °C
for 5 days. Tissue was then washed and stored in DPBS at 4 °C until
imaging. Antibody details are provided in Supplementary Table S2.

Image acquisition and analysis
High-resolution images of alpha smooth muscle, microglia and arter-
ial/venous sprouting from 1mm thick brain slices were acquired using
the inverted laser scanning confocal with Airy scan super-resolution
capability (LSM800, ZEISS) at NTU-Optical Bio-Imaging Centre
(NOBIC). High-throughput imaging of multiple prefrontal 20 µm brain
sections for vascular density and eNOS was carried out the Carl Zeiss
Axio Scan.Z1 slide scanner. Other images were acquired using the
inverted widefield fluorescence microscope (CellDiscoverer7, ZEISS).
Multi-channel images were captured using the ZEN software (Blue
Edition, Carl Zeiss). Imaris (v 9.9.1), ImageJ2 (v 2.14.0) and MatLab
(R2023b) were used in the processing, analysis and quantification of
images.
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1. Microglial ramification analysis
a. Image Preprocessing and Analysis

Quantitative analysis of microglial association with vessels
was performed using a custom MATLAB-based pipeline,
designed for automated processing and extraction of micro-
glial connectivity features. The pipeline included the follow-
ing steps:

b. Input Image Acquisition: “.tif” images containing immunola-
beledmicroglia and vessels were loaded into the pipeline. Each
image was pre-assigned to its respective experimental group
(BCAS SHAM, BCAS Vehicle, or BCAS Drug) and vessel type
(artery, vein, micro vessel).

c. Microglial Connectivity Analysis:
The green channel (corresponding to microglial labelling)

was extracted from each image. Noise was reduced using a
median filter, and microglial structures were enhanced using a
Frangi vesselness filter for better detection of curvilinear
features.

Morphological operations, including binary thresholding
and closing, were applied to create a connectivity map of
microglial networks.

Skeletonization: A skeletonized representation of micro-
glial structures was generated using iterative thinning. This
representation provided insights into microglial ramification
patterns associated with vessels.

Quantification of Ramification Index: The ramification
index, a measure of microglial branching complexity, was cal-
culated for each image using the formula:

Ramif ication Index =
Total Perimeter � Total Area

2 ×pðπ � Total AreaÞ

Here, perimeter and area represent the total length and
coverage of microglial structures, respectively.

Automated Output Generation: For each image, the pipe-
line automatically saved the following:

Processed Images: Enhanced microglial connectivity maps
and skeletonized networks.

Quantitative Results: Ramification indices were compiled
into a CSV file for statistical analysis.

d. Data Processing and Statistical Analysis
Quantitative data were analysed to compare microglial

ramification indices across experimental groups (BCAS SHAM,
BCASVehicle, and BCASDrug) and vessel types (arteries, veins,
micro vessels). Statistical analyses were performed using R
(v4.2.0) or GraphPad Prism (v9). Differences between groups
were evaluated using one-way ANOVA followed by Tukey’s
post hoc test. P values < 0.05 were considered statistically
significant.

e. Pipeline Availability
The custom MATLAB pipeline used for this analysis,

including themain script and supporting functions, is available
on GitHub at https://github.com/aravind245/microglial_
ramification_pipeline. This repository includes sample ima-
ges, processed results, and detailed instructions for reprodu-
cing the analysis.

2. eNOS signal intensity analysis
a. Image Acquisition and Preprocessing

Fluorescencemicroscopy images of endothelial nitric oxide
synthase (eNOS) were acquired as.tif files and stored in a
designated directory for batch processing. The raw images
were imported into MATLAB using the imread function. To
minimize noise and enhance contrast, the green fluorescence
channel (assumed to contain eNOS signal) was extracted, fol-
lowed by contrast-limited adaptive histogram equalization

(CLAHE) using imadjust. Amedianfilter (medfilt2)with a kernel
size of 2×2 pixels was applied to reduce speckle noise while
preserving structural details. To improve segmentation accu-
racy, a morphological closing operation (imclose) with a 30-
pixel disk-shaped structuring element was performed, enhan-
cing continuity in the fluorescence signal.

b. Segmentation and Feature Extraction
To isolate eNOS-positive regions, the preprocessed images

were binarized using adaptive thresholding (imbinarize). Small
artifacts and background noise were removed using area-
based filtering (bwareaopen), retaining only objects with an
area exceeding 1000 pixels. Border-connected regions were
eliminated (imclearborder) to prevent artifacts from interfer-
ing with intensity calculations. The segmented mask was then
applied to the original image, preserving only fluorescence-
positive regions for intensity measurement.

c. Quantification of eNOS Signal Intensity
The largest contiguous eNOS-positive region in each image

was identified based on region properties analysis (region-
props). The mean fluorescence intensity of this region was
computed as a surrogate marker for eNOS expression. If
multiple regions were present, only the region with the largest
area was selected to ensure signal specificity. The extracted
intensity values were stored in a structured results table
(struct2table) and exported as a.csv file (writetable) for
downstream statistical analysis.

d. Data Processing and Output
The script processed all “.tif” images in the input directory,

performing batch analysis iteratively. Output results were
stored in a dedicated results folder, with each image’s extrac-
ted intensity value recorded alongside its filename. The com-
plete dataset of intensities was saved as intensities.csv, which
could be integrated into statistical tools for further analysis.

This automated pipeline enabled quantitative, high-
throughput analysis of eNOS fluorescence intensity, reducing
manual bias and ensuring reproducibility acrossmultiple image
sets. This pipeline is fully available on GitHub at https://github.
com/aravind245/enos_signal_intensity_measurement.

Single-cell library preparation from mouse prefrontal
cortex tissue
Mice were anesthetized with isoflurane and transcardially perfused
with ice-cold, bubbled artificial cerebrospinal fluid (ACSF). The brain
was dissected and mounted for sectioning. Coronal brain sections
were generated with a vibratome (Leica VT1200). The vibratome
chamber was filled with a sucrose-based cutting solution, and sections
were cut to a thickness of 250 µm. Sections were subsequently trans-
ferred into ice-coldACSF-Trehalose (ACSFT). Prefrontal cortex regions
were excised from individual brain sections. ThePaxinos andFranklin’s
mouse brain atlas was used as reference.

Tissue were digested with Pronase (Sigma-Aldrich, 537088; 2mg/
ml) diluted in bubbled ACSFT at room temperature for 45min. Sub-
sequently, tissue was washed with 1% FBS in ACSFT three times.
Mechanical dissociation of tissue into a single-cell suspension was
achieved by pipetting the samples using pipette tips of decreasing
bore sizes (p1000, p200, p100, p20). The resultant cell suspensions
were filtered through a 0.2 µm cell strainer.

Single-cell suspensions were loaded onto a 10X Genomics
Chromium Controller chip by personnel at The Spatial and Single
Cell Genomics Platform (S2GP), Genome Institute Singapore (GIS,
A*STAR), targeting the recovery of 6,000 cells. Each animal was
prepared as a unique single-cell library using the Chromium Sin-
gle Cell 3’ Reagent Kit (10X Genomics, v. 3.1). Resulting libraries
were quantified and evaluated for quality using the High Sensi-
tivity DNA chip on Bioanalyzer Agilent 2100 (Agilent Genomics).
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Individual cDNA libraries were pooled equimolarly and sequenced
by NovogeneAIT Genomics (Singapore) using the Illumina Nova-
Seq6000 platform.

Analysis of single-cell RNA sequencing data
NovogeneAIT Genomics (Singapore) processed our raw single-cell
sequencing data using CellRanger (10X Genomics, v. 6.0.2) and map-
ped reads to the mouse genome assembly (mm10). The CellRanger
software suite converted scRNA-seq data into a count matrix using
STAR to align reads to the reference genome, thereby determining the
count of unique molecular identifiers (UMIs) mapped to each gene.
Count matrices processed via a pipeline built on R/Bioconductor (R
v.4.0.2/Bioconductor v.3.12) packages using the SingleCellExperiment
class (v.1.12.071).

Samples from both sham and BCAS groups were processed under
identical experimental conditions, including tissue collection, cell
isolation, library preparation, and sequencing. This consistency mini-
mizes technical variability, reducing the need for batch correction. We
aimed to capture biologically meaningful differences between sham
and BCAS groups within Pecam1-expressing endothelial cells, a highly
specific and clearly identifiable cell population. In the uncorrected
UMAP plots of the Pecam1+ cell population (Supplementary Fig. S2i),
cells from both sham and BCAS conditions are intermixed without
forming distinct clusters specific to either condition. This indicates
minimal technical variability attributable to batch effects. Conse-
quently, we decided to proceed without batch correction to avoid the
risk of overcorrecting and potentially obscuring subtle, biologically
meaningful differences related to the disease condition.

To assign cluster cell types, we interpreted cluster-enriched genes
using findMarkers (scran v.1.18.5). We cross-referenced assignments
with known prefrontal cortex cell type markers72. To elucidate endo-
thelial identities along the arteriovenous zonation, we employed the
AUCell package (v. 1.12.073) in conjunction with the cluster marker
genes established by Vanlandewijck et al.74. Raw counts were ranked
within each cell, and the Areas Under the ROC Curves (AUC) were
calculated for eachmarker set. The identity attributed to each cell was
determined based on the highestAUCvalue, using the 10% top-ranking
genes. We excluded the “AEC2” population due to low cell count, as
well as the mixed artery-venous “AVEC” population.

The edgeR package (v.3.32.1) was then used to perform pseu-
dobulk differential expression analysis on endothelial subtypes75.
Differentially expressed genes with p adjust-value < 0.05 were con-
sidered significant. Metascape was used for biological process
enrichment analysis76. For membership gene list analysis, the search
terms “angiogenesis”, “blood vessel morphogenesis”, “embryonic
development”, and “hypoxia”, were applied to GO Biological Pro-
cesses ontology, using Metascape76.

For endothelial-microglial interactions, the CellChat (v.1.6.1)77

package was employed to infer and analyze intercellular communica-
tion networks. For each dataset, the workflow began with extracting
the expression matrix and metadata from the SingleCellExperi-
ment object, followed by generating a CellChat object using the “cre-
ateCellChat” function. Ligand-receptor interactions were identified
and quantified based on differentially overexpressed ligands and
receptors (p <0.05) using the CellChat mouse database and the
“identifyOverExpressedInteractions” function. Communication prob-
abilities between cells were inferred by analyzing highly variable genes
andpathways through the “computeCommunProb” function. To refine
the analysis, we filtered interactions by applying the “filterCommuni-
cation” functionwith a thresholdof aminimumof 10 cells per group to
ensure robust detection of cell-cell communication signals. Next, we
computed pathway-level communication probabilities using the
“computeCommunProbPathway” function, which aggregated interac-
tion probabilities across multiple ligands and receptors within each
signaling pathway. Visualization of results was carried out using

various functions provided by CellChat. Specifically, “netVisual_circle”
was used to display the number of interactions between cell types,
while “netVisual_chord_cell” illustrated cell-cell signaling pathways.

In vivo drug administration of PT2385
Following BCAS surgery, mice were given a 10-day recovery period
prior to the initiation of drug or vehicle administration. PT2385
(MCE, HY-12867) was prepared at a concentration of 6mg/mL using a
vehicle of 0.5% methyl cellulose (Sigma-Aldrich, M7027) and 0.5%
Tween-80 (Sigma-Aldrich, P5188). Mice were dosed at 30mg/kg body
weight. We have carefully referenced established literature to
determine the optimal dosage, administration method, and duration
for effective and selective EPAS1 inhibition. PT2385 has been con-
sistently reported in the literature to demonstrate specificity for
EPAS1 inhibition at doses ranging from 10 to 60mg/kg, with dura-
tions from a few days up to 12 weeks27,78–82. Following the recovery
period, BCAS-operated mice were randomly assigned to two groups:
one receiving the vehicle n = 10 (5 females, 5 males), and another
receiving PT2385 n = 12 (7 females, 5 males). The sham-operated
group received the vehicle only n = 13 (6 females, 7 males). All
administrations were performed via oral gavage once daily for a total
of 30 days. The health and behavior of all animals were closely
monitored throughout the study period.

Behavioral assessments
The open field test was performed in a square white box 40 ×40 x 30
(height) cm for 8min. The chamber was divided into a central field
(center, 20 cm× 20 cm) and an outer field (10 cm border from walls).
The mouse’s movement was recorded using a video camera, and
analyzed using the AnyMaze video tracking system. The center of the
animal’s body was used as the reference point. The Y-maze comprised
three equally spaced arms (120° apart, 35 cm long, and 10 cm wide).
The mice were placed in one of the arms (the start arm) and were
allowed to explore in the Y-maze for 8min with access to all three
arms. Animals were tracked using AnyMaze software, and the total
time and the percent time spent in each arm were analyzed.

Differentiation of arterial and venous endothelial cells from
human pluripotent stem cells
We employed our differentiation protocol of arterial and venous
endothelial cells23. H9 embryonic stem cells were propagated in
mTeSR medium (StemCell Technologies, 85850) on plates coated
with Matrigel (Corning, 356234). To seed for endothelial differ-
entiation, H9 were dissociated with accutase (Gibco, A1110501) into
single cells, then plated onto Matrigel-coated plates at a density of
50,000 cells/cm2 in mTeSR1 medium supplemented with 5 μMROCK
inhibitor, Y-27632 (STEMCELL Technologies, 72304). 24 h later, H9
cells were induced towards the mid-primitive streak differentiation
pathway with 40 ng/ml recombinant human BMP-4 (R&D Systems,
314-BP/CF), 6 μM CHIR99021 (Sigma-Aldrich, SML1046), 4 μg/ml
recombinant human FGF2 (R&D Systems, 233-FB/CF), PIK-90 (Sigma-
Aldrich, 528117), recombinant human activin A (R&D Systems, 338-
AC/CF) in Chemically Defined Medium (CDM) made up of 50% Ham’s
F12 (Gibco, 31765092), 50% Iscove’s Modified Dulbecco’s Medium
(IMDM) (Gibco, 31980097), 1mg/ml polyvinyl alcohol (Sigma-
Aldrich, P8136), 1% chemically defined lipid concentrate (Gibco,
11905031), 450μM 1-thioglycerol (Sigma-Aldrich, M6145), 15μg/ml
transferrin (Roche, 10652202001) and 0.7μg/ml recombinant human
insulin (Roche, 11376497001). After 24 h, mid-primitive streak cells
were differentiated into dorsal lateral mesoderm in CDM, supple-
mented with 40 ng/mL BMP4, 2.5μM GDC-0941 (STEMCELL Tech-
nologies, 73152), 10 μM Forskolin (Tocris, 1099), 2 μM SB505124
(Sigma-Aldrich, S4696), 100 ng/ml VEGF (R&D Systems, 293-VE/CF),
1 μM XAV939 (Tocris, 3748) and 200μg/mL L-Ascorbic acid
2-phosphate sesquimagnesium salt hydrate (Sigma-Aldrich, A8960)
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for 24 h. Following that, the dorsal lateral mesoderm was further
differentiated towards either arterial endothelial induction or pre-
vein induction, with a duration of 24 h. For arterial induction, CDM
supplemented with 15 ng/mL recombinant human activin A, 250 nM
DMH-1 (Tocris, 4126), 2.5 μM GDC-0941, 100ng/mL VEGF, 1 μM
XAV939 and 200μg/ml L-Ascorbic acid 2-phosphate sesquimagne-
sium salt hydrate was used. For pre-vein induction, CDM comprises
2 μMSB505124, 250 nMDMH1, 2 μMRO4929097 (MedChemExpress,
HY-11102), 100 ng/ml VEGF, 1 μM XAV939 and 200 μg/ml L-Ascorbic
acid 2-phosphate sesquimagnesium. For pre-vein induction, cells
were dissociated using accutase and reseeded on Matrigel pre-
coated plates at a density of 79,000 cell/cm2. Pre-vein cells were
differentiated into venous endothelial cells using CDM comprises
2 μMSB505124, 2 μMRO4929097, 500 nMPD0325901 (Tocris, 4192),
1 μM CHIR99021 and 200μg/mL L-Ascorbic acid 2-phosphate ses-
quimagnesium, with a duration of 24 h. Notably, cells were briefly
washed with Dulbecco’s Phosphate Buffered Saline (DPBS) (Cytiva,
SH30028.03) to eliminate any residual traces of their respective
induction medium before proceeding to the next stage of differ-
entiation. Following differentiation, arterial endothelial cells were
maintained in EGM-2 media (Lonza, cat no. CC-3162), and venous
endothelial cells were maintained in EGM-2 media supplemented
with 2 μM SB505124 and 2 μM RO4929097.

Differentiated arterial and venous endothelial cells were char-
acterized by flow cytometry analysis (Supplementary Fig. S3). Cells
were washed with DPBS and dissociated with accutase. Dissociated
cells were centrifuged for 5min at 300 xg in DPBS, then re-suspended
in DPBS and the primary antibodies for arterial and venous endothelial
characterization. Cells were stained at 4 °C for 30min in the dark.
Stained cells were washed and resuspended in DPBS, then analyzed
with BD LSRFortessa X-20 Cell Analyzer (BD Biosciences), and data
acquisition was performed on FACSDiva software (BD Bioscience).
Data analysis was performed with FlowJo software v 10.7.1 software
(BectonDickinson).Differentiated arterial and venous endothelial cells
with at least 80% and 70% efficiency respectivelywere used directly for
subsequent experiments.

Experimental settings for in vitro cell culture
Endothelial cells were cultured under 1% oxygen condition using a
Hypoxic Incubator Chamber (StemCell Technologies, 27310) placed
within a standard incubator. The chamber was purged at a flow rate of
20 L/min for 5min with a gas mixture of 1% O2 and 5% CO2, balanced
with N2. For in vitro cell staining for EPAS1, endothelial cellmonolayers
were fixed with 4% PFA (09154-85, Nacalai Tesque) at 4 °C, then per-
meabilized and blocked in 0.1% Triton-X100 and 1% BSA at 4 °C. Pri-
mary antibody incubation was done overnight at 4 °C. Secondary
antibody staining was done for 1 h at room temperature in the dark.
Nuclear counterstaining was performed using DAPI (1:5000). For
in vitro PT2385 treatment, endothelial cells were treated with EGM-2
media supplemented with 10 µmol/L PT2385 (abcam, ab235501) dis-
solved in DMSO. Cells were treated with PT2385 during the seeding of
cells for tube formation.

Venous endothelial tube formation
H9-derived venous endothelial cells were thawed and allowed to
recover in EGM-2 media (Lonza, cat no. CC-3162) supplemented with
2% heat-inactivated FBS, 1μM ROCK inhibitor, 2μM SB505124, 2μM
RO4929097. Venous endothelial cells were then cultured in EGM-2
supplemented with 10% FBS (heat-inactivated) for 24 h prior to dis-
sociating them for tube formation assay. Cells were reseeded onto
Geltrex (A1413302, Thermo Fisher Scientific) coated plates at a density
of 6×104 cells/cm2 in EGM-2 supplemented with 10% FBS and mon-
itored hourly for formation of tube-like structures. Number of tube-
like structures was quantified based on the number of well-formed
loops per field of view based on reported method83.

Quantitative real-time polymerase chain reaction
Cells were lysed with RLT Buffer, and RNA was extracted using the
RNeasy Mini Kit (Qiagen, 74106) according to manufacturer instruc-
tions. cDNA synthesis was performed using LunaScript RT SuperMix
kit (E3010, NewEnglandBioLabs) incubated in a thermal cycler at 25 °C
for 2min, followed by 45min at 55 °C, and a final step of 1min at 95 °C.
Quantitative PCR (qPCR) was performed with cDNA and the Luna
Universal qPCR Master Mix (M3003, New England BioLabs) according
to manufacturer instructions. The qPCR reactions were performed
using QuantStudio 6 (4485697, Thermo Fisher Scientific). All gene
expression data were normalized to the 18S rRNA gene levels. Please
refer to Supplementary Table S3 for primer sequences.

Hi-C visualization
In situ Hi-C sequencing data for human umbilical vein endothelial
cells40, human aortic endothelial cells (Telo HAEC)41, and prefrontal
cortex42 were obtained from the GEO repository (accession numbers:
GSE63525, GSE126200, GSE87112, respectively). Visualization of theHi-
C data was performed using the 3D Genome Browser84 at a resolution
of 10 kb covering the region chr2:44760000-47770000.

Profiling of circulating damaged endothelial cells in human
subjects
Human subject PBMCs were stained with antibodies in the dark for
10min at room temperature, followed by 20min at 4 °C. Following
incubation, cells were washed and resuspended in DPBS with 1% BSA.
Flow cytometry was performed using BD LSRFortessa X-20 Analyzer
(BD Biosciences), and data acquisition was performed on FACSDiva
software (BD Bioscience). Spectral overlap between INDO-1, APC, PE,
PE-Cy7, FITC, channels was calculated using a single stain for each
channel. Analysis of each subject included at least included 1 million
events. Acquired data were analyzed using FlowJo software v
10.7.1 software (BectonDickinson). CECsweredetected by a combined
immunophenotypic profile of CD45− /CD31+ /CD133− /DNA+ and were
further characterized for the expressionof ACKR1. Fluorescenceminus
one (FMO) controls were used to identify the ACKR1+ cell population
(Supplementary Fig. S8). Antibody details are provided in Supple-
mentary Table S2.

MRI imaging of cerebrovascular disease burden in human
subjects
Patients underwent neuroimaging using MRI. T1- and T2-FLAIR images
were used for visual rating of scans based on the modified Fazekas
scale for white matter hyperintensity severity32,33. The modified Faze-
kas scale was employed to quantify white matter lesions in four brain
regions: right periventricular, left periventricular, right deep sub-
cortical, and left deep subcortical, resulting in a score range of 0–12.

Human cerebral tissue perfusion by analysis of arterial spin
labeling
Two-dimensional pulsed arterial spin labeling (ASL) data were
acquired and processed, generating measurements in mL /100 g
/min34. Briefly, ASL data acquisition utilized FSL’s Bayesian Inference
for ASL MRI (BASIL) toolbox85, and cerebral blood flow was quantified
using theBuxtonASL kineticmodel85–87. Generated cerebral bloodflow
images were corrected for partial volume effects using BASIL’s adap-
tive spatial prior approach88.

Cognitive assessments in human subjects
The following tests were used for cognitive assessments:
Episodic Memory
a. Rey Auditory Verbal Learning Test (RAVLT) Delayed
b. Anna Tan Delayed (Wechsler Memory Scale (WMS)-IV Logical

Memory)
c. Rey–Osterrieth Complex Figure (ROCF) Delayed
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Executive Function
a. Trial Making Test B
b. Colour Trials 2
c. Digit Span Backwards

Processing Speed
a. Colour Trials 1
b. WAIS Coding

Visuospatial
a. Rey–Osterrieth Complex Figure (ROCF) copy
b. WAIS Block design (time bonus)

Language
a. Naming Test (MoCa Naming + Visual Cognitive Assessment Test

(VCAT) Naming)
b. Semantic fluency animals

Z-scores were derived through the following formula: [(Partici-
pant score –meanof cognitively normal)/ cognitively normal SD)]. The
global cognitive score was derived by combining all neuropsycholo-
gical assessments to get an average score.

Statistical analysis
The data analysis, excluding the single-cell RNA sequencing data, was
performed using GraphPad Prism (v. 10.2.0). Data were tested for
normality using the Shapiro-Wilk test. P values for data with a single
factor were obtained using an unpaired t-test (parametric) or Mann-
Whitney test (non-parametric). P values for data with multiple com-
parisons were assessed using a one-way ANOVA (parametric) or
Kruskal-Wallis (non-parametric) test. Error bars represent s.d.;
*p < 0.05, **p <0.01, ***p < 0.001, ****p <0.0001; ns, non-significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within the paper and Supplementary Information. The
raw and processed single-cell RNA sequencing data from this study
have been deposited in the NCBI Gene Expression Omnibus database
with the accession number: GSE263191. Source data are provided with
this paper.

Code availability
The codes for histological image analysis can be accessed fromGithub
repository. The code that was used for analyzing microglial activation
was amorphologicalmeasure ofmicroglial branching complexity. The
microglia ramification index89 can be found here [https://github.com/
aravind245/microglial_ramification_pipeline]. The code that was used
for analyzing endothelial vasoactive response was a measurement of
eNOS signal intensity69 and can be found here [https://github.com/
aravind245/enos_signal_intensity_measurement].
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