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Vascular endothelial growth factor:
a double-edged sword in the
development of white matter lesions
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As the population ages, the burden of age-related
diseases becomes greater. Currently, over 55
million people suffer from dementia worldwide,
with Alzheimer’s disease being the most common
form. However, it is becoming clearer that
underlying vascular pathology such as cerebral
small vessel disease (cSVD) may be a more
detrimental cause for dementia (Cuadrado-Godia
et al., 2018). It is estimated that 10%—-30% of the
elderly population and 35%-90% of all dementia
patients exhibit signs of cSVD. The term cSVD
refers to pathology affecting the small vessels
of the brain, which can lead to lacunar cerebral
infarcts, enlarged perivascular spaces, and cortical
hemorrhages (Cuadrado-Godia et al., 2018). CSVD
is often associated with cognitive decline, gait
problems, and dementia (Cuadrado-Godia et al.,
2018). To minimize disease progression, preventive
measures, and early interventions, such as risk
factor management, are crucial. However, due to
its asymptomatic nature, the disease is often silent
and diagnosed coincidentally at later stages. Thus,
the window of opportunity for prevention and
treatment is often missed.

Although several cardiovascular risk factors such
as hypertension, diabetes, and smoking are
associated with cSVD, the etiopathology of the
disease remains largely unknown (Manukjan et
al., 2020). We, and others, have proposed a role
for cerebral hypoperfusion in cSVD development.
In this model, hypertension leads to hypoxia
in the brain and endothelial cell dysfunction
causing blood—brain barrier (BBB) impairments,
inflammation, and white matter lesions (WMLs)
(Cuadrado-Godia et al., 2018; Manukjan et al.,
2020). Hypertension, brain hypoperfusion, BBB
leakages, and WMLs are all common features
seen in cSVD patients and might contribute to
the development of brain damage and cognitive
impairments (Wong et al., 2019). While many
studies have demonstrated links between those
pathological events, their exact sequence and
molecular consequences remain unclear.

The BBB is a dynamic structure that holds center
stage in cSVD pathology. Its permeability is
increased upon the release of angiogenic factors
aimed at stimulating the formation of new
vessels (Yuan et al., 2023). While angiogenesis
would logically be desired in the context of
tissue hypoperfusion, the associated loosening
of the BBB is potentially harmful since it may
permit infiltration of plasma components,
causing neuroinflammation and subsequent
neurodegeneration. It is therefore of major
importance to identify the molecular and
cellular mechanisms promoting increased BBB
permeability as this is suggested to initiate the
formation of WMLs.

The endothelial cells forming the brain
microvessels are specialized cells that differ from
peripheral endothelial cells. Brain endothelial
cells express tight junction proteins and active
transporter mechanisms, and display an absence
of fenestrated capillaries and pinocytosis (Yuan et
al., 2023). As previously mentioned, endothelial
cells interact with surrounding cells to ensure
the brain parenchymal homeostasis, but they
can also modulate cerebral blood flow by sensing

shear stress due to flow and adapting their vessel
diameter (Alberts et al., 2002). Astrocytes and
microglia secrete factors that are crucial for the
formation and maintenance of the BBB, but they
also regulate blood flow and contribute to the
selective permeability of the BBB. Oligodendrocyte
lineage cells, including mature myelinating
oligodendrocytes, and the oligodendrocyte
precursor cells (OPCs) from which they arise, have
bidirectional communication with neighboring
cells. For example, neuronal activity is known to
influence OPC development and myelination,
and myelination may in turn influence neuronal
circuit activity (Cuadrado-Godia et al., 2018;
Manukjan et al., 2020). Similarly, OPC in the
adult brain is not only involved in the generation
of new oligodendrocytes, but also respond to
neuroligands to regulate OPC fate. They are also
involved in formation of neuron-OPC synapses,
modulate neuronal signaling by secreting
neuromodulators, modulate immune response,
and play a crucial role in the development and
maintenance of the BBB. In vitro experiments
show increased endothelial cell proliferation
induced by factors such as transforming growth
factor-p and matrix metalloproteases secreted
by OPCs in response to inflammatory stress (as
reviewed in Manukjan et al., 2020). Additionally,
as oxygen diffuses from the vessels into the brain
tissue, the parenchymal cells in the deeper and
less vascularized brain areas might be the first to
be affected by hypoperfusion and hypoxia.

Evidence shows that OPCs in the deep cortical
regions might be one of the first cells to respond
to a hypoxic state and secrete signaling molecules
as they are most vulnerable to hypoxic stress
(Manukjan et al., 2020, 2023). Thus, changes in
endothelial barrier function may arise due to
cross-talk of the endothelial cells with hypoxia-
affected oligodendroglia cells, rather than form
direct effects of hypoperfusion on endothelial
cells. It has previously been suggested that hypoxia
induces the hypoxia inducible factor (HIF) 1/2a
mediated release of Wnt7a/b by OPCs leading
to an angiogenic response in the endothelial
cells (Yuen et al., 2014; Manukjan et al., 2020).
However, recent studies show no regulation on
the Wnt7a/b genes in OPCs in response to hypoxia
or HIF1la stabilization (Kleszka et al., 2020; Zhang
et al,, 2020, 2021; Allan et al., 2021). Apart from
Wnt7a/b, other factors might play a pivotal role
in the interaction between OPCs and endothelial
cells in cSVD. Hence, we hypothesized that
hypoperfusion of the brain leads to local hypoxia
affecting OPCs, causing them to secrete factors
that promote increased BBB permeability, leading
to WML and the development and progression
of c¢SVD. Our findings suggest that the vascular
endothelial growth factor A (VEGFA), one of the
most important angiogenic factors of the central
nervous system, might be one of the first secreted
factors underlying cSVD pathology.

VEGFA is a member of the platelet-derived growth
factor/VEGF growth factor family and is produced
by many cells in response to hypoxia (Abhinand
et al., 2016). Endothelial cells express the VEGFR2
receptor and induce angiogenesis by binding
VEGFA and activating multiple downstream
pathways via intracellular signaling molecules.

Activation of this signaling pathway disrupted
barrier function by decreasing tight junction
proteins Claudin-5 (CLDN5) and Occludin (OCLN)
(Argaw et al., 2009), and induced endothelial cell
responses such as proliferation and migration,
which are necessary for the formation of new
vessels (Abhinand et al., 2016). This signaling
pathway also mediates cross-talk with other
signaling pathways such as the WNT and NOTCH
pathways that modulate the angiogenic response
(Abhinand et al., 2016). VEGF and its receptors
were upregulated at the border of the infarction
after 48 hours, accompanied by a strong increase
in the number of newly formed vessels in a
permanent mouse middle cerebral artery occlusion
model of stroke, suggesting a role for VEGF/
VEGFR signaling in the formation of new vessels
in response to ischemia (Alberts et al., 2002).
VEGFA is mainly produced by cells surrounding
the endothelial cells, such as the glia, whilst HIF1a
stabilization in OPCs regulates angiogenesis in the
central nervous system through VEGF-dependent
and Wnt-independent signaling (Zhang et al.,
2020). OPCs were the only hypoxic glia cells in
mice following decreased cerebral blood flow, and
expressed increased levels of Vegfa upon hypoxia
exposure, via Hif1a and Hif2a signaling.

VEGFA promotes OPC migration in a concentration-
dependent manner without impacting the
proliferation of these cells (Hayakawa et al., 2011).
Thus, VEGFA not only affects the surrounding
endothelial cells, but might also impact the
myelinating capacity by recruiting OPCs. Similarly,
our hypoperfused mice did not show increased
OPC densities in hypoxic deep cortical areas
(Manukjan et al., 2023). In vitro, exposure of both
primary OPCs and an OPC cell line (Oli-neu cells) to
hypoxia led to an increase in VEGFA levels, which
was mediated by Hifla and Hif2a. Furthermore,
treatment of endothelial bEnd.3 cells with a
conditioned medium derived from hypoxic OPCs
decreased the mRNA expression of the tight
junction proteins CLDN5 and OCLN (Manukjan
et al., 2023). The secretome of the hypoxic OPCs
is composed of a wide range of factors that can
affect the surrounding cells. However, VEGFA
might be the most potent inducer of angiogenesis
among those. While Vegfa is also expressed by
other cells, OPCs might be the first to express this
factor and initiate the cascade of pathological
processes since they were the only hypoxic glial
cells identified following hypoperfusion. We
also identified the presence of BBB leakages
in hypoperfused mice, without any changes in
vascular density.

In cSVD patients, VEGFA was elevated in the
plasma and correlated positively with an increase
in BBB leakage rate in the normal appearing white
matter seen in these patients. No significant
correlation was observed in the control group,
or in WML size and BBB leakage rate in WMLs.
Hence, our results suggest that VEGFA might be
one of the first contributors in the development
of WMLs by inducing angiogenesis and increasing
vascular permeability, thus paving the way for
the inflammatory responses mediating white
matter damage in normal appearing white matter.
Although peripheral sampling does not indicate
the source of VEGFA, these correlations highlight
VEGFA as a promising biomarker for the early
identification of patients at risk for cSVD. To
support our OPC-derived VEGFA hypothesis, future
studies should focus on replicating our findings
in a large cSVD cohort with blood plasma VEGFA
protein levels as primary outcome measure, and
additional post-mortem brain tissue analysis
such as VEGFA levels in normal appearing white
matter and white matter lesions, and histological
identification of OPCs in these areas.

VEGFA administration has been shown to have
promising effects on stroke recovery, such as
reducing lesion size, decreasing infarct size,
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promoting angiogenesis, and improving cognitive
function. However, the effectiveness of VEGFA
modulation in improving clinical outcomes in
humans is yet to be proven. Moreover, it is
essential to acknowledge the dual nature of
modulating VEGFA signaling (le Noble et al.,
2023). While beneficial angiogenic properties
may facilitate compensatory vascular network
growth in the brain and reduce hypoxia, there is
a risk of increased BBB permeability contributing
to inflammation and tissue damage. Another
potentially adverse aspect of stimulating
angiogenesis by systemic interventions is the
risk of promoting the vascularization of any
malignancies that may be present in the patient.
A solution would be local delivery to the brain
or specific modulation of brain VEGF receptors.
The use of VEGFA isoforms, which elicit different
biological effects, might be one strategy. Timing of
VEGFA administration is also critical. Angiogenesis
induction in the early silent stages of cSVD may
help prevent ischemic injury, while post-stroke
stimulation of new vessel formation and increased
BBB permeability might aggravate disease
progression. Thus, the therapeutic potential of
VEGFA might be a double-edged sword and must
be considered carefully.

In conclusion, we would like to propose the
following mechanism as one of the pathways
leading to the development of WMLs in cSVD
(Figure 1). Chronic cardiovascular risk factors
such as hypertension may induce cerebral
hypoperfusion and local hypoxia in deep, poorly
vascularized cerebral structures. As a result,
oxygen-vulnerable OPCs secrete VEGFA in an
attempt to increase vascularization and hence
oxygen supply. This causes an increase in BBB
permeability, permitting a neuroinflammatory
reaction. Ultimately, the repetition and/or spatial
accumulation of these events can lead to cerebral
tissue damage and the development of WMLs,
causing clinical cSVD symptoms. The detection
of VEGFA (alone and/or in combination with
other biomarkers) in fluid material (plasma,
cerebrospinal fluid) may bring new insights for
the early identification of patients at risk for the
development of cSVD.
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Figure 1 | Schematic overview of proposed mechanism as one of the pathways leading to the development of

WMLs in cSVD.

Chronic cardiovascular risk factors such as hypertension can lead to reduced blood flow and oxygen levels in poorly
vascularized areas of the brain. Consequently, oxygen-sensitive oligodendrocyte precursor cells release VEGFA, mediated
by Hif1/2a signaling, which triggers angiogenesis in an attempt to boost vascularization and improve oxygen supply. This
process triggers increased BBB permeability by reducing tight junction proteins such as Claudin-5 and Occludin, which
can lead to BBB leakages and neuroinflammation. Over time, the recurrence or accumulation of these events can result
in brain tissue damage and the formation of white matter lesions, leading to clinical symptoms of cerebral small vessel
disease (cSVD). Adapted from Manukjan et al. (2020). BBB: Blood—brain barrier; CBF: cerebral blood flow; Hif1/2a:
hypoxia inducible factor 1/2a; O,: oxygen; OPC: oligodendrocyte precursor cell; VEGFA: vascular endothelial growth

factor A; WML: white matter lesion.
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