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Abstract 
 
Cerebral small vessel disease (cSVD) is a vascular risk factor associated disorder characterised by 
white matter lesions. These lesions are associated with cerebral hypoperfusion and increased 
blood-brain barrier (BBB) permeability. The cellular and molecular mechanisms underlying small 
vessel dysfunction and loss of white matter integrity remains largely unknown. In that context both 
endothelial cells (ECs) and oligodendroglia are key players, as ECs have a critical role in cerebral 
perfusion and BBB permeability and oligodendrocytes and oligodendrocyte precursor cells 
(OPCs) are responsible for myelination in the brain. Although EC dysfunction could affect 
oligodendrocytes and OPCs and lead to white matter damage, the role of their interplay is poorly 
studied in context of cSVD. 
 
In this thesis, we identified Wnt7a as a potential modulator of EC-OPC interaction in a systematic 
literature search (Chapter 2). We studied the effects of Wnt7a and β-catenin signalling on 
endothelial barrier integrity in vitro, demonstrating its impact on the expression of tight junction 
proteins (Chapter 3). Our transcriptomic analysis revealed the role of Wnt7a in regulating a 
signalling pathway of importance for OPCs. We showed that Wnt7a suppressed Cxcl12 in ECs but 
had no influence on expression of CXCL12 receptor Cxcr4 in OPCs (Chapter 4). Finally, we 
demonstrated that cerebral hypoperfusion in mice leads to hypoxia in OPCs and an increased BBB 
permeability. In vitro experiments with OPCs exposed to hypoxia resulted in upregulation of 
Vegfa, rather than Wnt7a, via Hif1a and Epas1 signalling. We also showed in a retrospective 
human study that higher VEGFA plasma levels were associated with increased BBB permeability 
in normal appearing white matter of cSVD patients (Chapter 5).  
 
Taken together, our findings support (a) a role for Wnt7a in regulating BBB integrity and OPC 
migration and (b) an early role for OPC-derived VEGFA in hypoxia contributing to BBB 
impairment and possibly white matter lesion development in cSVD patients. 
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This thesis focuses on the molecular mechanisms involved in cerebral small vessel disease 
(cSVD). CSVD is an umbrella term for various conditions that impact the small blood vessels in 
the brain including the arterioles, capillaries, and venules, which can lead to brain structural 
alterations such as lacunae, white matter (WM) hyperintensities, enlarged perivascular spaces, 
microbleeds, subcortical infarcts and brain atrophy [1]. The global burden of cSVD is widely 
underestimated, as characteristics of this disease are present in almost every individual over the 
age of 60 years old and is projected to only increase as the world population ages [2]. Additionally, 
the underlying cause of about 20% of all ischemic strokes, gait impairments, and mood 
disturbances is cSVD [1, 3, 4]. Diagnosis relies on MRI brain imaging characteristics while 
treatments mainly focus on risk and symptoms management [1, 2, 4, 5]. Although advances have 
been made in recent years, the underlying pathology remains largely unknown. It is thus important 
to gain a better understanding of the mechanisms leading to cSVD development, especially the 
early mechanisms to prevent adverse structural brain changes in patients. Thus, my goal in this 
thesis was to unravel early mechanisms leading to the progressive development of cSVD. 
 
Important structural features of cSVD include blood-brain barrier (BBB) impairments and the 
presence of white matter lesions (WMLs). However, there is limited evidence about the cellular 
changes that lead to the development of these features. It is known that endothelial cell (EC) 
dysfunction leads to BBB impairments and that changes in oligodendrocyte and oligodendrocyte 
precursor cells (OPCs) results in WM damage, and that these changes might be involved in cSVD 
pathology [6, 7]. However, there is limited knowledge on the role of their interaction in cSVD. 
Thus, we conducted a systematic literature investigation on the interaction between ECs and OPCs 
in context of cSVD to map the current knowledge. To investigate the role of these cells in early 
cSVD pathology, we conducted several in vitro and in vivo studies. Additionally, we investigated 
a potential peripheral blood biomarker associated with vascular and WM damage in a cSVD 
patient cohort study. In this chapter, I will introduce the relevant topics and research questions 
related to this project. 
 
 

Cerebral white matter 
 
The human brain is a unique and complex organ that serves as the central command centre of the 
entire body, coordinating various cognitive processes, including perception, memory, attention, 
decision-making and many more vital processes for our daily functioning. The brain 
communicates through neurons to engage these functions. Neurons are the best-known cells of the 
brain and reside throughout the whole brain, with their cell bodies and dendrites in the so-called 
“grey matter” and neuronal fibres in the “white matter” [8]. The WM accounts for more than half 
the total brain volume and is involved in many key functions including cognition, sensory 
processing, and motor functions [8–11]. The WM does not only consist of myelinated neuronal 
fibres, but also glial cells such as oligodendrocytes, OPCs, astrocytes, and microglia and vascular 
cells [12, 13].  
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Vascular cells form a physical barrier between the central nervous system (CNS) and the periphery 
consisting of ECs, astrocytes, pericytes, microglia and oligodendrocytes along with the neuronal 
cells, referred to as “the neurovascular unit (NVU)”, and ensure microenvironmental homeostasis 
in the CNS and WM integrity [14]. Loss of NVU function and WM integrity can lead to 
cerebrovascular and glial pathology as seen in diseases such as dementia, Alzheimer’s disease 
(AD), multiple sclerosis (MS), vascular cognitive impairment (VCI), stroke and cSVD [14]. 
Although understudied in cSVD, oligodendroglial cells are the most important cell types 
safeguarding WM integrity. 
 
 

Oligodendroglial lineage cells 
 
Oligodendroglial cells were first described in the 19th century and were known as neuroglia cells 
that were not able to grow axons or proliferate and only served as connective tissue in the brain 
[15–17]. Eventually, by using more advanced staining techniques, this group of cells was later 
characterised into microglia and oligodendroglia [18, 19]. Neurons and macroglia share the 
common precursor arising in the neural tube during embryonic development, namely the neural 
progenitor cells (NPCs) [20, 21]. Oligodendroglia originate from multiple sources in the CNS, 
such as the ventral ventricular zone and dorsal spinal cord, and express DM-20 mRNA, encoding 
a protein proteolipid protein (PLP) isoform, while microglia originate from progenitor cells in the 
yolk sack, which migrate to the CNS during development, and astrocytes from NPCs in the 
neuroepithelium [22–29].  
 
Oligodendroglia can be recognised by a set of phenotypic markers they express depending on their 
developmental stage (a summary of the most important markers is shown in Figure 1) [30]. The 
NPCs that are committed to differentiate into cells of the oligodendroglia lineage express markers 
such as the A2B2 [31]. However, A2B2 expressing cells can also differentiate into astrocyte given 
specific environmental cues, and are thus called oligodendroctyte-type-2 astrocyte (O-2A) 
progenitor cells [32, 33]. Olig1/2, SOX10, and Nkx2.2 are expressed by all cells of the 
oligodendroglia lineage, while the combination of PDGFRα and NG2 is restricted to OPCs in the 
CNS [23]. However, NG2 expressing cells are also able to differentiate into astrocyte, and 
potentially neurons, and NG2 is also expressed by pericytes and smooth muscle cells [34–37]. At 
the next stage, pre-oligodendrocytes start growing their extensions to engage with target axons. At 
this stage, these pre-oligodendrocytes express CNPase, and the O antigens O4 (a lipid sulfatide) 
and O1 (galactocerebroside, GalC), with O4 being expressed first by late OPCs and O1 later by 
pre-myelinating oligodendrocytes [38–40]. Differentiated oligodendrocytes are characterised by 
the production of myelin, and thus express myelin proteins such as myelin basic protein (MBP), 
myelin associated glycoprotein (MAG), and myelin-oligodendrocyte glycoprotein (MOG) [41–
44]. Pre-myelinating oligodendrocytes sense their environment by extending and retracting their 
processes towards their target axons before connecting and settling into their final position [45, 
46]. 
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Figure 1: Overview of phenotypic markers for the different stages of development of cells belonging to 
the oligodendroglial lineage. A2B2 is expressed by neuronal (NPC) and oligodendrocyte progenitor cells 
(OPC), while Olig1/2, SOX10, and Nkx2.2 is expressed by all cell of the oligodendroglial lineage. Cells 
committed to the OPCs start to express PDGFRα, NG2, and PLP. Cells start to express the O antigens, O4 (a 
lipid sulfatide) and O1 (GalC), and CNPase once they start to differentiate into pre-oligodendrocyte. Mature 
myelinating oligodendrocytes express the specific myelin protein markers MBP, MAG, MOG. Abbreviations: 
NPC: neuronal progenitor cell; OPC: oligodendrocyte precursor cell; SOX10: SRY-Box transcription Factor 10; 
Nkx2.2: NK2 Homeobox 2; PDGFRα: platelet-derived growth factor receptor α; NG2: neuron-glial antigen 2; 
PLP: proteolipid protein; Galc: galactocerebroside; CNPase: 2’,3’-cyclic-nucleotide 3’-phosphodiesterase; 
MBP: myelin basic protein; MAG; myelin associated glycoprotein; MOG: myelin-oligodendrocyte 
glycoprotein. Adapted from Kuhn et al. (2019) [30].  
 

Once connected, mature oligodendrocytes extend their plasma membrane laterally down the axon 
to form paranodal loops and wrap the axon with loose layers of plasma membrane that is 
subsequently compacted into dense myelin sheaths [47]. This process is tightly regulated by 
environmental cues, such as the diameter and neuronal activity of the target axon, but also Ca2+ 
activity of the oligodendrocyte [48–52]. This regulation is reciprocal as the neuronal activity can 
also determine OPC proliferation and differentiation [50, 53]. Myelin sheaths isolate the axons 
and lead to fast transmission of neuronal action potential by reducing transmembrane capacitance 
and increasing resistance of the axon and by concentrating high densities of Na+ channels at the 
short unwrapped portions called the nodes of Ranvier [54, 55]. Each oligodendrocyte can form 
multiple myelin sheaths, each on different axons. In this regard, oligodendrocytes differ from their 
peripheral nervous system counterpart, the Schwann cells, that form a single myelin sheath around 
one axon [56]. Additionally, oligodendrocytes provide metabolic support to the axons, such as the 
production and transfer of lactate to axons through their myelin sheaths when the axons are energy-
deprived [57, 58]. Myelin plasticity has been suggested to mediate neural circuit function, as 
activity dependent myelination can lead to fine tuning action potential conduction, hence 
complementing synaptic plasticity [59]. Despite these novel myelin functions, the predominant 
role of the oligodendrocytes is to generate myelin during development and replace damaged 
myelin (remyelination) during adulthood. To achieve this, OPCs must proliferate and differentiate 
to generate new oligodendrocyte capable of producing new myelin sheaths [60]. In line with this 
repair function, OPCs remain one of the most proliferating cells in the adult CNS [61]. 
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The OPCs in the adult brain have functions beyond the generation of new oligodendrocytes. OPCs 
respond to neuroligands to regulate their fate, form neuron-OPC synapses, modulate neuronal 
signalling by secreting neuromodulators, modulate immune response, and play a crucial role in the 
development and maintenance of the BBB [62–72]. The BBB is a biological barrier between the 
CNS and is responsible for brain parenchymal homeostasis. The BBB consists of tightly linked 
ECs that form a physical EC barrier. OPCs and ECs interact in the developing and adult brain to 
ensure healthy brain functioning [72, 73]. The vascular cells are the first to infiltrate the 
parenchyma, and the blood vessels they form provide a scaffold that guides OPCs as they migrate 
through the developing brain. Brain ECs secrete factors to promote the migration and proliferation 
of these perivascular OPCs, and in turn, the OPCs secrete factors that promote angiogenesis [74]. 
This “oligovascular niche” persists in the adult brain, where it could play a role in mediating repair 
by guiding OPCs to demyelinated areas, and in disease since OPCs might induce BBB leakages 
through secretion of factors in response to injury [71, 75, 76]. 
 
 

The blood-brain barrier 
 
As previously mentioned, the BBB protects the CNS from undesired molecules in the circulating 
peripheral blood to ensure CNS homeostasis. A schematic overview of the BBB and its cellular 
elements is provided in Figure 2. Brain ECs present unique characteristics that distinguish them 
from peripheral vessels, such as the expression of tight junction (TJ) proteins, the absence of 
fenestrated capillaries, absence of pinocytosis, and the expression of active transporter 
mechanisms [77]. The TJ proteins seal the paracellular space between adjacent ECs and prevent 
entrance of molecules from the circulating blood, while oxygen and carbon dioxide can freely 
cross this barrier [7, 78]. Although small lipophilic molecules can passively cross the BBB, the 
entrance of essential nutrients and larger molecules such as glucose, amino acids, insulin, and 
leptin, is facilitated by active transport via transporters and receptor-mediated endocytosis [79–
81]. These unique properties tightly regulate the CNS homeostasis by preventing the entrance of 
nonspecific molecules, while actively taking up specific nutrients and disposing potential harmful 
molecules back into the circulating peripheral blood [7]. Even though these mechanisms are crucial 
for the healthy functioning of the brain, they also present a major obstacle for delivering potential 
drugs into the CNS. However, there might be a window of opportunity for drug delivery in some 
conditions such as MS, stroke, and cSVD since these diseases are associated with an increased 
BBB permeability [82]. The integrity of the BBB is primarily dependent on the proper functioning 
of the NVU, as previously mentioned, and dysfunction of the brain microvascular ECs is thus 
considered a significant contributing factor in cSVD pathology [1, 83]. 
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Figure 2: Schematic overview of the blood-brain barrier. The blood-brain barrier (BBB) consists of 
endothelial cells, astrocytes and their endfeet, microglial cells, and pericytes. The endothelial cells present 
unique properties distinguishing them from peripheral vessels, such as the absence of fenestrated capillaries, 
absence of pinocytosis, and the expression of tight junction proteins. Astrocytes have a crucial role in the 
formation and maintenance of the BBB by secreting factors and ensheath the vessel with their endfeet and 
provide physical support, regulate blood flow, and contribute to selective permeability. Astrocytes also play a 
crucial role in modulation of neuronal activity by neurotransmitter uptake and release. Microglia are the immune 
cells of the brain and their interaction with surrounding cells ensures the proper regulation of the BBB integrity. 
Pericytes wrap and provide structural support to the endothelial cells and modulate blood flow. Additionally, 
oligodendrocytes which are responsible for the myelination of axons and oligodendrocyte precursor cells (OPC) 
secret factors that modulate the BBB integrity. 
 
Brain endothelial cells 
 
Brain ECs line the blood vessel lumen and form the major structural barrier in the BBB. The 
development and maintenance of these cells and their unique properties depends on the interaction 
with the other cells of the NVU [84]. In mice, pericytes are the first cells in the developing 
vasculature to initiate BBB properties at embryonic day 12 (E12), followed by OPCs at E19 and 
astrocytes directly after birth [84, 85]. The astrocytes are recruited to ensure the postnatal 
maintenance of the BBB [86]. These interactions persist in the adult brain to ensure proper BBB 
function and angiogenesis [75, 78, 84, 87]. A major functional and unique property of ECs in the 
BBB is the expression of TJ proteins [78]. 
 
The formation of TJs occurs in the primary stages of brain development and is a critical component 
of the BBB, indicating its importance in brain health [78]. The TJs consist of three integral 
membrane proteins, namely claudins, occludins, and junction adhesion molecules (JAMS) in 
addition to cytoplasmic proteins such as Zonula occludens (ZO), cingulin, and others, which 
function as links between the membrane proteins and the cytoskeleton of the ECs [7]. The major 
components forming the BBB in the brain are the TJ proteins claudin-1 and claudin-5 [88, 89]. 
Loss of function of these proteins increases BBB permeability leading to brain pathology such as 
ischaemic stroke [89–92]. Occludins seem to have a more regulatory rather than a critical role 
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compared to claudins [93]. They are also only expressed in the adult human brain and not in human 
foetal or new-born brain [94]. Claudins and occludins can also form heteropolymeric 
intramembranous strands to allow the selective diffusion of ions and hydrophilic molecules [95]. 
The role of JAMs in the BBB is less known with studies showing their potential role in EC 
adhesion and monocyte transmigration into the brain [96, 97].  
 
Blood-brain barrier pathology 
 
BBB dysfunction has been reported in several CNS diseases including AD, MS, stroke, and cSVD 
[98–101]. Its dysfunction can range from mild changes in permeability and mild leakages, to 
chronic barrier impairment and ischemic stroke [7, 102, 103]. This can also cause myelin damage 
and ischemic lesions in the WM [104, 105]. In healthy conditions, the BBB is almost impermeable, 
however, when dysfunction occurs and BBB is impaired, undesired plasma molecules can infiltrate 
the CNS and trigger an immune response resulting in disturbance of CNS homeostasis and damage 
to the brain [7]. 
 
Studies have shown that increased BBB permeability and endothelial TJ disruption can be caused 
by hypoxia in the brain. Focal and global ischemia can lead to an inflammatory response by 
increasing proinflammatory cytokines and mediators, such as Interleukin 1β (IL-1β), IL-8, tumour 
necrosis factor α (TNF-α), vascular endothelial growth factor (VEGF), and recruitment of immune 
cells to hypoxic areas, causing TJ disruption and BBB impairment [7, 106, 107]. In vitro studies 
revealed that EC barrier disruption might be mediated by factors released by astrocytes in response 
to ischemia [108, 109]. Disruption of the BBB can also be caused by dysfunctional OPC-EC 
interaction, leading to WM damage [69, 76]. Clustering of perivascular OPCs due to hypoxia can 
lead to aberrant Wnt signalling in OPCs, disrupting the astrocyte end-feet and endothelial TJ 
proteins, resulting in increased vascular permeability, ultimately leading to CNS inflammation and 
WM damage [69, 70, 76]. 
 
The Wnt signalling pathway has a crucial role in both the brain vasculature and OPCs. Wnt 
signalling molecules bind to their receptor and activate the β-catenin dependent or β-catenin 
independent intracellular signalling pathways. Activation of the β-catenin dependent pathway 
leads to the intracellular β-catenin accumulation and nuclear translocation, resulting in gene 
modulation [110]. Activation of Wnt signalling in ECs can regulate angiogenesis and barrier 
function, while in OPCs it is involved in the proliferation, migration, and differentiation [110, 
111]. Recent studies have demonstrated the regulation of Wnt pathways in OPCs in response to 
brain hypoxia, which affected the ECs in a paracrine and the OPCs in an autocrine manner [70, 
76, 112]. Thus, making this signalling pathways a promising target for modulating the pathological 
response to hypoxia leading to BBB impairments and WM damage.  
 
In summary, it is suggested that hypoxia can trigger a cascade of events that lead to endothelial 
changes, resulting in increased BBB permeability and ultimately disruption of CNS homeostasis 
and WM damage. Although it is unknown whether BBB impairments are the cause or consequence 



Chapter 1     
General introduction 

 15 

of diseases such as the sporadic form of cSVD, it is clear that this pathological phenomenon 
contributes to and exacerbate the development of disease [113–115].  
 
 

Cerebral small vessel disease 
 
The term cSVD refers to pathology to the small vessels in the brain, including the arteries, 
arterioles, venules, and capillaries. cSVD is characterised by lacunar infarcts, WM 
hyperintensities, cerebral microbleeds, enlarged perivascular spaces, and brain atrophy identified 
using MRI. Diagnosis of cSVD might be accidental, as it is often asymptomatic in its early stages 
[5]. Clinical manifestations in the acute stage include lacunar stroke or intracerebral haemorrhage, 
while more chronic stages can affect cognition, motor function (usually gait), balance, and 
behaviour such as personality changes and depression [116]. The cause of cSVD is difficult to 
determine as it does not have a single underlying pathologic cause but rather heterogenic 
pathological processes. The pathology of cSVD differs depending on the type and subtype of the 
disease, and there are several suggestions on how to classify the different types of cSVD (Table 1) 
[83, 117–119]. However, the Standards for Reporting Vascular Changes on Neuroimaging 2 
(STRIVE-2) recently revised the recommended standardised neuroimaging features for cSVD to 
promote consistent and unbiased use of terminology in research and clinical practice [120].  
 
The sporadic form is often characterised by lacunar strokes and parenchymal brain haemorrhages. 
To have a better understanding of the underlying pathology, this sporadic form can be categorised 
further into two groups: the amyloidal form and non-amyloidal form for cSVD. The amyloidal 
form is mostly related to age and is caused by the deposition of amyloid-β in the small arteries, 
leading to small vessel dysfunction and ultimately vascular occlusions and ruptures [6]. A common 
form of this subtype is the sporadic cerebral amyloid angiopathy (CAA), which is commonly 
characterised by spontaneous intracerebral haemorrhages [121]. The non-amyloidal form of cSVD 
is more difficult to define, as this form is often referred to as the “hypertensive arteriopathy”. It is 
often characterised by atherosclerosis, arteriosclerosis, lipohyalinosis, fibrinoid necrosis or 
microaneurysms affecting the small vessels, and is related to vascular risk factors such as 
hypertension, diabetes, or age [116]. Chronic hypertension can lead to lipohyalinosis and 
thickening and narrowing of the small vessels in the brain that are responsible for the perfusion 
and nourishment of the deep WM [122]. Hypertension can also cause blood vessel fibrosis and 
stiffening of the vessel walls, leading to reduction in cerebral blood flow (CBF) [123]. In both 
instances, hypertension can cause reduced CBF, hypoperfusion, and hypoxia in the brain. 
Additionally, blood supply to deeper regions of the WM happens in a watershed-like manner, 
which makes these regions even more vulnerable to CBF impairments [124]. Animal models and 
human patient data suggest that chronic hypoperfusion in the brain can lead to major WMLs and 
cognitive impairments and development of cSVD [125–128]. Hypertension can also lead to 
impairments in the BBB, which in turn can cause progressive cognitive decline and WM damage 
in patients with cSVD [129, 130]. The initial mechanism of early development of WM damage 
and cSVD is largely unknown and future studies are needed to get a better understanding of the 
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underlying pathology in disease progression. Investigations in genetic forms of cSVD might shed 
light into some of the molecular mechanisms. 
 
Table 1: Classification of cerebral small vessel disease based on sporadic and genetic onset and 
pathological differences. Adapted from Mustapha et al. (2019) [117].  
 

Sporadic Pathology 
Sporadic Cerebral Amyloid Angiopathy Amyloid-β protein deposition in the wall of small 

vessels; spontaneous intracerebral haemorrhages. 

Hypertensive arteriopathy Atherosclerosis, arteriosclerosis, lipohyalinosis, 
fibrinoid necrosis, microaneurysms; lacunar infarcts 
and white matter damage. 

Other Associated with conditions such as diabetes, smoking, 
high cholesterol, autoimmune disease, and coagulation 
disorders. 
 

Genetic  
Genetic Cerebral Amyloid Angiopathy Amyloid-β associated gene such as amyloid precursor 

protein (APP), presenilin 1 (PSEN1), and presenilin 2 
(PSEN2) mutations, often autosomal dominant 
inherited; 

Cerebral autosomal-dominant arteriopathy with 
stroke and ischemic leukoencephalopathy 
(CADASIL) 

NOTCH3 mutation, autosomal dominant inherited; 
recurrent strokes, cognitive decline, migraine with 
aura, and white matter damage. 

cerebral autosomal recessive arteriopathy with 
subcortical infarcts and ischemic 
leukoencephalopathy (CARASIL) 

HTRA1 mutation; autosomal recessive inherited; early-
onset strokes, cognitive impairment, alopecia, and 
spondylosis. 

COL4A1/2 related COL4A1/2 mutation; wide range of symptoms, such as 
strokes, white matter damage, retinal vascular 
abnormalities, etc.  
 

 
 
These genetic forms are often associated with ischemic or haemorrhagic strokes in young people 
and lead to non-age related cSVD [83]. A less common form of cSVD is the genetic CAA, which 
can be caused by mutations in genes, such as amyloid precursor protein (APP), presenilin 1 
(PSEN1), and presenilin 2 (PSEN2) mutations, affecting the production and processing of amyloid-
β. The most common form of genetic cSVD is the cerebral autosomal-dominant arteriopathy with 
stroke and ischemic leukoencephalopathy (CADASIL) which is caused by mutations in the 
NOTCH3 gene [83]. NOTCH3 is a transmembrane receptor mainly expressed in vascular smooth 
muscle cells and vascular pericytes, and accumulation and deposition of the extracellular domain 
of this receptor within the vessel walls is a key pathological feature in CARDAIL [131]. Similarly, 
cerebral autosomal recessive arteriopathy with subcortical infarcts and ischemic 
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leukoencephalopathy (CARASIL) is associated with mutation in the high-temperature requirement 
A serine peptidase 1 (HTRA1) gene, which up-regulates the expression of the transforming growth 
factor β (TGF-β) and leads to vascular disorders [83, 132]. Understanding these and other genetic 
forms of cSVD contributes to determining underlying mechanisms leading to disease progression. 
Genetic studies and animal models can help to unravel biological, cellular, and molecular changes 
in cSVD development, which can ultimately lead to better diagnostic tools and treatments for 
patients. 
 
Clinical manifestation 
 
The development of cSVD might progress unnoticed as it remains often asymptomatic in its early 
stages [133, 134]. Diagnosis can occur accidently when patients undergo MRI of computed 
tomography (CT) for unrelated conditions [135]. However, in its acute stage, lacunar strokes or 
intracerebral haemorrhages may also occur. Lacunar strokes manifest as pure motor strokes 
leading to motor paresis or paralysis, sensory strokes, sensorimotor stroke, ataxic hemiparesis, or 
dysarthria-clumsy hand syndrome [136, 137], while the manifestation of intracerebral 
haemorrhages symptoms depend on the locations of the damage [135]. In chronic cSVD, the main 
clinical symptoms are associated with progressive cognitive decline due to WM impairment. 
Posture and gait abnormalities, tremor, pseudobulbar syndrome, and depression are some of signs 
of chronic cSVD [134, 138, 139]. The presence of these WMLs is associated with risk of cognitive 
impairments, dementia, stoke, and even death [14, 138, 140, 141]. In the elderly population, cSVD 
is believed to be the most common cause of cognitive dysfunction and dementia, which can 
ultimately lead to loss of independence, social withdrawal, and physical injuries [139, 142]. 
Therefore, it is crucial to underscore the significance of cSVD research and the urgent need for 
development of novel effective treatment options to enhance quality of life for these patients. 
 

Treatment  
 
Because of the chronic nature of cSVD, prevention strategies should focus on lowering vascular 
risk factors, with hypertension being the most important one, to protect the brain microvasculature 
and prevent CNS inflammation and WM damage. The only therapeutic strategy for the sporadic 
form of cSVD is to limit the exposure to cSVD risk factors by lowering blood pressure and 
reducing vascular tone with the use of antihypertensive, antiplatelet, cholesterol-lowering, 
anticoagulant drugs, and glucose-lowering drugs for diabetes [143, 144]. These acute treatments 
might resemble those for stroke prevention due to pathological similarities of the diseases [83, 
143]. Lifestyle interventions, such as diet, sodium restriction, increased physical activity, and 
smoking cessation might also be implemented to decrease vascular risk factors to prevent vascular 
events [83]. Some of these therapeutic strategies could also be implemented for the treatment of 
genetic forms of cSVD. However, additional genetic screening of young adults with a history of 
familial cSVD could ensure the most effective prevention strategy [83].  
 
In recent years, there have been promising advancements in the potential treatment of cSVD with 
cilostazol, a phosphodiesterase inhibitor, and isosorbide mononitrate, a nitric oxide (NO) donor. 
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These medications, already approved for use in other diseases, show potential in cSVD treatment 
by improving long-term outcomes after lacunar ischaemic stroke [145, 146]. Cilostazol improved 
cognitive function and protected WM by reducing gliovascular damage, cellular inflammation, 
and endothelial activation in an in vivo hypoperfusion model, while clinical trials are still ongoing 
[145–147]. Protecting WM by targeting brain inflammation could be a potential therapeutic 
strategy in cSVD, as several in vivo studies have demonstrated that the use of anti-inflammatory 
drugs can lead to reduced WM damage, improved cognitive function, and enhanced overall life 
expectancy [148, 149]. Hence, investigating the potential of oligodendrocyte and OPC modulation 
might be a compelling treatment strategy, as studies using stem cells that can differentiate into 
OPCs and oligodendrocytes have found a positive effect on remyelination and repair of damaged 
WM [150–153]. These findings suggest that targeting the enhancement of oligodendrocyte 
function and the regenerative capacity of OPCs may hold great promise for restoring WM integrity 
in cSVD. Specific targeting of the Wnt7a signalling pathway might hold potential in modulating 
the OPC-EC crosstalk and normalising BBB function and protecting WM integrity in cerebral 
hypoperfusion [70, 112, 154, 155]. 
 
Thus, it is important to have a better understanding of the disease pathology leading to small vessel 
damage and associated WMLs to come up with novel treatment options. Having appropriate 
models to investigate the biological and molecular mechanisms leading to cSVD pathology is thus 
crucial for future research. 
 
 

Experimental models for the study of cerebral small vessel 
disease 
 
As mentioned before, cSVD can be caused by several pathological mechanisms and no perfect 
model exists that reflects all aspects of the disease. It is thus important to select and combine the 
most appropriate models when investigating cSVD. By using different animal models, researchers 
attempt to mimic parts of cSVD pathophysiology. Some models are also more appropriate for the 
study of specific pathological features and can thus improve our mechanistic understanding for 
some cSVD features such as WMLs, arteriopathy, and lacunar infarcts. Here we discuss some of 
the in vivo models commonly used to investigate cSVD.  
 
Genetic experimental models 
 
One approach is to mimic the human genetic mutations in animal models to investigate associated 
pathology. Transgenic mice expressing a mutant Notch3 gene in vascular smooth muscle cells 
show impaired autoregulation and increased resistance of cerebral vessels, indicating vascular 
dysfunction as an early pathological mechanism in CADASIL [156]. Similarly, transgenic mice 
for COL4A1, encoding for the basement membrane protein procollagen type IV alpha1, present 
weak vessels and intracerebral haemorrhages, and can be used to mimic this genetic form seen in 
cSVD patients [157]. Recently, a genetic model for CARASIL has been proposed, which uses 
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CRISPR/Cas9 to generate the Mut-HTRA1L364P mouse model to study this rare human form 
[158]. Transgenic mice can also be used to investigate certain cSVD characteristics without 
mimicking the human mutations, by for example overexpressing renin and human angiotensinogen 
which results in hypertension induced vascular remodelling and hypertrophy [159].  
 
Hypertensive animal models 
 
Selective breeding of Wistar-Kyoto rats with high blood pressure rats led to the development of 
the stroke prone spontaneously hypertensive rats (SHR-SP). These animals develop progressive 
hypertension from week 8-9 with stroke events occurring at around 10 months of age. Pathology 
in these animals includes chronic vascular changes and stroke lesions in various regions of the 
brain [160]. The inducible hypertensive rats (IHR) carry the mouse renin transgene with an 
inducible promotor. The overexpression of renin, and thus activation of the renin-angiotensin 
system, can be controlled by administration of indole-3 carbinol in these animals [161]. Although 
the IHR did not show any histological changes in the brain, stroke lesions could be generated by 
adding 0.9% saline to their drinking water [162].  
 
Another group proposed to use of deoxy-corticosteroid acetate (DOCA) treated Sabra 
hypertension prone (SBH/y) rats as a novel model for cSVD. In these animals, the vascular impact 
of hypertension leading to WMLs and oxidative stress in these animals [163]. In mice, 
hypertension can be induced by administration of angiotensin II. In this model, animals are 
continuously injected with angiotensin II for 3 months, and show brain inflammation, BBB 
impairments, myelin damage, and cognitive impairments [164]. The inbred BHP/2J mice can be 
used to effects of chronic hypertension as they present spontaneous lifelong hypertension. These 
animals manifest key features such as microglia activation, BBB impairments, and cognitive 
decline [165]. Although the list of hypertensive animal models is more extensive, brain 
hypoperfusion can also be studied in the absence of peripheral hypertension with the use of other 
animal models. 
 
Hypoperfusion model 
 
A common model that might reflect the etiology of hypoperfusion seen in cSVD is the bilateral 
carotid artery stenosis (BCAS) model in mice [166]. Mice undergo narrowing of both carotid 
arteries via the surgical placement of 0.16-0.20 mm microcoils around these arteries, resulting in 
a chronic reduction of the CBF, microglial and astroglial activation, cerebral hypoxia, increase in 
BBB permeability in the WM, and WMLs [125, 167, 168]. The severity and onset of 
hypoperfusion can be controlled by the diameter and timing of the placed microcoils, and genetic 
variations can be investigated by using specific strains of mice. The survival rate 1 week after 
placement of a 0.18 mm microcoils is >85% with CBF reductions of ±30% after 2h after surgery 
[169]. The strong acute reduction in CBF followed by a gradual recovery is however a limitation 
of the model, as it does not fully mimic the pathophysiology of chronic gradual increased 
hypoperfusion seen in cSVD patients [127]. Cerebral WMLs are seen in these animals after 2 
weeks of hypoperfusion, while BBB impairments and increases in microglia and astrocytes occur 
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after 1 week [125, 167, 169]. Behaviour and grey matter changes occurs months after, with 
impairments in motor function being present after 3 months, working memory after 5-6 months, 
and cortical and hippocampal atrophy at 8 months after BCAS [169, 170].   Additionally, 
pharmacotherapies can be investigated in BCAS mice, as the procedure is straightforward and 
inexpensive.  
Other hypoperfusion models can be used, such as the rat bilateral common carotid artery occlusion 
(BCCAO), the mouse asymmetric common carotid artery (ACAS), and non-human primate 
models, to mimic hypoperfusion. However, these have some additional limitations such as optic 
nerve damage in the BCCAO, absence of microvascular pathology in ACAS, and accessibility of 
non-human primates [169]. 

 
Other models 
 
Other animal models for studying cSVD pathological mechanisms could include ischaemic, 
embolic, and haemorrhagic stroke models, and diabetic and other co-morbidity models. A common 
model for ischaemic stroke is the middle cerebral artery occlusion (MCAO). In this mouse or rat 
model, animals present focal ischemic lesions in the cortical, caudate, and subcortical WM and 
early oligodendrocyte pathology due to an occlusion of the middle cerebral artery [171]. For 
embolic models, cerebral infarcts in rodents, rabbits and primates were produced by intra-vascular 
injections of cholesterol crystals, agarose or plastic microspheres, or autologous blood clot emboli 
[172–175]. Another method of achieving embolic insults in the brain is by the photo-activation of 
intravascular Rose Bengal dye, which leads to endothelial dysfunction downstream of the photo-
activated infarct [176, 177].  
A more recent model was proposed which used the combination of ultrasound with microbubble 
injections to disrupt the BBB through cavitation. This method led to reduced blood flow speed and 
volume due to vasoconstriction in rats [178]. The direct impact of microhaemorrhages in the small 
vessels can be studied by inducing these lesions with femtosecond laser irradiation to rupture 
single arterioles in the rodent brain [179]. This model can be used to investigate the impact of local 
silent strokes seen in cSVD patients [138]. Experimental animal models of co-morbidies such as 
diabetes, obesity, and AD, can be used to investigate the interactions of these conditions with 
cSVD.  
This proliferation of models focussing on various aspects of cSVD serves to emphasise the lack of 
a single model that fully mimics the complex etiopathology of cSVD.  
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Hypothesis and aims of this thesis 
 
In summary, a vast body of evidence suggests that cSVD is not a simple disease initiated by a 
single mechanism, but rather a complex interplay between different triggers (peripheral risk 
factors) and cell types in the brain, that silently and progressively lead to BBB and WML and 
cognitive decline. Although several risk factors and genetic predispositions are known, the 
underlying pathology leading to the disease progression remains largely unknown.  
 
Thus, we hypothesised that cerebral chronic hypoperfusion leads to local hypoxia in the 
brain, affecting the OPCs, which results in abnormal OPC signalling and an impaired 
interaction with brain ECs, ultimately causing disruption of the BBB, and unresolved WM 
damage due to compromised remyelination.  
 
The overall aims of this thesis are to: (1) Identify molecular signalling mediators of the OPC-EC 
crosstalk that might underlie early mechanisms leading to the development of cSVD (Chapter 2). 
(2) Investigate the effects of Wnt7a stimulation on TJ protein and barrier function of brain ECs 
(Chapter 3). (3) Understand the involvement of Wnt7a in OPC migration via the vasculature 
(Chapter 4). (4) Investigate hypoxic OPC-derived signalling molecules, and their role in the OPC-
EC interaction in hypoperfused BCAS mice and (5) conduct a retrospective study to support our 
in vitro and in vivo findings in human blood plasma samples derived from cSVD patients (Chapter 
5).  
 
 

Outline of this thesis 
 
Firstly, Chapter 2 presents a summary of the literature on the signalling for the OPC-EC 
interaction. Due to findings suggesting the involvement of Wnt signalling in this glial-vascular 
interplay [70], a summary of this signalling pathway is also provided in chapter 2. Subsequently, 
findings via a systematic search on the current knowledge of the role of Wnt7a signalling in OPC-
EC interaction and its implications in cSVD pathology are presented. 
 
In Chapter 3, the role of Wnt7a stimulation in brain ECs was examined. Literature suggests that 
hypoxia in the brain can lead to the secretion of Wnt7a by OPCs, which might lead to EC 
dysfunction. Thus, we hypothesised that Wnt7a stimulation in ECs will lead to the β-catenin 
mediated signalling, regulating TJ protein expression and barrier function. To test this hypothesis, 
we used an in vitro mouse EC model to investigate the impact on the endothelial barrier features. 
Additionally, the transcriptomic signature of Wnt7a stimulation was performed to identify 
potential modulators of this signalling pathway.  
 
In Chapter 4, we further investigated the transcriptomic regulation on brain ECs upon Wnt7a 
stimulation to identify possible links for OPC recruitment and migration. Thus, we hypothesised 
that Wnt7a leads to a cellular response in ECs to promoting OPC migration. Chapter 4 presents 
the transcriptomic data of Wn7a stimulation in brain ECs related to cell migration. Additionally, 
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Wnt7a stimulation in OPCs was also examined to mimic possible autocrine effects. The findings 
are presented in a short research letter that aims to stimulate future research on Wnt7a mediated 
CXCL12-CXCR4 signalling in context of cSVD. 
 
In Chapter 5, we investigated the in vivo OPC-EC interaction in the hypoperfusion BCAS mouse 
model. We hypothesised that cerebral hypoperfusion causes abnormal OPC-EC interaction, 
leading to BBB dysfunction and development of WM damage. Myelin content, vascular density, 
BBB leakages, and hypoxic cell density in the brain was assessed after 1 week of BCAS. 
Additionally, RNA sequencing was performed on hypoxic OPCs, revealing Vegfa regulation. 
Lastly, we measured VEGFA levels in blood plasma of cSVD patients and correlated them with 
BBB permeability in normal-appearing WM and WMLs.  
 
Finally, in Chapter 6, the implications of our findings are discussed in context of the current 
knowledge on BBB dysfunction, WMLs, and cSVD pathology. Study gaps and limitations are 
provided in addition to potential diagnostic and therapeutical implications for the prevention and 
treatment of cSVD. 
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Abstract 
 
Key pathological features of cerebral small vessel disease (cSVD) include impairment of the blood 
brain barrier (BBB) and the progression of white matter lesions (WMLs) amongst other structural 
lesions, leading to the clinical manifestations of cSVD. The function of endothelial cells (ECs) is 
of major importance to maintain a proper BBB. ECs interact with several cell types to provide 
structural and functional support to the brain. Oligodendrocytes (OLs) myelinate axons in the 
central nervous system and are crucial in sustaining the integrity of white matter. The interplay 
between ECs and OLs and their precursor cells (OPCs) has received limited attention yet seems of 
relevance for the study of BBB dysfunction and white matter injury in cSVD. Emerging evidence 
shows a crosstalk between ECs and OPCs/OLs, mediated by signaling through the Wingless and 
Int-1 (WNT)/β-catenin pathway. As the latter is involved in EC function (e.g., angiogenesis) and 
oligodendrogenesis, we reviewed the role of WNT/β-catenin signaling for both cell types and 
performed a systematic search to identify studies describing a WNT-mediated interplay between 
ECs and OPCs/OLs. Dysregulation of this interaction may limit remyelination of WMLs and 
render the BBB leaky, thereby initiating a vicious neuroinflammatory cycle. A better 
understanding of the role of this signaling pathway in EC–OL crosstalk is essential in 
understanding cSVD development. 
 
Keywords: cerebral small vessel disease; WNT; β-catenin; oligodendrocytes; oligodendrocyte 
precursor cells; endothelial cells 
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1. Introduction 
 
Cerebral small vessel disease (cSVD) is an umbrella term used to describe different pathological 
processes that affect the small vessels of the brain, including small arteries, arterioles, capillaries, 
and small veins, and is associated with brain structural lesions and eventual cognitive impairment 
[1]. With cSVD accounting for up to 25% of all stroke and 45% of dementia, it is seen as a common 
cause of cognitive impairment worldwide [2]. Beyond cognitive impairment, mood and gait 
disorders are also often seen in cSVD patients [3]. Although recent advances have led to an 
improved diagnosis and understanding of cSVD, its exact pathogenesis is still unknown. However, 
damage to the blood brain barrier (BBB) is recognized as an early pathological step in cSVD, often 
resulting from the exposure to cardiovascular risk factors, such as hypertension and diabetes 
[2,4,5]. 
 
BBB dysfunction has been evidenced in experimental animal models of cSVD as well as in cSVD 
patients [6–8]. Endothelial cells (ECs) are essential for BBB function due to their tight junction 
(TJ) proteins that prevent the passive entrance of cells and macromolecules into the brain. 
Endothelial dysfunction is therefore a key contributor to BBB dysfunction and is present in several 
brain pathologies, including stroke, multiple sclerosis (MS), and Alzheimer’s disease [9]. In 
addition to the endothelial barrier, BBB integrity also relies on non-neuronal cells, such as 
pericytes, astrocytes, and oligodendrocytes (OLs) [10]. Although studies are scarce, the 
involvement of different cell types, especially OLs, might play a critical role in the 
pathophysiology of cSVD. Both OLs and oligodendrocyte precursor cells (OPCs) are able to lower 
the brain endothelial permeability when co-cultured with primary brain ECs [11]. In addition, OL 
dysfunction can cause white matter loss and BBB disruption, two important features seen in cSVD 
patients [10,12,13]. A common factor that may facilitate an interaction between ECs and 
OPCs/OLs is platelet-derived growth factor (PDGF) as ECs and OPCs secrete PDGF and express 
its receptor (PDGFRα). The tightening of the BBB by OLs seems, however, not to depend on the 
PDGF/PDGFRα signaling, as it cannot be prevented by a PDGFRα antagonist [11]. This suggests 
that other pathways might play a critical role in the interaction between ECs and OPCs/OLs. The 
Wingless and Int-1 (WNT)/β-catenin pathway, largely described for its function within ECs and 
OPCs/OLs may be crucial in this crosstalk [14,15]. 
 
Although both ECs and OLs (and their precursor cells) are involved in BBB integrity, studies 
examining these cells and their interaction in the context of cSVD are limited. This review aimed 
to summarize the published findings on the crosstalk between ECs and OPCs/OLs, and in 
particular the role played by WNT/β-catenin signaling in this interaction. First, we briefly address 
the respective roles of WNTs in ECs and OPCs/OLs. Second, we discuss the current knowledge 
on EC–OL interaction. Third, we present studies found via a systematic search that have identified 
a role for WNT signaling in this crosstalk. Finally, we discuss the potential implications of these 
findings for cSVD pathology before we formulate a conclusion. 
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2. Pathology of Cerebral Small Vessel Disease 
 
cSVD is a heterogeneous disease that includes genetic and sporadic forms. Sporadic cSVD, the 
most prevalent form of cSVD, can be further subdivided into amyloidal and non-amyloidal 
subtypes [1,10,16]. Sporadic cSVD is associated with age and the presence of cardiovascular risk 
factors. Hypertension is considered as the major modifiable risk factor for the development of 
cSVD and vascular cognitive impairment [16,17]. The thickening, stiffening, and narrowing of 
extra-cranial and cranial vessels induced by hypertension can lead to brain hypoperfusion, with 
subsequent hypoxia, BBB impairment, neuroinflammation, and the appearance of white matter 
lesions (WMLs), ultimately leading to demyelination and neurodegeneration [18–21]. The 
pathological cascade induced by hypertension has been summarized by the ‘three hit’ hypothesis 
[22]. The initial hit is hypertension itself, which can initiate an ischemic insult leading to local 
tissue hypoxia. The local hypoxic state, which is considered as the second hit, can promote damage 
and inflammation, which represents the third and final hit. In the course of this pathological 
cascade, hypoxia can increase BBB permeability and induce myelin breakdown either directly 
and/or indirectly via the expression of cytokines, such as tumor necrosis factor (TNF)-α and 
interleukin (IL)-1β, secreted by microglia and macrophages. Reactive microglia and brain 
macrophages can alter the BBB integrity itself and also damage the white matter tissue and its 
supporting cells, such as OLs, leading to myelin breakdown and vasogenic cerebral edema [22]. 
Altogether, neuroinflammation and myelin breakdown can cause WMLs and the development of 
cognitive impairment [22,23]. 
 
Taken together, our current knowledge on cSVD pathology indicates a role for ECs and OLs in 
maintaining the integrity of the white matter and the BBB, and suggests that their dysfunction 
could be critical in the course of cSVD development. 
 
 

3. Brain Endothelial Cells 
 
Brain ECs harbor specific features compared to peripheral ECs, namely the presence of TJ 
proteins. This is a key feature in maintaining the central nervous system (CNS) microenvironment 
and to protect the brain from invading pathogens, immune cells, toxic compounds, or alternating 
ionic concentrations that can affect normal cerebral function [24]. Pericyte and astrocyte end-feet 
support this barrier by surrounding the EC [25,26]. TJ link adjacent ECs together by forming 
homodimer transmembrane proteins, which are important in maintaining the tightly regulated 
brain microenvironment. Dysfunction of these proteins can cause leakage of the BBB and 
disruption of brain functions [27]. The brain requires certain nutrients to maintain its normal 
function, thus controlled permeability is required for normal brain function. The EC in the BBB 
are specialized in allowing the transport of certain molecules and cells when needed, such as 
glucose for energy or immune cells during inflammation [28,29].  
 
ECs also play a key role in regulating local cerebral blood flow in response to neuronal activity 
and their underlying metabolic needs. This is regulated by the relaxation of smooth muscle cells 
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and pericytes surrounding the larger vessels and capillaries, respectively, mediated by the release 
of nitric oxide (NO), synthesized by the endothelial NO synthase (eNOS). Upon eNOS 
deactivation, or impaired vasodilation, the cerebrovascular tone is increased, potentially leading 
to hypoxia in the corresponding areas [24]. This highlights the importance of tight regulation of 
the vascular diameter by ECs and the adverse consequences of malfunctioning of this system.  
Microvascular dysfunction has been proposed as an early sign of cSVD, preceding the occurrence 
of structural lesions, such as WMLs. Endothelial dysfunction causes BBB leakage and 
inflammation, which has been suggested to cause lacunar strokes, white matter hyperintensities, 
and cerebral microbleeds seen in cSVD [2,24,27,30]. An increased plasma concentration of 
markers of endothelial activation, such as vascular cell adhesion molecule (VCAM)-1 and 
intracellular adhesion molecule (ICAM)-1, has been observed in patients with cSVD compared to 
control subjects [30]. Furthermore, beyond their own dysfunction, the release of detrimental 
mediators by diseased ECs may also affect other brain cells, further aggravating cSVD progression 
[24]. 
 
 

4. Oligodendrocytes 
 
OLs are the cells responsible for the production of myelin, the isolating fatty sheath surrounding 
axons that provides structural protection, and facilitate fast electrical signal transduction along 
CNS axons. In addition to this role in action potential conduction, recent work has revealed 
additional roles in various processes, including trophic and metabolic support of neurons [31–35], 
information processing in neural circuits [36], and interactions with other CNS cell types, such as 
ECs [37,38].  
 
Myelinating OLs are generated through a sequence of developmental steps involving four stages: 
OPCs, late OPCs, immature OLs, and mature myelinating OLs [39]. During this developmental 
sequence, OPCs migrate to sites requiring myelination, where they proliferate and undergo a 
morphological differentiation that marks their transition into late OPCs (also known as 
preoligodendrocytes). Late OPCs exhibit highly branched process arbors whose terminal branches 
make contact with numerous neuronal compartments, including axons [40,41]. This 
developmental sequence continues as late OPCs exit the cell cycle and differentiate into immature 
OLs that upregulate the expression of myelin genes and convert some of their initial axonal 
contacts into loose membrane wraps. As OL maturation progresses, these early ensheathments are 
elongated and compacted to form mature myelin sheaths. Other non-myelinating process branches 
are resorbed so that in the final mature OL, all process branches support myelinating segments. Of 
note, a significant number of OPCs persist in CNS tissues beyond the period of developmental 
myelination, where they provide a pool of precursors that can be recruited in the case of injury 
[42–44]. The rate of OPC differentiation decreases in the adult CNS [43], and while some OPCs 
differentiate to produce myelinating OLs, the majority remain as OPCs and are not involved in 
myelin sheath production [42]. Yeung et al. suggest that human OLs have the ability to remodel 
the myelin sheaths without the need for the generation of OLs from OPCs [45]. However, other 
studies show that there is a gradual production of newly differentiated OLs that engage in de novo 
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myelination and myelin remodeling in the adult CNS [46,47]. Factors released by OPCs and OLs, 
such as insulin-like growth factor 1 (IGF-1) and brain-derived neurotrophic factor (BDNF), induce 
neuronal cell survival [31,48], indicating that OLs indeed provide important trophic support for 
axonal maintenance and survival. Hypertension, hypoxia, and inflammation might disrupt these 
factors, leading to OL cell death and damage to the integrity of white matter tissues. Loss of white 
matter due to hypoperfusion-induced OL death and myelin loss in cSVD has been demonstrated 
in experimental animal models [49–51]. Cognitive impairment associated with the loss of OLs has 
been observed, for instance, following brain hypoperfusion in rats via the permanent bilateral 
occlusion of the common carotid arteries [49]. Hypoperfusion led to an initial increase in OPCs, 
which was followed by an increase in OPC cell death that produced a net decrease in the number 
of mature OLs in this chronic hypoperfusion rat model [50]. A similar finding was observed in 
spontaneously hypertensive rat-stroke prone (SHRSP) subjected to brain hypoperfusion in 
association with increased inflammatory mediators [51]. Overall, the complex multi-step process 
involved in OL development and function, and its dependence on tightly controlled regulatory 
mechanisms, renders OLs highly sensitive to pathological conditions in both the developing and 
mature CNS.  
 
Consequently, the emergence of a local or global brain hypoperfusion can affect both OPC/OL 
function and the factors secreted by these cells under these conditions. One group of these secreted 
factors are the WNT proteins and their signaling molecules, an upregulation of which was found 
after exposure of OPCs to hypoxic conditions, suggesting that they may play major roles in brain 
hypoxia [52]. In fact, these proteins play a complex role in both white matter integrity and 
angiogenesis, with a key role in both OPC fate, OL survival, and EC proliferation [14,15,52]. 
Taken together, these findings suggest that WNT signaling may be a key regulator of OPC–OL 
interaction, and an important mediator in cSVD pathology. 
 
 

5. WNT Signaling in Endothelial Cells and Oligodendrocytes 
 
5.1. WNT Signaling 
 
WNT signaling is typically categorized into two pathways: The β-catenin- and non-β-catenin-
mediated pathways, with the latter being further sub-categorized. The non-beta-catenin-mediated 
pathways involve all WNT pathways that do not lead to the stabilization of β-catenin and plays a 
role in processes including cell polarization, cell fate, inflammatory response, and cell migration 
[53]. The β-catenin-mediated WNT signaling pathway leads to the intracellular stabilization of β-
catenin, resulting in its translocation to the nucleus and the transcription of numerous genes 
involved in cell proliferation, differentiation, tissue expansion, cell fate, and many more [54]. In 
the absence of WNT proteins, β-catenin is phosphorylated by a protein complex formed by 
glycogen synthase kinase 3β (GSK-3β), Axin, adenomatous polyposis coli (APC), and casein 
kinase-1 (CK-1). Phosphorylation of β-catenin by this so-called destruction complex leads to its 
degradation by the ubiquitin proteasome. Secreted WNT proteins require two distinct receptor 
families for their intracellular signaling, namely the Frizzled (Fzd) and the low-density lipoprotein 
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(LDL) receptor-related protein 5 or 6 (LRP5/6). Binding of WNT to Fzd and its co-receptor 
LRP5/6 results in the recruitment of the disheveled (Dsh) protein to the plasma membrane. This 
leads to the recruitment of several components of the β-catenin phosphorylation complex and their 
inhibition, which in turn leads to the accumulation of β-catenin in the cytoplasm. Increased 
cytoplasmic β-catenin promotes its translocation to the nucleus and its binding to transcription 
factors, leading to transcription of its target genes (Figure 1) [14]. An extensive description of 
these different WNT signaling pathways is beyond the scope of this review but can be found in a 
recent publication from our group [14]. 
 

 

Figure 1. Schematic representation of the Wingless and Int-1 (WNT)/β-catenin signaling pathway. In the non-
active state (left panel), β-catenin is phosphorylated by a multi-component complex containing glycogen 
synthase kinase 3β (GSK-3β), Axin, adenomatous polyposis coli (APC), and casein kinase-1 (CK-1). This causes 
β-catenin to be phosphorylated for degradation by the proteasome complex. In the active state (right panel), a 
WNT ligand binds to its receptor and co-receptor, Frizzled (Fzd), and low density lipoprotein (LDL) receptor-
related protein 5 or 6 (LRP5/6), respectively, and causes the recruitment of components of the β-catenin 
phosphorylating complex to the membrane together with disheveled (DSH). This leads to the cytoplasmic 
accumulation of β-catenin and its translocation to the nucleus, eventually binding members of the T-cell 
factor/lymphoid enhancing factor (TCF/LEF) transcription factors and activating transcription of target genes. 
 
 

5.2. WNT Signaling in Brain Endothelial Cells 
 
β-catenin is essential for the formation and maintenance of vascular integrity and controls BBB TJ 
formation [55,56]. The first steps of blood vessel formation seem to rely on WNT/β-catenin 
signaling promoting EC-specific differentiation of pluripotent stem cells, an essential step in 
vasculogenesis (the initial blood vessel formation) [14]. WNT/β-catenin also induces the 
expression of TJ and glucose transporter 1 (Glut1) proteins, which are key features of brain ECs. 
Besides differentiation, several WNTs have also been reported to induce EC proliferation and 
migration to promote vessel assembly [57]. WNT signaling is also essential for the formation of 
new blood vessels from pre-existing ones, called angiogenesis [14]. In a non-angiogenic state, 
cytoplasmic β-catenin is constantly degraded and thus does not result in the formation of new 
vasculature. When WNT signaling is activated, stabilization of β-catenin leads to angiogenesis. 
Angiogenesis is further regulated by the negative feedback mechanism involving the activation of 
c-Casitas B-lineage lymphoma (c-Cbl). Phosphorylated c-Cbl promotes the degradation of active 
β-catenin, and thus functions as a negative regulator of angiogenesis [58]. CNS angiogenesis has 
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been shown to be dependent dominantly on the β-catenin-mediated WNT signaling ligands 
WNT7a and WNT7b [59]. These ligands are dependent on coactivators G protein-coupled receptor 
124 (GPR124) and Reck expressed by the EC, which enhance WNT7a/7b signaling pathways [60]. 
Benz et al. showed that brain areas lacking a BBB have ECs with low levels of β-catenin activation 
due to the absence of WNT receptors. Increased β-catenin activation resulted in increased 
endothelial expression of the TJ protein claudin5, and was associated with a reduction of BBB 
permeability in the corresponding areas [61]. In addition to angiogenesis, the expression of TJ 
proteins, such as claudin3 and claudin5, which maintain BBB integrity, is also regulated by 
WNT/β-catenin signaling [56,61]. In vitro stabilization of β-catenin with WNT3a treatment in 
primary ECs resulted in an increased expression of claudin3, and the formation of TJ and BBB 
characteristics [56], while in vivo overactivation of β-catenin in transgenic mice led to an increased 
expression of claudin5 [61]. 
 
Taken together, this demonstrates the essential role of WNT/β-catenin signaling in the formation 
and integrity of the BBB. Interestingly, WNT7a and WNT7b, which drive angiogenesis, are the 
predominant WNT proteins expressed by OPCs [52,62]. 
 
 

5.3. WNT Signaling in Oligodendrocytes 
 
WNT/β-catenin signaling was initially suggested to exert an inhibitory effect on 
oligodendrogenesis and differentiation, although it is now clear that this pathway regulates 
multiple events during the OPC developmental stages [15,63,64]. While some studies have 
identified a WNT/β-catenin-mediated repressive function for the OPC specification from neuronal 
stem cells (NSCs) during prenatal development [63,65], other studies showed that WNT signaling 
was dispensable or could even enhance OPC differentiation [66,67]. It has become clear that WNT 
signaling plays a complex role in the fate of OPCs in a context-dependent manner, depending on 
the developmental stage, location in the CNS, cell type, exposure level, and possible interactions 
with other pathways affecting the cell fate [15,64]. Guo et al. proposed a working model on the 
multimodal role of WNT/β-catenin signaling in OPC development [15]. Low levels of β-catenin 
signaling promote OPC differentiation to immature OLs during development, whereas high levels 
inhibit OPC density and differentiation. Similar findings were observed during OL maturation, 
where the exact role of WNT/β-catenin signaling on OL maturation remains unclear [15]. 
Olig2Cre; Da-Cat mice, which have dominant-active β-catenin in OPCs and OLs, had decreased 
numbers of myelin proteolipid protein (PLP) expressing OLs, which was associated with 
hypomyelination, while OPC numbers were not affected [66]. On the contrary, Tawk et al. reported 
that WNT/β-catenin signaling plays a role in activating this myelin gene in OLs. They showed that 
inhibition of WNT signaling components by small interfering RNA (siRNA) resulted in a decrease 
in plp expression levels, while a three-fold increase in the expression of this myelin gene protein 
was observed following WNT/β-catenin activation by WNT1 [67]. Myelin is a major component 
within white matter, and damage to myelin proteins is widely seen in cSVD as discussed 
previously. It is therefore important to clarify the effects of WNT signaling on OPC differentiation 
and maturation in the context of demyelination and remyelination.  
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After demyelination, activation of WNT/β-catenin seems to inhibit OPC differentiation and to 
decrease myelin density. Fancy et al. reported a decrease in PLP-expressing OLs, 14 days after a 
lysolecithin (LPC)-induced lesion in Olig2Cre;Da-Cat mice. They also found a decrease in 
remyelination after LPC-induced demyelination in mice lacking one Apc allele or containing a 
complete deletion of the Axin2 gene, which both caused an increase in β-catenin levels [66]. In 
line with this finding, the inhibition of WNT/β-catenin by aspirin was associated with increased 
OL differentiation [68]. However, in another study, neither Apc single-allele conditional knockout 
nor one-allele nonsense truncated mutation differed in the levels of WNT/β-catenin signal when 
compared to wild type (WT) mice [69]. This suggests that the previous reported delay in OPC 
differentiation might have resulted from β-catenin-independent effects of Apc deletion. On the 
contrary, an increase in the WNT transcription mediator gene, transcription factor-4 (TCF4 (also 
known as TCF7L2)), was reported following white matter demyelination in rodents and in active 
areas of MS lesions, indicating a beneficial role for WNT signaling in remyelination [66]. It was, 
however, demonstrated that TCF4 was expressed only early in remyelination in both mice and MS 
patients, and not in later stages or in chronic lesions [70,71]. This might indicate an early OPC 
recruitment via WNT/β-catenin signaling, which has been reported to play a role in OPC migration 
and the attachment to vessels [72], as a rescue mechanism in response to demyelination. 
 
Although sometimes contradictory at first sight, these results highlight a crucial role for WNT/β-
catenin in OL function that may largely depend on the timing, context, and cellular environment. 
Taken together, activation of WNT/β-catenin signaling in demyelination appears to inhibit OL 
development and decreases myelin production, resulting in a remyelination failure that could 
contribute to the development of the WML seen in cSVD. 
 
 

6. Oligodendrocyte–Endothelial Cell Crosstalk 
 
Although both ECs and OPCs/OLs are of importance for the BBB integrity, the interaction 
between ECs and OPCs/OLs and their role in cSVD remain largely unclear. It has been suggested 
that EC dysfunction might alter OL function, and vice versa [10]. There is no direct evidence 
linking EC–OL interaction and cSVD. However, early investigations on the SHRSP, a 
hypertensive rat model that recapitulates many brain structural abnormalities characteristic of 
cSVD pathology, including WMLs, suggest that endothelial dysfunction precedes and leads to 
alterations in myelin and white matter [73–75]. A reciprocal interaction between ECs and OLs was 
also demonstrated in an animal model of neurofibromatosis. OL-specific overactivation of Ras 
signaling in these animals led to an aberrant production of NO in addition to dysregulation of TJ 
proteins in both ECs and myelin sheaths. Ras overexpression also led to enlarged perivascular 
spaces and BBB leakages, which correlated with myelin breakdown. This indicates that OL-
specific changes might have an effect on ECs and lead to features of cSVD pathology [76]. In 
addition, mice with endothelial dysfunction presented increased remnants of capillaries in the form 
of string vessels and decreased numbers of OPCs in the white matter [77]. These abnormalities 
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predate other cSVD pathology in both animal models and human post-mortem tissue, suggesting 
an interplay between the endothelium and myelinating cells [77,78].  
 
Aria and Lo were the first to describe a clear interaction between ECs and OLs in an in vitro model 
by culturing rat OPCs in human brain EC-conditioned medium, which induced an increased OPC 
proliferation rate. They suggested that EC-secreted factors, such as fibroblast growth factor (FGF) 
and BDNF, mediated these effects [79]. In turn, OPCs seem to affect ECs in culture as well. 
Culturing ECs in conditioned medium from OPCs led to EC proliferation and angiogenesis by 
secreted factors, such as transforming growth factor (TGF)-β and matrix metalloproteases 
(MMPs). OPCs support BBB integrity by releasing either TGF-β1 in normal conditions, or disrupt 
it and induce angiogenesis by releasing MMP-9 when stressed by inflammatory cytokines [80,81]. 
Taken together, these results indicate that factors released by ECs and OPCs play an important 
role in promoting their interactions and influencing their functions. 
 
More recently, abnormal WNT signaling was suggested to alter the EC–OPC interaction, leading 
to abnormal OPC migration and dysfunction of both ECs and OLs [82,83]. Hence, we performed 
a systematic literature search to investigate the exact role of WNT signaling in the interaction 
between ECs and OPCs/OLs and its involvement in cSVD. 
 
 

7. Literature Search Method 
 
Publications on ECs and OPCs/OLs and interaction related to cSVD were exclusively identified 
through PubMed search engine and reported following the Preferred Reporting Items for 
Systematic review and Meta-Analysis Protocols (PRISMA-P) [84]. The search was conducted on 
9 April 2020 and the following search terms and combinations were used to identify articles: 
Cerebral small vessel disease AND endothelial cells; Cerebral small vessel disease AND 
endothelium; Cerebral small vessel disease AND oligodendrocyte; Cerebral small vessel disease 
AND OPC; Cerebral small vessel disease AND WNT; Oligodendrocyte AND endothelial; OPC 
AND endothelial; Endothelial AND interaction AND (oligodendrocyte OR OPC OR OPC); 
Endothelial AND oligodendrocyte AND WNT; Endothelial AND OPC AND WNT; WNT AND 
angiogenesis; WNT AND BBB AND oligodendrocyte; WNT AND hypoperfusion; WNT AND 
hypertension; WNT7 AND endothelial; WNT7 AND oligodendrocyte. Two additional relevant 
papers were later added by the authors. 
 
Duplicate papers were removed, and studies underwent an initial screen based on their title, 
followed by a screening of their abstract. Studies using the following terms were included during 
title screening: Endothelial cells; oligodendrocytes and/or oligodendrocyte precursor cells; and 
cerebral small vessel disease. Papers using the following terms were included after screening the 
abstract: Interaction EC–OPC/OL; inflammation; vasculature; cerebrovascular; animal and human 
studies. We excluded publications matching the following topics: Review, methodology, 
periphery, oncology, and cancer. Furthermore, studies were excluded if they referred to EC 
interaction with OPCs or OLs in the context that was not related to the brain or irrelevant for cSVD 
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(e.g., WNT signaling in brain tumor environment) after full text reviewing. There were no 
commentaries, editorials, rectifications, or non-English publications in our search results. 
Screening and extraction of articles was performed by the first author (NM) under the guidance of 
the other authors. For each study, the following variables were recorded: Language, year of 
publication, type of disease, clinical design, experimental design, animal model, and results. The 
results are described in a flow diagram (Figure 2). 
 

 

Figure 2. Flow diagram showing the systematic Preferred Reporting Items for Systematic review and Meta-
Analysis Protocols (PRISMA-P) search protocol and identification, screening, and extraction of the 
corresponding studies. ECs, endothelial cells; OLs, oligodendrocytes; OPCs, oligodendrocyte precursor cells; 
cSVD, cerebral small vessel disease. 
 
 

8. WNT Signaling in Endothelial Cell–Oligodendrocyte 
Crosstalk 
 
The key role of WNT/β-catenin signaling in various brain cells is subject to complex regulation. 
Miyamoto et al. reviewed recent findings indicating a WNT-dependent single cell migration of 
adult OPCs from the subventricular zone to damaged areas under the guidance of ECs, which may 
contribute to white matter recovery [83]. Other findings supporting a key role for WNT signaling 
in white matter recovery via OPC recruitment include the initial upregulation of WNT expression 
in OPCs during hypoxia, WNT-mediated migration of OPCs, and an early increase of OPCs after 
injury [50,52,85,86]. Evidence for a reciprocal interaction came from Iijima et al. by the induction 
of remyelination due to EC dysfunction via endothelin (ET)-1 injection, indicated by a decrease 
in immunohistochemical neuron-glial antigen 2 (NG2) and myelin basic protein (MBP) levels, 
which was rescued by transplantation of healthy ECs. In addition, the results suggested a potential 
intrinsic rescue mechanism via an increase in OPC density, 7 days after ET-1 injection [87]. EC 
dysfunction, indicated by an impaired dilatation response to acetylcholine (ACh) and calcitonin 
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gene-related peptide (CGRP), and hypoperfusion, marked by an increased number of string 
vessels, due to TGF-β1 overexpression in ECs in a transgenic mouse model led to a decreased 
OPC density in white matter areas and cognitive impairment [77]. Treatment of EC dysfunction 
with simvastatin, a drug that improves overall endothelial function [88], counteracted these 
negative effects, possibly via mitogen-activated protein kinase/extracellular signal-regulated 
kinase (MAPK/ERK) signaling [77]. This might indicate a cross-talk with the WNT/β-catenin 
signaling pathway in the interaction of EC–OL, as MAPK can increase β-catenin expression 
through direct regulation of GSK3β by p38 [89]. These indirect evidence suggest that EC 
dysfunction precedes OL dysfunction and white matter abnormalities, possibly via WNT 
signaling. We thus suggest that WNT/β-catenin signaling modulates both EC and OL function and 
their interaction with potential pleiotropic roles in cSVD.  
 
In cSVD animal models and patients, increased OPC proliferation and migration has been 
observed following EC dysfunction [78,90]. Rajani et al. showed that SHRSP rats and human post-
mortem tissue displayed EC abnormalities before any classical signs of cSVD pathology or stroke. 
Direct evidence for the ECs and OPCs/OLs interaction can be found in in vitro assays with OPCs 
cultured with conditioned media from SHRSP rat primary brain microvascular EC cultures, which 
exhibit decreased OPC differentiation and increased proliferation [78]. In vitro and in vivo 
increased OPC density and proliferation together with an initial increase in OPCs, as observed in 
patients with leukoencephalopathy, suggests an attempt by the brain to recruit myelinating cells 
for white matter repair [78,87,90]. In fact, WNT signaling is involved in the migration of OPCs 
using the vascular tree [72,85,86]. OPCs respond to demyelination by becoming activated, 
proliferating, migrating, and ultimately differentiating into myelinating OLs [72]. Under 
physiological conditions, demyelination results in the activation of WNT signaling in OPCs, which 
in turn leads to the upregulation of C-X-C chemokine receptor type 4 (CXCR4). This protein binds 
to its ligand stromal cell-derived factor 1 (Sdf1, also known as C-X-C motif chemokine 12 
[Cxcl12]) expressed by ECs and mediates the single cell migration of OPCs to the recruitment site 
[85,86]. Tsai et al. showed that overexpressing CXCR4 led to increased attachment of OPCs to 
the vasculature and OPC clustering, which could be reversed by inhibiting the CXCR4–SDF1 
interaction. Once these OPCs are at their intended destination, OPCs can detach from the vessel 
and differentiate into mature myelinating OLs due to the downregulation of WNT and CXCR4. 
However, in disease states, abnormal EC function was shown to result in disruption of OPC 
migration, OPC clustering, delayed OPC differentiation, and a decrease in myelination. These 
effects might involve WNT signaling pathways as upregulation of CXCR4 was detected in WNT-
activated OPC clusters [85]. OPC clusters were shown to be present in lesions in both animal 
models and human white matter injury, where aberrant OPC migration and remyelination seem to 
be associated with overactive WNT signaling [86]. These effects are both autocrine and paracrine, 
thus also affecting surrounding ECs. OPCs are indeed able to activate WNT-mediated 
angiogenesis [52,72], and regulate it via the expression of c-Cbl, acting as a negative feedback 
mechanism for WNT/β-catenin signaling [58]. These results indicate an important role for OPC 
clustering in the dysregulation of EC and OPC function. 
 
OPC clustering, and the dysfunctional overexpression of WNT signaling seen in Olig2-cre: APC 
floxed/floxed mice, in turn lead to EC dysfunction, BBB disruption, and inflammation in non-
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injury settings [86]. A key component in this process is the WNT-mediated expression of WNT 
inhibitory factor 1 (Wif1), which is expressed following β-catenin activation. Wif1 is highly 
upregulated in OPCs, activated due to WNT/β-catenin signaling, and functions as a negative 
feedback control mechanism to decrease WNT activation in OPCs. However, overexpression of 
Wif1 also has a paracrine effect on ECs by downregulating the TJ protein claudin5, leading to 
BBB dysfunction and subsequent neuroinflammation [86]. Altogether, WNT/β-catenin signaling 
and its target genes are involved in the tight regulation of the BBB and angiogenesis to adjust the 
blood supply according to demand. However, this is a complex synergistic interaction since 
oxygen levels also influence WNT expression [52]. 
 
Hypoxic conditions lead to the upregulation of WNT7a and WNT7b, mediated by the stabilization 
of hypoxia-inducible factor (HIF)1/2α, which resulted in decreased myelination in mouse white 
matter [52,91]. These effects were normalized by XAV939, an inhibitor of WNT/β-catenin-
mediated transcription, via the stabilization of Axin [92]. Cell culture experiments also 
demonstrated an arrest of OPC maturation when WNT signaling was overactive. In vitro, OPC-
conditioned media promoted β-catenin-mediated endothelial tip sprouting and tube formation in 
mouse brain ECs, which was inhibited by XAV939 [52]. The secretion and release of WNT7a and 
WNT7b proteins from OPCs was shown to directly induce angiogenesis and this was prevented 
by XAV939, demonstrating that this effect was WNT/β-catenin dependent [52]. Wang et al. 
suggested that OPCs might have a positive effect in reducing the infarct volume and brain edema 
and improving cognitive function after middle cerebral artery occlusion in mice [82]. 
Transplantation of OPCs into the infarct area reduced protein leakage into the brain parenchyma, 
and rescued claudin5 expression. This was associated with an upregulation of endothelial β-catenin 
and activation of WNT/β-catenin signaling, as using XAV939 increased BBB leakages and 
decreased claudin5 expression. These results are in agreement with in vitro findings showing a 
decreased permeability of brain ECs treated with either WNT7a or OPC-conditioned medium. In 
addition, WNT7a was upregulated in mice transplanted with OPCs, suggesting a key role in this 
interaction. OPC-conditioned media or WNT7a treatment increased β-catenin and claudin5 
expressions in brain ECs, an effect that was reversed by WNT7a knockdown in cultured OPCs 
[82]. Interestingly, recent evidence suggests that M2c anti-inflammatory microglia secrete WNT7a 
and promote oligodendrogenesis, indicating that pleiotropic actions are also involved in microglia 
and OL crosstalk [93]. 
 

9. Discussion 
 
In summary, direct and indirect evidence suggests an interplay between ECs and OPCs/OLs driven 
by WNT/β-catenin signaling. The mechanistic/molecular hypothesis of their interaction may differ 
between physiological and pathological conditions as proposed below (Figure 3). We suggest that 
the activation of WNT7a and WNT7b signaling in healthy ECs and OPCs/OLs in response to 
injury may help the recruitment of new OPCs at sites of demyelination via the structural support 
of cerebral vessels. In the meantime, this endothelial signaling promotes angiogenesis to supply 
oxygen and necessary nutrients for recovery. Once OPCs have reached their destination, feedback 
mechanisms are activated via Wif1, leading to the downregulation of WNT/β-catenin signaling. 
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Subsequently, angiogenesis stops and OPCs detach from the vessels to differentiate into mature 
myelinating OLs. In cSVD however, local hypoxic injuries can alter the brain endothelium [52], 
causing activation of HIF1/2α, which in turn excessively upregulates WNT7a and WNT7b 
signaling. Dysfunctional ECs exhibit an overexpression of WNT proteins, leading to dysfunctional 
OPC migration and clustering, and local angiogenesis. The expression of negative feedback 
proteins can have paracrine effects, resulting in inflammation, abnormal angiogenesis, and a leaky 
BBB due to a low expression of the TJ protein claudin5 in inflamed or newly formed vessels. EC 
dysfunction and WNT signaling may also lead to decreased OPC detachment, leading to decreased 
OPC differentiation and decreased myelination. Ultimately, these effects may stimulate further 
damage to the brain by decreasing the rate of myelin repair, potentiating the development of WML 
and ensuing cognitive impairment. 
 
 

10. Conclusion 
 
It this review, we identified an important role for WNT signaling in the EC–OPC/OL interplay, 
whose contribution (both autocrine and paracrine) should be further investigated. The use of 
animal and post-mortem human material will be determinative to decipher the pleiotropic role of 
WNT in this interaction and its relevance for cSVD pathobiology and other cerebrovascular 
disorders. Beyond a greater pathological understanding, it may bring therapeutic opportunities to 
seal an impaired BBB, reverse OPC clustering, and repair white matter injuries in cSVD. 
 

 
Figure 3. Schematic overview of the proposed contribution of WNT/β-catenin signaling in cSVD. (A) In a 
healthy situation, hypoxic injury induces WNT7a and WNT7b signaling in OPCs/OLs to promote the 
recruitment of new OPCs at sites of demyelination. OPCs migrate to the site of injury partly by using the physical 
support offered by cerebral vessels. WNT/β-catenin signaling in ECs promotes angiogenesis to supply oxygen 
and necessary nutrients for recovery. Once OPCs have reached their destination, feedback mechanisms are 
activated via Wif1, leading to the downregulation of WNT/β-catenin signaling and detachment from cerebral 
vessels. Subsequently, angiogenesis stops and OPCs differentiate into mature OLs, capable of initiating 
remyelination. (B) In cSVD, activation of HIF1/2α due to local hypoxia results in an exaggerated upregulation 
of WNT7a and WNT7b, which is aggravated by EC dysfunction. This leads to dysfunctional OPC migration and 
clustering. Local angiogenesis induced by WNT/β-catenin signaling results in a leaky and inflamed BBB partly 
due to the expression of negative feedback proteins that alter the expression of the tight junction protein claudin5. 
In addition, decreased detachment and differentiation of OPCs in turn leads to attenuated remyelination and 
white matter repair. 
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Abstract 
 
The blood-brain barrier consists of tightly connected endothelial cells protecting the brain’s 
microenvironment from the periphery. These endothelial cells are characterised by specific tight 
junction proteins such as Claudin-5 and Occludin, forming the endothelial barrier. Disrupting these 
cells might lead to blood-brain barrier dysfunction. The Wnt/β-catenin signalling pathway can 
regulate the expression of these tight junction proteins and subsequent barrier permeability. The 
aim of this study was to investigate the in vitro effects of Wnt7a mediated β-catenin signalling on 
endothelial barrier integrity. Mouse brain endothelial cells, bEnd.3, were treated with recombinant 
Wnt7a protein or XAV939, a selective inhibitor of Wnt/β-catenin mediated transcription to 
modulate the Wnt signalling pathway. The involvement of Wnt/HIF1α signalling was investigated 
by inhibiting Hif1α signalling with Hif1a siRNA. Wnt7a stimulation led to activation and nuclear 
translocation of β-catenin, which was inhibited by XAV939. Wnt7a stimulation decreased 
Claudin-5 expression mediated by β-catenin and decreased endothelial barrier formation. Wnt7a 
increased Hif1a and Vegfa expression mediated by β-catenin. However, Hif1a signalling pathway 
did not regulate tight junction proteins Claudin-5 and Occludin. Our data suggest that Wnt7a 
stimulation leads to a decrease in tight junction proteins mediated by the nuclear translocation of 
β-catenin, which hampers proper endothelial barrier formation. This process might be crucial in 
initiating endothelial cell proliferation and angiogenesis. Although HIF1α did not modulate the 
expression of tight junction proteins, it might play a role in brain angiogenesis and underlie 
pathogenic mechanisms in Wnt/HIF1α signalling in diseases such as cerebral small vessel disease. 
 
Key words: beta-catenin; TEER; BBB; hypoxia; vascular dementia; cSVD  
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Introduction 
 
The blood-brain barrier (BBB) constitutes a highly specialised vascular structure, which separates 
the blood circulation from the central nervous system (CNS) and functions to control the passage 
of molecules and ions to the brain in a protective manner. The BBB prevents the entry of harmful 
toxins, inflammatory cells, and pathogens, while still providing oxygen and nutrients necessary 
for the normal functioning of the brain [1]. An important feature of the BBB is the specific 
characteristics of the endothelial cells (ECs) that line the blood vessels in the CNS, such as tight 
junctions (TJs) and reduced pinocytosis [2]. Other cells, such as astrocytes, pericytes and 
oligodendrocytes, are also involved in the tight regulation of the brain microenvironment, forming 
the neurovascular unit (NVU) [3]. 
 
Brain ECs possess TJ proteins and maintain a homeostatic environment by tightly holding cells 
together and thus form a protective structural barrier [4]. These TJ proteins also link adjacent brain 
ECs together by forming homodimer transmembrane proteins, and normal function of TJ proteins 
ensures the correct regulation of intercellular communication and paracellular transport [4, 5]. 
Claudins, one class of TJ proteins, exhibit homophilic binding to other claudins, and heterophilic 
binding to other TJ-associated proteins to form multiprotein junctional complexes between 
adjacent cells [6]. Claudin-5 (CLDN5) is the most abundant isoform in the BBB and is crucial for 
the regulation of its properties [5–8]. Dysfunction of ECs can disrupt TJ proteins and BBB 
function, ultimately leading to neurodegenerative disorders such as Alzheimer’s disease, multiple 
sclerosis, stroke, and cerebral small vessel disease (cSVD) [4, 8–10]. Dysregulation of secreted 
factors, such as Wingless-related integration site (Wnt), by cells of the NVU might play a key role 
in this EC dysfunction [11, 12]. A recent study demonstrated the contribution of Wnt/β-catenin 
signalling to the regulation of the BBB permeability by affecting TJ proteins such as CLDN5 and 
Occludin (OCLN) in adult mice [13]. 
 
The β-catenin mediated Wnt signalling pathway leads to the recruitment of the β-catenin 
destruction complex upon binding of Wnt molecules to receptor protein Frizzled (Fzd) 4 and co-
receptor low density lipoprotein receptor-related protein (Lrp) 5 or 6. This leads to the intracellular 
stabilisation of β-catenin, resulting in its translocation to the nucleus. Once in the nucleus, β-
catenin mediates the transcription of numerous genes involved in processes such as EC 
proliferation and differentiation, and TJ protein expression, implying an important role in the BBB 
[7, 14–16]. The Wnt/β-catenin signalling pathway is the most important pathway regulating the 
BBB in development, but seems to also play a role in adulthood [7, 17–20]. Thus, understanding 
the involvement of Wnt signalling in regulating TJ proteins in adult ECs might give insight into 
BBB pathology in diseases such as stroke and cSVD. 
 
Of the 19 Wnt ligands, the regulation of BBB maturation is controlled by one of the most 
investigated Wnt ligands, namely Wnt7a. The interaction of Wnt7a with receptor Fzd4 and 
Lrp5/Lrp6 co-receptor controls brain angiogenesis and vessel formation by regulating endothelial 
tip cell formation [21]. In addition, Wnt7a mediated β-catenin activation regulates neural 
progenitor cell proliferation and differentiation [22]. Deletion of Wnt7a leads to major defects in 
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CNS angiogenesis, while knocking out β-catenin resulted in similar angiogenic abnormalities [17]. 
Treatment with Wnt7a protein increases the expression of Cldn5 in an immortalised brain 
endothelioma cell line (bEnd.3), leading to increased trans-endothelial electrical resistance 
(TEER) and decreased permeability of the endothelial monolayer following β-catenin activation 
[23–25]. The expression of CLDN5 was increased in both passage 1 and 3 ECs derived from 
human pluripotent stem cell (hPSC) in response to β-catenin activation, but the effects were less 
prominent in the later passage cells [25]. In passage 4 cells, β-catenin activation did not increase 
the number of ECs or CLDN5 levels, indicating a stage-dependent response to Wnt7a stimulation 
[25]. On the contrary, activation and nuclear accumulation of β-catenin resulted in the inhibition 
of Cldn5 expression and promotion of angiogenesis [26, 27]. Thus, the molecular effects of Wnt7a 
mediated β-catenin activation on mature ECs and BBB integrity remains unclear.  
 
The aim of this study was to investigate the underlying pathways determining in vitro effects of 
Wnt7a mediated β-catenin signalling on mature brain endothelial barrier integrity. The impact of 
Wnt7a stimulation on TJ protein expression mediated by β-catenin activation was investigated in 
bEnd.3 mouse brain ECs along with TEER measurements to investigate the effects on barrier 
function. Additionally, analysis of the transcriptomic signature was performed to identify 
modulators of this signalling pathway. We hypothesised that Wnt7a activates β-catenin-mediated 
Wnt signalling leading to regulation of TJ protein expression, affecting the barrier function of ECs. 
A clear understanding of this pathway might present a potential therapeutic target in repairing 
BBB damage in disease. 
 
 

Materials and Methods 
 
Cell culture 
 
The immortalised murine brain ECs, bEnd.3 cells (Cat no. CRL-2299, American Type Culture 
Collection, Manassas, VA, USA [28]) were cultured in Dulbecco’s Modified Eagle’s Medium high 
glucose (DMEM, Cat no. D6429, Merck Millipore, Burlington, MA, USA) supplemented with 
10% foetal bovine serum (FBS) and 100 µg/mL penicillin/streptomycin (P/S) at 37°C and in an 
atmosphere of 5% CO2. BEnd.3 cells between passage 26 and 28 were seeded onto multi-well 
plates, membrane inserts, or glass coverslips at a density of 1.5x104 to 1.0x105 cells/cm2 for 
expression and functional studies and treated at confluency (1-3 days after seeding). 
 
Cells were treated with recombinant Wnt7a (Cat no. SRP3296, Sigma-Aldrich, St. Louis, MO, 
USA), dissolved in PBS containing 0.1% bovine serum albumin (BSA-PBS) to study the effects 
of paracrine mediated Wnt signalling on ECs. Briefly, cells were grown to confluency and treated 
with control (0.1% BSA-PBS) or Wnt7a (50 or 100 ng/ml in 0.1% BSA-PBS) for 24h [29–31]. 
Wnt7a activation of β-catenin was investigated by co-administration with XAV939 (XAV, Cat no. 
X3004, Sigma-Aldrich), a Tankyrase inhibitor known to selectively inhibit Wnt/β-catenin 
mediated transcription [32, 33]. Briefly, cells were grown to confluency and treated with control, 
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Wnt7a (100 ng/ml), XAV (10 µM) or a co-administrated of Wnt7a with XAV (100 ng/ml and 10 
µM, respectively) for 24h.  
 
Hypoxia-inducible factor 1α (Hif1a) activation mediated by Wnt7a was investigated by silencing 
the Hif1a gene with siRNA. Briefly, cells were grown to confluency and transfected with 4 µg/ml 
Lipofectamine™ 2000 Transfection Reagent (Cat no. 11668, Invitrogen, Waltham, MA, USA) 
and 20 µM siRNA in DMEM high glucose containing 10% FBS and 10% Opti-MEM (Cat no. 
31985070, ThermoFisher Scientific, Waltham, MA, USA) for 24h. Negative control siRNA 
(Silencer™ Cy™3-labeled Negative Control No. 1 siRNA, Cat no. AM4621, Invitrogen), or a 
validated Hif1a siRNA (Silencer™ Select Pre-Designed mouse Hif1a siRNA, sequence 5’à3’: 
Sense CCUUUACCUUCAUCGGGAAAtt; Antisense UUUCCGAUGAAGGUAAAGGag, Cat 
no. 4390771, Invitrogen) were used. After 24h, cells were washed with PBS and treated with either 
control or Wnt7a (100 ng/ml) for 24h. Cells were washed and fixed with 4% paraformaldehyde 
(PFA) for immunocytochemistry or lysed for RNA isolation, after respective treatment. 
Immunocytochemistry samples were kept at 4°C and RNA samples at -20°C until further use. 
 
Immunocytochemistry 
 
Immunocytochemistry was performed after seeding bEnd.3 cells at a density of 1.5-5.0x104 
cells/cm2 on glass coverslips or on a 96-well plate. Cells were washed in PBS and fixed with 4% 
PFA for 10 min. at room temperature. Cells were then blocked in PBS blocking buffer containing 
1% normal donkey serum and 0.3% Triton X-100 for 1h. Then, cells were incubated with 
appropriate primary antibody (Supplementary Table 1) overnight at 4°C followed by incubation 
with appropriate secondary antibodies in blocking buffer (Supplementary Table 1) for 2h. Lastly, 
a counterstaining of the nuclei with NucBlue (Cat no. R37605, Invitrogen) was performed and 
cells were mounted using antifading Mounting Medium (Prolong gold, Agilent Technologies, 
Santa Clara, CA, USA) before imaging. 
 
Image acquisition and analysis  
 
Images were captured by an investigator masked to the treatment conditions using a confocal 
microscope (DMI 4000, Leica, Freiburg, Germany) or a fluorescent live cell imager (ImageXpress 
Pico Automated Cell Imaging System, Molecular Devices, San Jose, CA, USA). For confocal 
imaging, six image volumes (175 x 175 µm) were acquired with a 1 µm step size at a magnification 
of 63x. Images captured with the fluorescent live cell imager (690 x 690 µm) were acquired at a 
magnification of 40x. Subsequently, image stacks underwent maximal intensity projections and 
mean grey values and integrated density values of the resulting images were obtained using ImageJ 
software (National Institutes of Health, Bethesda, MD, USA). Three fields of view were acquired 
from every replicate to compare the different treatment conditions. In each field of view, the 
overall mean grey value and integrated density values were normalised to the number of cells. 
Additionally, for active β-catenin the average nuclear, cytoplasmic, and membrane concentrations 
were measured by averaging values of the mean intensity of three randomly selected cells per field 
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of view. All quantifications were performed in ImageJ and expressed as intensity levels corrected 
versus control. 
 
Quantitative PCR (qPCR) 
 
Total RNA was isolated using TRIzol Reagent (Invitrogen) according to the TRIzol method and 
stored at -80°C before use. Quality and quantity were checked using NanoDrop 1000 
spectrophotometer and the RNA was reverse transcribed into cDNA using the high-capacity RNA-
to-cDNA kit (Cat no. 1708891, Bio-rad laboratories, Inc., Hercules, CA, USA) according to 
manufacturer’s manual. CDNA samples were stored at -20°C before use. QPCR was performed 
using SensimixTM SYBER® & Fluorescein kit (Cat no. QT615-05, Meridian Bioscience Inc., 
Cincinnati, OH, USA) on the Light Cycler 480 (Roche Applied Science, Penzberg, Germany) with 
the following qPCR program: 10 min. at 95°C followed by 55 cycles a 10s at 95°C and 20s at 
60°C. Temperature was increased from 60 to 95°C for melting curve analyses. Primers were 
designed to cover exon-exon junctions and all possible splice variants using NCBI Primer-BLAST 
tool. Primers were synthesised by Eurofins Genomics (Ebersberg, Germany) and quality was 
ensured by testing on cell cultures, as well as by calculation of primer efficiency. At least two 
stable reference housekeeping genes were selected from a selection of three genes by using the 
GeNorm Software (Primerdesign, Southampton, NY, USA). Primers are listed in Supplementary 
Table 2. Gene expression analysis was performed using LinReg PCR (Ver. 2014.0) and the Light 
Cycler 480 data converter (Ver. 2014.1) and shown as fold change (FC) compared to control. 
 
RNA sequencing 
 
Total isolated RNA quantity was checked using Qubit 2.0 Fluorometer (Invitrogen) and RNA 
quality was assessed using Bioanalyzer (Cat no. RNA 6000 Nano kit; 2100 Bioanalyzer, Agilent 
Technologies). Purification of mRNA from total RNA (NEXTFLEX Poly(A) Beads 2.0, Cat no. 
NOVA-512992, PerkinElmer, Waltham, MA, USA) and directional, strand-specific RNA library 
preparation (NEXTFLEX Rapid Directional RNA-Seq Kit 2.0, Cat no. NOVA-5198, 
PerkinElmer) was performed according to manufacturer’s protocol. Sequencing was performed 
using NovaSeq 6000 Sequencing system (NovaSeq S Prime flow cell 200 cycles; NovaSeq 6000, 
Illumina, Inc, San Diego, CA, USA) according to manufacturer’s protocol. The raw sequencing 
data was trimmed using fastp, remaining reads were then mapped against the Ensembl mouse 
genome (release 100) using STAR (version 2.7.3a) and quantified using RSEM (v.1.3.1). The 
resulting raw read counts were processed using the R package DESeq2. Genes with were not 
sequenced (0 reads) in more than 75% of the samples of any given condition were removed. Genes 
were considered differentially expressed with an adjusted p-value (false discovery rate; FDR) 
below 0.01. Gene ontology (GO) enrichment analysis was performed using g:Profiler [34] and the 
Database for Annotation, Visualization, and Integrated Discovery (DAVID) v6.8 [35, 36]. The 
modified Fisher exact p-value (EASE score) <0.05 and FDR <0.05 were considered enriched. 
Gene interaction network analysis was performed using Cytoscape version 3.9.1 [37].  
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Trans endothelial electrical resistance (TEER) assay 
 
TEER was monitored every 2-3 days using an epithelial volt ohm meter (EVOM-2, WPI, UK) 
connected to an electrode (STX4 EVOM, Cat no. EVM-EL-03-03-01, WPI). Experiments were 
performed using PET membrane inserts (Cat no. 353095, Falcon) with an insert diameter of 6.4 
mm and pore diameter of 0.4 μm in combination with a 24-well companion plate (Cat no. 353504, 
Falcon). Inserts were coated with rat tail collagen I (100 μg/ml, Cat no. 3440-005-01, R&D 
Systems, Minneapolis, MN, USA) for 1h at 37°C. Before seeding cells, resistance measurements 
were performed on all coated wells to determine the blank resistance. Measurements were 
performed on a heating surface to maintain a stable temperature of 37°C during measurements. 
BEnd.3 cells were plated on the membrane inserts at a density of 4.5x104 cells/cm2 and left to 
attach and reach full confluency for 3 days. Treatment with either control or 100 ng/ml Wnt7a was 
initiated at day 3 and refreshed every 2-3 days before measurements. The TEER was calculated 
using the following formula: 
 

𝑇𝐸𝐸𝑅 (Ω ∗ 𝑐𝑚2) = (𝑅total − 𝑅blank) ∗ 𝐼𝑛𝑠𝑒𝑟𝑡 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑎𝑟𝑒𝑎	
 
Statistical analysis 
 
Data was analysed using GraphPad Prism 9 (Dotmatics). Data distribution was tested using 
Shapiro-Wilk test for normality. Unpaired Student t-tests were used to compare Wnt7a vs control. 
One-way ANOVA or Kruskal-Wallis test (for non-parametric data) with post-hoc Tukey’s 
multiple comparisons test was used to assess multiple comparisons. P<0.05 was considered 
statistically significant and data are expressed as mean±SEM. 
 
 

Results 
 
Wnt7a leads to increased levels of nuclear active β-catenin 
 
To investigate whether Wnt7a stimulation causes β-catenin mediated signalling in a mouse brain 
EC line, we performed immunocytochemistry on bEnd.3 cells treated with recombinant Wnt7a 
protein for 24h (Figure 1A). The overall signal intensity of the active form of β-catenin was 
quantified in addition to the signal intensity in the membrane, cytoplasm, and nucleus. A 
significant increase in overall active β-catenin intensity was observed when cells were treated with 
100 ng/ml Wnt7a compared to control (1.46±0.17 FC, p=0.025). Similar increases in active β-
catenin were observed in the membrane (1.24±0.05 FC, p=0.036), cytoplasm (1.48±0.11 FC, 
p=0.001), and nucleus (1.52±0.06 FC, p=0.002). Treatment with 50 ng/ml Wnt7a, however, did 
not lead to a significant increase in overall active β-catenin intensity (1.24±0.04 FC, p=0.305), as 
well as in membrane (1.12±0.06 FC, p=0.370), cytoplasmic (1.23±0.07, p=0.116), or nuclear 
intensity (1.40±0.15 increase, p=0.092) compared to control. These results indicate a dose 
dependent effect of Wnt7a protein on β-catenin activity. 
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Figure 1: Wnt7a led to increase in active β-catenin levels in bEnd.3 cells in vitro. (A) Immunocytochemistry 
of active β-catenin after treatment with either 50 or 100 ng/ml recombinant Wnt7a. Scale bar, 50 µm. (B) 
Quantification of relative active β-catenin intensity revealed an increase in total active β-catenin in bEnd.3 cells 
when treated with 100 ng/ml Wnt7a. (C) Membrane bound active β-catenin was increased in cells treated with 
100 ng/ml Wnt7a and in the (D) cytoplasm and (E) nucleus. Treatment with 50 ng/ml did not lead to significant 
changes in active β-catenin. Graph represents mean±SEM; n=6; The graphs represent three independent 
experiments, each with two technical replicates; *p<0.05, **p<0.01, One-way ANOVA with post-hoc Tukey’s 
multiple comparisons; ##p<0.01, Kruskal-Wallis with post-hoc Dunn’s multiple comparisons. Statistically non-
significant comparisons are not shown. 
 
 
Next, we investigated whether XAV, a known Tankyrase inhibitor, was able to inhibit the Wnt7a-
mediated increase in active β-catenin. XAV inhibits the PARylation of Axin, which is one of the 
proteins in the β-catenin destruction complex. Tankyrase mediated PARylation of Axin leads to 
the ubiquitination and degradation of this protein. Thus, by inhibiting Tankyrase, the β-catenin 
destruction complex can assemble and lead to the ubiquitination and degradation of β-catenin [38]. 
Treatment with 100 ng/ml Wnt7a did not lead to a significant increase in the transcription of Axin2 
(0.98±0.29 FC, p>0.99; Figure 2A), a direct target of the Tcf/LEF factor mediated Wnt pathway 
[39]. Inhibition of the active β-catenin with XAV also did not lead to any significant changes in 
Axin2 mRNA expression (1.66±0.33 FC, p=0.26; Figure 2A). However, overall β-catenin activity, 
assessed by immunocytochemistry (Figure 2B), showed a significant increase in active β-catenin 
in cells treated with 100 ng/ml Wnt7a compared to controls (1.20±0.02 FC, p<0.0001; Figure 2C). 
The increase in active β-catenin was not observed when cells were treated with XAV (0.90±0.03 
FC compared to control, p=0.07; Figure 2C) or when cells were co-treated with Wnt7a and XAV 
(1.02±0.03 FC compared to control, p=0.96; Figure 2C). Total active β-catenin levels in Wnt7a 
treated cells were significantly increased compared to co-treatment with Wnt7a and XAV 
(p=0.0002; Figure 2C), indicating the ability of XAV to inhibit the Wnt7a mediated activation of 
β-catenin. 
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Figure 2: XAV inhibited the activation of β-catenin in response to Wnt7a treatment. (A) In vitro Wnt7a 
treatment did not lead to any changes in the β-catenin target gene Axin2 mRNA expression (B) 
Immunocytochemistry of active β-catenin in bEnd.3 cells treated with either control, 100 ng/ml Wnt7a, 10 µM 
XAV, or co-treatment with Wnt7a and XAV. Scale bar, 50 µm. (C) The overall total β-catenin activation 
mediated by Wnt7a was significantly inhibited by XAV. XAV led to decreased active β-catenin levels compared 
to control. Graph represents mean±SEM; n=8-9; The graphs represent three independent experiments, each with 
three technical replicates; *p<0.05, ***p<0.001, ****p<0.0001; One-way ANOVA with post-hoc Tukey’s 
multiple comparisons. Statistically non-significant comparisons are not shown. 
 

Wnt7a stimulation decreases Claudin-5 expression via β-catenin mediated 
signalling and reduces endothelial barrier function 
 
The effects of Wnt7a signalling on the TJ proteins Cldn5 and Ocln mRNA expression and protein 
levels mediated by β-catenin activation were investigated with qPCR and immunocytochemistry, 
respectively (Figure 3). Wnt7a stimulation led to a significant decrease in both Cldn5 (p=0.0002; 
Figure 3A) and Ocln (p=0.007; Figure 3B) mRNA expression levels compared to cells in which 
β-catenin was inhibited with XAV. Similar results were observed for protein levels of CLDN5, 
which was significantly decreased by Wnt7a stimulation compared to control (0.80±0.04 FC, 
p=0.022; Figure 3D). No difference in protein levels of CLDN5 was observed when Wnt7a and 
XAV were co-administered compared to control (0.92±0.05 FC, p=0.730; Figure 3D). Despite 
reducing Ocln mRNA levels, Wnt7a treatment did not lead to changes in OCLN protein levels 
compared to control (1.10±0.06 FC, p=0.483; Figure 3E).  
 



Chapter 3 
Wnt7a decreases brain endothelial barrier function via β-catenin activation 

 61 

Figure 3: Modulation of β-catenin led to changes in TJ proteins Claudin-5 and Occludin. (A) In vitro 
activation of β-catenin mediated by Wnt7a led to downregulation of claudin-5 and (B) occludin mRNA. (C) 
Immunocytochemistry of Claudin-5 or Occludin in bEnd.3 cells treated with either control, 100 ng/ml Wnt7a, 
XAV, or co-treatment with Wnt7a and XAV. Scale bar, 50 µm. (D) Decreased levels of Claudin-5 protein were 
mediated by wnt7a activation of β-catenin. (E) inhibition β-catenin levels by XAV led to a significant increase 
in Occludin compared to control. However, Wnt7a did not decrease levels of Occludin. Abbreviations: Cldn5 = 
claudin-5; Ocln = Occludin. Graph represents mean±SEM; n=8-9; The graphs represent three independent 
experiments, each with three technical replicates; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; One-way 
ANOVA with post-hoc Tukey’s multiple comparisons. Statistically non-significant comparisons are not shown. 
 
However, treatment with XAV, and co-treatment with Wnt7a and XAV, significantly increased 
protein levels of OCLN compared to control (1.21±0.05 FC and 1.27±0.06 FC, p=0.031 and 
p=0.005, respectively; Figure 3E). These results indicate that β-catenin mediated the effects of 
Wnt7a stimulation on TJ proteins, which are responsible for EC barrier function. 
 
The EC barrier integrity was studied by measuring the electrical resistance of the endothelial 
monolayer in culture by TEER. The establishment of the BBB is characterised by the endothelial 
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barrier formation comprised of TJ proteins tightly connecting the ECs, resulting in an increased 
electrical resistance over time [40]. No overall differences were observed in electrical resistance 
between cultures treated with Wnt7a protein and control over a period of 14 days (Figure 4A). 
However, a significant difference in change in resistance from day 3 to day 5 was observed, with 
Wnt7a treatment leading to a reduced increase in resistance change compared to control 
(10.17±0.39 vs 16.58±1.15 Ω, p<0.0001; Figure 4B). These results suggest that Wnt7a stimulation 
inhibits endothelial barrier formation. 
 

Figure 4: Wnt7a led to a reduction in formation of the endothelial barrier. (A) Trans endothelial electrical 
resistance (TEER) measurements of the bEnd.3 monolayer in vitro. No differences in electrical resistance were 
observed after 14 days of Wnt7a treatment compared to control. Dotted vertical line indicates start of Wnt7a 
treatment. (B) Wnt7a blunted the increase in the electrical resistance change between day 3 to day 5 compared 
to control. Graph represents mean±SEM; n=10-11; The graphs represent three independent experiments, each 
with four technical replicates; ****p<0.0001; Unpaired students t-test. Statistically non-significant comparisons 
are not shown. 
 
 
Hif1a activation in response to β-catenin mediated Wnt7a signalling is not 
involved in the decrease of tight junction proteins Claudin-5 and Occludin 
 
To decipher the molecular mechanisms involved in the response of brain ECs to Wnt7a 
stimulation, RNA sequencing was performed to assess their transcriptomic regulation. This 
revealed 2,107 differently expressed genes (DEG) when comparing Wnt7a to control treatment 
(Figure 5A). GO enrichment analysis of the top 100 DEG revealed enriched pathways such as 
vasculature development (6.2-fold enriched), blood vessel development (6.3-fold enriched) and 
angiogenesis (6.8-fold enriched, Figure 5B). Pathway analysis of the genes mediated by β-catenin 
in the angiogenesis pathway showed upregulation of Hif1a and vascular endothelial growth factor 
A (Vegfa) (0.28 and 0.26 log2FC, respectively), genes typically involved in response to hypoxia 
(Figure 5C) [41]. Quantification of mRNA levels in cells treated with Wnt7a showed an increase 
in both Hif1a and Vegfa compared to control (1.76±0.20 and 1.42±0.07 FC, p=0.010 and p=0.047; 
Figure 5D and 5E respectively). 
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Figure 5: Wnt7a led to regulation of 2,017 differentially expressed genes involved in e.g. angiogenesis. (A) 
Volcano plot showing 2,017 differentially expressed genes (DEG) in bEnd.3 cells treated with Wnt7a for 24h 
(n=3) (B) Gene Ontology (GO) enrichment analysis revealed the enrichment of biological processes such as 
vascular development, blood vessel development, and angiogenesis. (C) Analysis of Wnt7a regulated genes 
mediated by β-catenin in the angiogenesis pathway revealed the upregulation of Hif1a and Vegfa. (D) The 
upregulation of Hif1a and (E) Vegfa by Wnt7a was mediated by β-catenin (n=8-9). Graph represents 
mean±SEM; The graphs represent three independent experiments, each with three technical replicates; *p<0.05, 
**p<0.01; One-way ANOVA with post-hoc Tukey’s multiple comparisons. Statistically non-significant 
comparisons are not shown. 
 
 
The contribution of Hif1a activation in regulating TJ proteins was investigated by silencing the 
Hif1a gene with a validated commercially available siRNA. Hif1a was significantly 
downregulated when treated with Wnt7a and Hif1a siRNA compared to Wnt7a and negative 
control siRNA (0.14±0.02 FC, p<0.0001; Figure 6A). No differences were found in Vegfa 
expression when treated with either Wnt7a or co-treated with Wnt7a and Hif1a siRNA (Figure 
6B). The expression of Axin2 was significantly downregulated by Wnt7a (0.42±0.08 FC, p=0.019; 
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Figure 6C), with no difference compared to when treated with Wnt7a and Hif1a siRNA (p=0.42). 
Cldn5 expression was significantly downregulated by Wnt7a only when inhibiting Hif1a mRNA 
(0.70±0.08 FC, p=0.01; Figure 6D), while Ocln expression was downregulated by Wnt7a 
treatment alone (0.59±0.02 FC, p=0.009; Figure 6E). 
 
When Hif1a was silenced in cells treated with Wnt7a, Ocln mRNA levels normalised compared 
to control (0.86±0.12 FC, p=0.48; Figure 6E), suggesting that HIF1α signalling might play a role 
in regulating the effects of Wnt7a on endothelial barrier function. Protein levels of CLDN5 and 
OCLN were investigated after Hif1a knockdown by immunocytochemistry (Figure 6F). Consistent 
with our previous data (Figure 3D), treatment with Wnt7a reduced levels of CLDN5 protein 
compared to control (0.73±0.06 FC, p=0.002; Figure 6G). However, no differences in CLDN5 
levels were observed between Wnt7a treated cells treated with either negative control or Hif1a 
siRNA (p=0.68). Similar effects on OCLN levels were observed, with Wnt7a treatment inducing 
a reduction compared to control (0.71±0.05 FC, p=0.0003; Figure 6H), and with no differences 
observed between the negative control and Hif1a siRNA treated cells treated with Wnt7a (p=0.59). 
These results show that HIF1α signalling does not directly interact with Wnt7a signalling in 
regulating the expression of TJ proteins CLDN5 and OCLN but might modulate gene expression 
(Figure 6D-E). 
 
 

Discussion 
 
The aim of this study was to investigate the effects of the Wnt7a/β-catenin signalling pathway on 
EC barrier function. We showed that 100 ng/ml Wnt7a increased protein levels of active β-catenin 
in the cytoplasm, membrane, and nucleus of the bEnd.3 EC line. This increase was reversed when 
degradation of the destruction complex was prevented by the Tankyrase inhibitor XAV, validating 
Wnt7a mediated activation of β-catenin signalling. Of note, increased β-catenin activation did not 
translate to an increase in expression of its target gene Axin2, implying that other factors might 
influence the transcription of the downstream β-catenin target genes, in response to Wnt7a 
stimulation. This Wnt7a/β-catenin signalling had functional significance since Wnt7a stimulation 
impaired EC barrier formation and reduced expression of the TJ protein, CLDN5. Endothelial 
genes commonly activated in response to hypoxia, Hif1a and Vegfa, were upregulated by Wnt7a 
activation of β-catenin. Interestingly, other studies have described the expression of Wnt7a 
following hypoxic conditions, indicating that the interplay of these signalling molecules might 
contribute to hypoxia-induced events, during pathological conditions such as stroke or cSVD [42]. 
However, decreases in TJ proteins in CLDN5 and OCLN were not mediated by Hif1a in our study. 
Overall, our analysis of TJ protein expression and EC barrier function suggest the involvement of 
Wnt7a in increasing the permeability of ECs, an effect that could have consequences for the 
endothelial barrier function. Activation of β-catenin signalling by Wnt7a has been shown to 
depend on the cell type and developmental stage within the CNS. Activation of Wnt7a in the 
developing hippocampus triggers β-catenin mediated signalling, leading to positive influences on 
synaptogenesis [43]. 
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Figure 6: 
Wnt7a regulation of tight junction proteins Claudin-5 and Occludin was not mediated by Hif1a. (A) 
Transfection with Hif1a siRNA led to the downregulation of Hif1a. (B) Wnt7a did not change Vegfa mRNA 
expression, with no effect of Hif1a. (C) Wnt7a led to the significant downregulation of the β-catenin target gene 
Axin2, which was not mediated by Hif1a. (D) Claudin-5 was downregulated by Wnt7a only when Hif1a was 
silenced, (E) while Occludin was normalised by silencing Hif1a in the present of Wnt7a. (F) 
Immunocytochemistry of Claudin-5 or Occludin in bEnd.3 cells treated with either control and negative control 
siRNA, 100 ng/ml Wnt7a and negative control siRNA, or 100 ng/ml Wnt7a and Hif1a siRNA. Scale bar, 100 
µm. (G) Decreased Claudin-5 protein level by Wnt7a was not mediated by Hif1a. (H) Similar results were 
observed for Occludin. Abbreviations: Neg = negative; Cldn5 = claudin-5; Ocln = Occludin. Graph represents 
mean±SEM; n=7-9; The graphs represent three independent experiments, each with three technical replicates; 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; One-way ANOVA with post-hoc Tukey’s multiple 
comparisons. Statistically non-significant comparisons are not shown. 
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Here, β-catenin mediated signalling by Wnt7a is enhanced by the presence of receptor co-factors 
Gpr124 and Reck [21]. However, β-catenin is not involved in all aspects of Wnt7a function at the 
synapse. For example, localisation of Wnt7a in mouse cerebellar synapses increased the size and 
spreading of axonal growth cones and was essential for neurotransmitter release via actions on the 
cytoskeleton that do not involve β-catenin [44]. These findings suggest that Wnt7a might activate 
both β-catenin dependent and independent signalling, or one or the other, depending on 
environmental factors. Based on our findings that Wnt7a increases levels of active β-catenin, the 
ability of XAV to reverse Wnt7a effects, and evidence from previous work, we suggest that the 
effects of Wnt7a on brain ECs are predominantly mediated via β-catenin signalling. However, β-
catenin independent signalling effects might also play a role [21, 43, 45]. In addition to confirming 
the role of the Wnt7a/β-catenin pathway, our findings highlight XAV as a potent molecule to 
modulate Wnt7a induced β-catenin signalling in bEnd.3 brain ECs. 
 
In our study, Wnt7a activation of β-catenin in vitro led to a decrease in the TJ proteins CLDN5 
and OCLN in mouse brain ECs (bEnd.3 cells). However, previous studies have shown β-catenin 
mediated increases in TJ proteins. Stabilisation of β-catenin via glycogen synthase kinase 3β 
(GSK-3β) inhibitor CHIR99021 in hPSC, or LiCl in an immortalised human brain microvascular 
EC line (hCMEC/D3), led to the upregulation of CLDN5 [13, 23]. Similarly, in vivo deletion of 
β-catenin in the brain endothelium led to decreased protein levels of both CLDN5 and OCLN in 
the cerebral cortex of mice [25]. Wnt7a derived from oligodendrocyte precursor cell (OPC) 
conditioned medium showed increased β-catenin and Cldn5 expression in bEnd.3 cells, while 
siRNA knock down of Wnt7a in OPCs blocked these effects [46]. Conversely, stabilisation of β-
catenin with LiCl in ECs derived from murine embryonic stem cells showed a significant reduction 
in Cldn5 mRNA and protein levels [27]. Here, translocation of β-catenin to the nucleus led to its 
binding to Foxo1, forming a Foxo1–β-catenin–Tcf complex at the Cldn5 gene promotor site that 
inhibited its expression [27]. A correlation was observed between increased β-catenin and 
decreased CLDN5 expression in both patient glioma tissue and malignant glioma cells lines [47]. 
The expression of β-catenin gradually increased in higher glioma tumour grades, while the 
expression of TJ proteins CLDN1 and CLDN5 were both decreased [47]. 
 
There is some discrepancy in the literature regarding the Wnt7a/β-catenin regulation of TJ 
proteins. For example, an in vitro study in bEnd.3 cells detected significant increases in levels of 
BBB-specific influx transporters but did not observe changes in the expression of TJ proteins such 
as OCLN [17]. Functional effects of Wnt7a/β-catenin have also been examined. For example, an 
in vitro bEnd.3 permeability assay using Evans blue dye, decreased endothelial permeability in 
cells treated with Wnt7a compared to control treated cells [46]. Similarly, CHIR99021 treated 
hPSC showed increased TEER resistance and decreased permeability to a small molecule tracer, 
sodium fluorescein [25]. However, primary mouse brain ECs treated with Wnt3a, another activator 
of the β-catenin dependent Wnt pathway, did not produce an effect on EC permeability [48]. These 
findings contrast with the decrease in TEER values we observed after a 2-day stimulation with 
Wnt7a. Of note, results similar to ours were observed in a study of human aortic ECs where similar 
β-catenin mediated increase in permeability were detected [49].  
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The observed decrease in TEER values in both Wnt7a and control treated cells after 5 days may 
be explained by a model of EC function in which β-catenin levels must be maintained above a 
certain threshold level of β-catenin to ensure barrier function in adult CNS vasculature [50]. In this 
context, the β-catenin signalling response of bEnd.3 cells treated with 100 ng/ml Wnt7a might 
decrease after repeated stimulations due to desensitisation, leading to disabled tight barrier 
maintenance and a decrease in electrical resistance. In support of this idea, previous studies suggest 
that activation of β-catenin due to phosphorylation and internalisation of LRP6, leads to 
desensitisation [51, 52].  
 
Modulation of EC barrier permeability might be a crucial step towards EC proliferation and the 
initiation of brain angiogenesis through EC sprouting, both of which are processes known to 
require Wnt signalling [17, 21, 53]. An interesting factor that might modulate the angiogenic 
response of ECs is hypoxia induced transcription factor, HIF1α. Our data suggest that β-catenin 
activation through Wnt7a can increase the expression of Hif1a in bEnd.3 ECs. HIF1α can regulate 
Wnt signalling and be the target of Wnt induced regulation [54–56], whilst hypoxia and HIF1α 
signalling regulates Wnt/β-catenin signalling in a cell- and developmental stage-specific manner 
[57, 58]. It is also suggested that these signalling pathways might have an indirect interaction rather 
than exerting direct regulation [56]. On the other hand, nuclear β-catenin/Tcf complex formation 
has been shown to induce Hif1a expression [55]. These results indicate that Wnt/β-catenin 
signalling can affect the expression of Hif1a to modulate the cellular response to events such as 
hypoxia. Our data support this notion of Wnt7a/β-catenin mediating the expression of Hif1a. 
However, in our study, the silencing of Hif1a with siRNA did not reverse the Wnt7a/β-catenin 
mediated downregulation of TJ proteins CLDN5 and OCLN. Interestingly, mRNA levels of Ocln 
were normalised by inhibiting Hif1a, while OCLN proteins levels were increased independently 
from β-catenin, suggesting that these signalling pathways might interact and indirectly regulate 
the endothelial barrier function. Thus, Wnt/HIF1α signalling in mature ECs may not be critical for 
barrier formation but may play an indirect role in a context-dependent manner, for example via 
HIF1α/VEGFA signalling during hypoxic conditions in diseases such as stroke and cSVD. There 
was some discrepancy regarding the regulation of OCLN by Wnt7a in two of our data sets (Figure 
3E vs 6H). On one hand (Figure 3E), OCLN was not changed by Wnt7a stimulation while blocking 
of β-catenin with XAV had a positive effect. On the other hand (Figure 6H), OCLN was 
downregulated by Wnt7a stimulation and unchanged by Hif1a silencing. While these data are 
contradicting, it also indicates that the Wnt7a/β-catenin signalling can lead to HIF1α independent 
regulation of OCLN. 
 
In conclusion, we suggest that Wnt7a activates the β-catenin mediated Wnt signalling pathway, 
causing nuclear translocation of β-catenin, suppression of TJ protein expression, and ultimately a 
decrease in EC barrier function. Furthermore, we propose that these changes in EC properties are 
associated with events such as endothelial proliferation and angiogenesis, which are stimulated by 
Wnt7a signalling. Wnt7a/β-catenin mediated regulation of TJ proteins occurs independently of the 
Wnt/HIF1α signalling pathway. This pathway may play other roles in inducing angiogenesis in 
response to environmental factors such as hypoxia. However, future studies are needed to 
determine the specific role of HIF1α in modulating the Wnt/β-catenin signalling pathway. 
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Understanding the role of Wnt/β-catenin signalling in hypoxia might lead to a better understanding 
of the cellular mechanisms involved in diseases such as cSVD. 
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Supplementary Material 

Supplementary Table 1: Primary and secondary antibodies used for immunocytochemistry. 

Primary antibody Host Dilution Cat no. Supplier 

Anti-Active β-catenin Mouse 1:300 05-665 Millipore 

Anti-Claudin-5 Mouse 1:300 35-2500 Invitrogen 

Anti-Occludin Rabbit 1:300 40-6100 Invitrogen 

     

Secondary antibody     

Anti-Mouse IgG Alexa Fluor 488 Donkey 1:200 A-21202 Invitrogen 

Anti-Rabbit IgG Alexa Fluor 594 Donkey 1:200 A-21207 Invitrogen 

 

 

 

Supplementary Table 2: Primers used in quantitative PCR. 

Primer name Primer sequence  

Rpl13a Forward  AGCCTACCAGAAAGTTTGCTTAC 

Reverse GCTTCTTCTTCCGATAGTGCATC 

Ywhaz  Forward  GAAAAGTTCTTGATCCCCAATGC 

Reverse TGTGACTGGTCCACAATTCCTT 

Gusb Forward  CCGACCTCTCGAACAACCG 

Reverse GCTTCCCGTTCATACCACACC 

Axin2 Forward  AACCTATGCCCGTTTCCTCTA 

Reverse GAGTGTAAAGACTTGGTCCACC 

Cldn5 Forward  CCACGGCCAATGGCGATTAC 

Reverse TCGTCATCCACACACGGCTT 

Ocln Forward  CCTCGGTACAGCAGCAATGG 

Reverse TAGTGGTCAGGGTCCGTCCT 

Hif1a Forward  AATGAAGTGCACCCTAACAAGCCG 

 Reverse TGGCCCGTGCAGTGAAGC 

Vegfa Forward GCACATAGAGAGAATGAGCTTCC 

 Reverse CTCCGCTCTGAACAAGGCT 
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Introduction 
 
A recent genome-wide association study (GWAS) in more than 40,000 participants identified 
polymorphisms near the WNT7A gene as one of the white matter perivascular space burden risk 
loci [1]. The perivascular space burden is a marker for cerebral small vessel disease (cSVD), which 
is a major cause of stroke and vascular dementia [1]. Following damage to myelin in the white 
matter, pro-repair oligodendrocyte precursor cells (OPCs) migrate to sites of damage utilising the 
vasculature [2, 3]. Increased perivascular OPC densities in stroke-related hypoxic areas, and OPC 
clusters in active myelin lesions, suggest abnormal vascular-OPC interaction in diseases such as 
cSVD and stroke [4]. Wnt7a is involved in regulating angiogenesis and blood-brain barrier 
integrity [5], but its contribution to vascular-OPC interactions remains poorly understood. Based 
on these recent findings, we investigated the impact of Wnt7a on brain endothelial cells (ECs) with 
a focus on EC-OPC crosstalk pathways using a transcriptomic approach. We hypothesised that 
Wnt7a mediates cellular signals involved in vascular OPC migration. This study aims to stimulate 
research on Wnt7a in context of cSVD.  
 
 

Methods  
 
Immortalised murine brain ECs (bEnd.3) and OPCs (Oli-neu) were treated with recombinant 
Wnt7a (100 ng/ml), or a selective β-catenin inhibitor, XAV939 (XAV, 10 µM), as well as co-
treatment of Wnt7a and XAV for 24h followed by RNA sequencing and quantitative PCR. 
Additional methodological details are described in the Supplemental Materials. 
 
 

Results 
 
Gene ontology analysis identified two cell migration related pathways (GO:0016477 and 
GO:0030334) among the top 5 most enriched biological processes in bEnd.3 cells stimulated with 
Wnt7a (Figure 1A). Pathway analysis of genes regulated by Wnt/β-catenin signalling revealed 
Cxcl12 as the gene showing the greatest degree of regulation (Figure 1B). Wnt7a stimulation in 
bEnd.3 cells decreased Cxcl12 mRNA compared to control (Figure 1C) or XAV treated cells 
(Figure 1D). A similar decrease in Cxcl12 was observed when cells were co-treated with Wnt7a 
and XAV (Figure 1D), whilst Wnt7a stimulation in Oli-neu cells had no effect on the β-catenin 
target gene, Axin2 (Figure 1E) nor the Cxcl12 receptor gene, Cxcr4 (Figure 1F). These results 
reveal that Wnt7a stimulation downregulates Cxcl12 in bEnd.3 cells independent of β-catenin but 
does not affect its receptor in Oli-neu cells. 
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Figure 1: Wnt7a decreased Cxcl12 expression in endothelial cells independent of β-catenin signalling. (A) 
Gene ontology enrichment analysis of the top 100 regulated genes following Wnt7a stimulation. Cell migration 
related pathways represent the top two biological processes. (B) Cell migration pathway analysis revealed the 
downregulation of Cxcl12. (C) Cxcl12 was downregulated upon Wnt7a stimulation compared to control in brain 
endothelial cells (ECs); (n=3). (D) Downregulation of Cxcl12 by Wnt7a was not mediated by β-catenin (n=9). 
(E) Wnt7a stimulation of oligodendrocyte precursor cells (OPCs) did not lead to changes in the β-catenin target 
gene Axin2 or (F) the Cxcl12 receptor gene, Cxcr4; (n=5-7). Graphs represent Mean±SEM; The graphs represent 
three independent experiments, each with three technical replicates; *p<0.05, **p<0.01, ***p<0.001; student t-
test or One-way ANOVA with post-hoc Tukey’s test. Statistically non-significant comparisons are not shown. 
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Discussion 
 
CXCL12 is a chemokine protein expressed by the ECs which mediates OPC migration along the 
vasculature via its interaction with CXCR4 [3, 5]. Here, we report that Wnt7a stimulation 
suppresses Cxcl12 expression in bEnd.3 ECs independent of β-catenin but does not influence the 
Cxcl12 receptor Cxcr4 in the OPC Oli-neu cell line. Therefore, our finding of reduced Cxcl12 
levels after Wnt7a stimulation might suggest a link between Wnt7a polymorphisms and OPC 
migration dysfunction in cSVD and stroke [1, 3]. 
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Supplemental Materials 

Methods 
 
Cell culture 
 
The immortalised murine brain endothelial cells, bEnd.3 cells (Cat no. CRL-2299, American Type 
Culture Collection, Manassas, VA, USA [1]) and the immortalised OPC cell line 
(RRID:CVCL_IZ82 [2], Merck Millipore, Burlington, MA, USA), Oli-neu cells, were cultured in 
Dulbecco’s Modified Eagle’s Medium high glucose (DMEM, Cat no. D6429, Merck Millipore) 
supplemented with 10% foetal bovine serum (FBS) and 100 µg/mL penicillin/streptomycin (P/S) 
at 37°C and in an atmosphere of 5% CO2. BEnd.3 cell between passage 26 and 28 and Oli-neu 
cells at passage 18 were seeded onto multi-well plates a density of 1.0x105 cells/cm2 for expression 
studies and treated at confluency (1-3 days after seeding). 
Cells were treated with recombinant Wnt7a (Cat no. SRP3296, Sigma-Aldrich, St. Louis, MO, 
USA), dissolved in 0.1% BSA-PBS to study the effects of paracrine mediated Wnt signalling on 
EC. Briefly, cells were grown to confluency and treated with control (0.1% BSA-PBS) or Wnt7a 
(100 ng/ml dissolved in 0.1% BSA-PBS) for 24h, lysed and used for RNA sequencing.  
Wnt7a activation of β-catenin was investigated by co-administration with XAV939 (XAV, Cat no. 
X3004, Sigma-Aldrich), a Tankyrase inhibitor known to selectively inhibit Wnt/β-catenin 
mediated transcription [3, 4]. Briefly, cells were grown to confluency and treated with control, 
Wnt7a (100 ng/ml), XAV (10 µM) or a co-administrated of Wnt7a with XAV (100 ng/ml and 10 
µM, respectively) for 24h. After 24h, cells were lysed for RNA isolation, and used for qPCR. All 
samples were kept at -80°C until further use. 
 
RNA sequencing 
 
Total RNA was isolated using TRIzol Reagent (Invitrogen) according to the TRIzol method and 
stored at -80°C before use. Total isolated RNA quantity was checked using Qubit 2.0 Fluorometer 
(Invitrogen) and RNA quality was assessed using Bioanalyzer (Cat no. RNA 6000 Nano kit; 2100 
Bioanalyzer, Agilent Technologies). Purification of mRNA from total RNA (NEXTFLEX Poly(A) 
Beads 2.0, Cat no. NOVA-512992, PerkinElmer, Waltham, MA, USA) and directional, strand 
specific RNA library preparation (NEXTFLEX Rapid Directional RNA-Seq Kit 2.0, Cat no. 
NOVA-5198, PerkinElmer) was performed according to manufacturer’s protocol. Sequencing was 
performed using NovaSeq 6000 Sequencing system (NovaSeq S Prime flow cell 200 cycles; 
NovaSeq 6000, Illumina, Inc, San Diego, CA, USA) according to manufacturer’s protocol. The 
raw sequencing data was trimmed using fastp, remaining reads were then mapped against the 
Ensembl mouse genome (release 100) using STAR (version 2.7.3a) and quantified using RSEM 
(v.1.3.1). The resulting raw read counts were processed using the R package DESeq2. Genes with 
were not sequenced (0 reads) in more than 75% of the samples of any given condition were 
removed. Genes were considered differentially expressed with an adjusted p-value (false discovery 
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rate; FDR) below 0.01. Gene ontology (GO) enrichment analysis were performed on the top 100 
differentially expressed genes using g:Profiler [5] and the Database for Annotation, Visualization, 
and Integrated Discovery (DAVID) v6.8. [6, 7]. The modified Fisher exact p-value (EASE score) 
<0.05 and FDR <0.05 were considered enriched. Gene interaction network analysis was performed 
using Cytoscape version 3.9.1 [8]. 
 
Quantitative PCR (qPCR) 
 
Quality and quantity were checked using NanoDrop 1000 spectrophotometer and the RNA was 
reverse transcribed into cDNA using the high-capacity RNA-to-cDNA kit (Cat no. 1708891, Bio-
rad laboratories, Inc., Hercules, CA, USA) according to manufacturer’s manual. cDNA samples 
were stored at -20°C before use. QPCR was performed using SensimixTM SYBER® & Fluorescein 
kit (Cat no. QT615-05, Meridian Bioscience Inc., Cincinnati, OH, USA) on the Light Cycler 480 
(Roche Applied Science, Penzberg, Germany) with the following qPCR program: 10 min at 95°C 
followed by 55 cycles a 10s at 95°C and 20s at 60°C. Temperature was increased from 60 to 95°C 
for melting curve analyses. Primers were designed to cover exon-exon junctions and all possible 
splice variants using NCBI Primer-BLAST tool. Primers were synthesised by Eurofins Genomics 
(Ebersberg, Germany) and quality was ensured by testing on cell cultures, as well as by calculation 
of primer efficiency. At least two stable reference housekeeping genes were selected from a 
selection of three genes by using the GeNorm Software (Primerdesign, Southampton, NY, USA). 
Primers are listed in Supplementary Table 1. Gene expression analysis was performed using 
LinReg PCR (Ver. 2014.0) and the Light Cycler 480 data converter (Ver. 2014.1) and shown as 
fold change (FC) compared to control. 
 
Statistical analysis 
 
Data was analysed using GraphPad Prism 9 (Dotmatics). Data distribution was tested using 
Shapiro-Wilk test for normality. Unpaired Student t-tests were used to compare Wnt7a vs 
control. One-way ANOVA with post-hoc Tukey’s multiple comparisons test was used to assess 
multiple comparisons. P<0.05 was considered statistically significant and data are expressed as 
mean±SEM. 
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Supplementary Table 1: Primers used in quantitative PCR. 

Primer name Primer sequence  

Rpl13a Forward  AGCCTACCAGAAAGTTTGCTTAC 

Reverse GCTTCTTCTTCCGATAGTGCATC 

Ywhaz  Forward  GAAAAGTTCTTGATCCCCAATGC 

Reverse TGTGACTGGTCCACAATTCCTT 

Gusb Forward  CCGACCTCTCGAACAACCG 

Reverse GCTTCCCGTTCATACCACACC 

Axin2 Forward  AACCTATGCCCGTTTCCTCTA 

Reverse GAGTGTAAAGACTTGGTCCACC 

Cxcl12 Forward  CAGAGCCAACGTCAAGCATC 

Reverse TTCTTCAGCCGTGCAACAATC 

Cxcr4 Forward  GACTGGCATAGTCGGCAATGGA 

Reverse CAAAGAGGAGGTCAGCCACTGA 
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Abstract 
 
Cerebral small vessel disease is characterised by decreased cerebral blood flow and blood–brain 
barrier impairments which play a key role in the development of white matter lesions. We 
hypothesised that cerebral hypoperfusion causes local hypoxia, affecting oligodendrocyte 
precursor cell-endothelial cell signalling leading to blood–brain barrier dysfunction as an early 
mechanism for the development of white matter lesions. Bilateral carotid artery stenosis was used 
as a mouse model for cerebral hypoperfusion. Pimonidazole, a hypoxic cell marker, was injected 
prior to humane sacrifice at day 7. Myelin content, vascular density, blood–brain barrier leakages, 
and hypoxic cell density were quantified. Primary mouse oligodendrocyte precursor cells were 
exposed to hypoxia and RNA sequencing was performed. Vegfa gene expression and protein 
secretion was examined in an oligodendrocyte precursor cell line exposed to hypoxia. 
Additionally, human blood plasma VEGFA levels were measured and correlated to blood–brain 
barrier permeability in normal-appearing white matter and white matter lesions of cerebral small 
vessel disease patients and controls. Cerebral blood flow was reduced in the stenosis mice, with 
an increase in hypoxic cell number and blood–brain barrier leakages in the cortical areas but no 
changes in myelin content or vascular density. Vegfa upregulation was identified in hypoxic 
oligodendrocyte precursor cells, which was mediated via Hif1a and Epas1. In humans, VEGFA 
plasma levels were increased in patients versus controls. VEGFA plasma levels were associated 
with increased blood–brain barrier permeability in normal appearing white matter of patients. 
Cerebral hypoperfusion mediates hypoxia induced VEGFA expression in oligodendrocyte 
precursor cells through Hif1a/Epas1 signalling. VEGFA could in turn increase BBB permeability. 
In humans, increased VEGFA plasma levels in cerebral small vessel disease patients were 
associated with increased blood–brain barrier permeability in the normal appearing white matter. 
Our results support a role of VEGFA expression in cerebral hypoperfusion as seen in cerebral 
small vessel disease.  
 
Keywords: Vascular dementia; Glial biology; OPC; Angiogenesis; BBB; cSVD  
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Introduction 
 
Cerebral small vessel disease (cSVD) is an umbrella term referring to pathological processes 
affecting the small arteries, arterioles, venules, and capillaries in the brain, leading to pathological 
lesions such as white matter lesions (WML) observed as white matter hyperintensities (WMH) on 
MRI. WML are thought to result from chronic hypoperfusion of the white matter (WM), which 
can in turn lead to oligodendrocyte damage and eventually the degeneration of their myelinating 
extensions [49]. Cerebral blood flow (CBF) in WM decreased close to WMH in patients with 
cSVD, whilst decreased CBF was also correlated with an increase in blood–brain barrier (BBB) 
leakage volume and rate. This correlation was strongest in regions close to WMH but was also 
found in the normal appearing white matter (NAWM) of these patients [65].  
 
Increased BBB permeability and reduced CBF are hallmarks of a dysfunctional neurovascular unit 
(NVU), which results in a failure to provide sufficient oxygen and energy to glial cells and neurons. 
In the WM, oligodendrocyte and oligodendrocyte precursor cells (OPCs) are most vulnerable to 
the effects of hypoxia [24]. This vulnerability of OPCs to hypoxia might lead to demyelination 
and impairment in remyelination, leading to WML, however, how hypoxic OPCs can mediate 
changes in the WM, is currently not known. Previous findings show a decrease in the number of 
oligodendroglia after a transient period of hypoxia preceding lesion formation at the white–grey 
matter border [12, 29]. Demyelination was reduced or even eliminated by normalising oxygen 
levels in rats [10, 12]. Recent in vivo findings suggest that perivascular OPC density increases post 
stroke in an attempt to rescue demyelinated regions by recruiting progenitors of the damaged 
myelinating cells [29]. Interestingly, adult myelinating oligodendrocytes seem to be less 
vulnerable to hypoxia than OPC [4]. Taken together, this high vulnerability of OPC to hypoxia, 
particularly later stage OPC, might suggest its detrimental role in the development of WML [10, 
24, 29].  
 
It remains unknown however, if cerebral hypoperfusion occurring in cSVD patients can affect 
OPC and how this may lead to endothelial cell (EC) dysfunction and increased BBB permeability. 
The aim of this study was to investigate hypoperfusion-mediated hypoxic signalling in OPC and 
its impact on cerebral small vessel integrity. We hypothesised that cerebral hypoperfusion causes 
local hypoxia, affecting the OPC–EC signalling, leading to increased BBB permeability. 
 
We used carotid artery stenosis as model for cerebral hypoperfusion. Although this is not an 
intrinsic small vessel disease model, carotid occlusive disease is associated with small vessel 
hypoperfusion [48]. We investigated the impact of 1 week of cerebral hypoperfusion in mice that 
had previously undergone bilateral carotid artery stenosis (BCAS) to identify early effects on 
myelin content, vascular density, BBB leakages, and hypoxic cell density. We combined our in 
vivo investigations with the study of OPC in vitro under hypoxic conditions. Finally, we related 
our findings in a retrospective analysis of VEGFA levels in blood plasma samples derived from 
cSVD patients. 
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Materials and methods 

 
Animals and tissue collection  
 
Male C57BL/6J mice were obtained from Charles River Laboratories (Sulzfeld, Germany) 
between 9–10 weeks of age (weighing between 20 to 26 g) and kept on a normal 12 h day-night 
cycle. All mice were allowed access to water and food ad libitum. All animal experiments were 
ethically approved by the regulatory authority of Maastricht University and were performed in 
compliance with the national and European guidelines (AVD1070020173885). Group sizes were 
calculated priori to ensure a statistical power of 90% using G*Power 3.1 (Heinrich Heine 
University, Dusseldorf, Germany; www.psycholgie.hhu.de).  
 
To mimic cerebral hypoperfusion, a hallmark for cSVD, we used the well-established BCAS 
mouse model. Following a period of acclimatisation, mice of 10–12 weeks old (weighting between 
20 to 30 g) were randomly allocated to undergo a BCAS (n = 13) or a Sham surgery (n = 7) as 
described previously [56]. Briefly, mice were anaesthetised and micro coils with an internal 
diameter of 0.18 mm (Sawane Spring Co., Ltd, Hamamatsu, Japan) were placed around the left 
and right common carotid arteries in BCAS-operated mice with a 30 min delay between both sides. 
The same surgery was performed in Sham-operated animals without placement of the micro coils. 
Animals were returned to their home cages in groups of two per cage and were closely monitored 
daily to ensure complete recovery until they were humanely sacrificed at day 7 post-procedure. 
Animals were weighted before surgery and at day 1, 2, 3 and 7 after surgery. Animals received 
pre- and post-operative analgesia (buprenorphine 0.05 mg/kg SC pre- and postsurgery; and 
buprenorphine 9 μg/mL in drinking water for the first 3 days) as advised by the named veterinary 
surgeon.  
 
CBF was measured during surgery by laser doppler flowmetry (LDF, moorVMS-LDF2, Moor 
Instruments Inc, Axminster, UK) and measurements of the cortical CBF were additionally 
performed under anaesthesia before (baseline), after (d0) and 7 days after (d7) surgery using a 
Laser Speckle Contrast Imager (LSCI, Pericam, PSI, Perimed AB, Järfälla, Sweden). Mice with a 
CBF reduction exceeding 50% (measured with LDF) or with a body weight reduction exceeding 
15% compared to the body weight prior to surgery were humanely sacrificed and excluded from 
the study. Mice were sacrificed by perfusion under terminal anaesthesia 1-week post-surgery. 
Pimonidazole, a hypoxic marker, was injected 1 h prior to sacrifice (60 mg/kg, I.P., HypoxyProbe 
Inc., Burlington MA, USA) in conscious mice before CBF measurements. 
Brains were harvested post-mortem following perfusion with ice-cold PBS using a peristaltic 
pump. A sagittal cut was used to split the brain hemispheres and the left hemisphere was fixed 
overnight in 4% paraformaldehyde (PFA), washed in PBS, and transferred to PBS with 0.1% 
sodium azide (NaN3) before vibratome sectioning.  
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Cerebral blood flow imaging and data processing 
 
Animals were injected with buprenorphine (0.05 mg/kg, S.C.) one hour prior to surgical 
procedures. Anaesthesia was initiated using isoflurane (4%) before placing mice on a stereotaxic 
monitoring platform (Harvard Apparatus, Hollistion, MA, USA). Heart rate, breathing rate and 
oxygen saturation were constantly measured during the entire procedure to monitor the animal 
sedation and to ensure CBF was measured in physiological conditions. Animals were kept sedated 
via isoflurane inhalation at a constant concentration of 1.8–2.2%. Lidocaine was injected locally 
onto the periosteum, followed by a midline skin incision. The skull was kept moist using a light 
(Cat no. 163-2129, Bio-rad laboratories, Inc., Hercules, CA, USA) and a heavy (Cat no. 330760, 
Sigma- Aldrich, St. Louis, MO, USA) mineral oil during imaging with the LSCI. The field of view 
(FOV) (1 × 1 cm) was imaged at a frame rate of 44 images/sec and resolution of 0.01 mm/pixel. 
Colour-coded CBF images correlated with the blood flow velocity were obtained. CBF imaging 
was performed before (baseline), immediately after (d0), and 7 days (d7) after surgery. At the end 
of d0, 6 h after the initial injection, a second injection of buprenorphine (0.05 mg/kg, S.C.) was 
performed, and buprenorphine administration was continued via the drinking water overnight (9 
μg/mL, oral) as post-operative analgesia for all animals.  
 
CBF images were analysed in PIMSoft (Perimed AB). CBF absolute values were obtained over 
the whole cortical surface (222.5±1.6 mm2) and above the third order branch from superior sagittal 
sinus (8.8±0.1 mm2) to avoid large superficial vessels. CBF values were averaged over a 1 min 
period. Relative CBF change was calculated as percentage of baseline measurements for both 
regions of interest (ROI). 
 
CBF reduction during placement of the micro coils was monitored using LDF. After identifying 
the bregma and lambda, a small area was superficially thinned with a dental drill on the left primary 
somatosensory cortex for positioning a 0.5-mm flexible fibreoptic laser probe (Moor POF500, 
Moor instruments Inc.), which was removed after the surgical procedure. CBF was monitored 
throughout the surgery using IDEEQ (M-PAQ, Development Engineering & Evaluation [IDEE], 
Maastricht, The Netherlands). 
 
Immunohistochemistry (IHC) 
 
Using a vibratome (VT1200S, Leica, Freiburg, Germany), 30 μm-thick coronal sections were cut, 
and the free-floating sections were permeabilised and blocked with 1% donkey serum in TBS-T 
(0.1–1% Triton-X). Sections were then incubated overnight with primary antibodies in blocking 
buffer. Sections were then incubated with secondary antibodies at RT for 2 h. Antibodies used are 
provided in Additional file 1: Table S1. Finally, the sections were mounted on gelatin-coated 
microscopic slides with a fluorescence-preserving mounting medium (Prolong gold antifade, Cat 
no. P36934, ThermoFisher Scientific). 
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IHC image acquisition and analysis 
 
Images were acquired with the experimenter masked to the group conditions using a confocal 
microscopy (DMI 4000 B, TCS SPE, Leica, Amsterdam, The Netherlands) or fluorescent slide 
scanner (ImageXpress Pico Automated Cell Imaging System, Molecular Devices, San Jose, CA, 
USA). To assess myelin integrity and the total number of hypoxic cells (Pimonidazole+), hypoxic 
OPC (Pimonidazole+/Olig2+/CC1−), nine FOVs of the corpus callosum (CC) (three per coronal 
section, with three sections [between +1.3 mm and −0.5 mm bregma]) were obtained per animal. 
Twenty microns thick image stacks were obtained using the confocal microscope, and processed 
and analysed using Fiji package [55] in ImageJ software (National Institutes of Health, Bethesda, 
MD, USA). The total number of hypoxic cells and hypoxic OPC were quantified in the deep 
cortical regions by a blinded observer and expressed in number of cells per mm2. Myelin content 
and integrity were assessed within the CC. MBP grey value signal and negative areas were 
measured in the CC. Early myelin damage was analysed using the anti-MBP clone SMI94 to assess 
focal myelin degradation [7]. Hyperintense SMI94 foci in the CC were automatically detected on 
maximally projected volumes using the local maxima value, after thresholding. Images for 
Lectin/IgG were obtained at 20X magnification using the fluorescent slide scanner. BBB 
permeability was investigated in six sections (between +2 mm and −1 mm bregma). Sections were 
investigated for vascular density and extravascular leaked IgG was quantified using AngioTool 
[77] and ImageJ, respectively. Leakage size was measured by quantifying the area of IgG signal 
outside of the vascular mask delineated by the lectin signal using the Otsu threshold method. The 
reported total leakage size per animal corresponds to the sum of the sizes of individual leakages 
measured in six sections per animal (mm2). 
 
Cell cultures 
 
Primary OPC cultures were prepared as previously described [47, 54, 58]. Briefly, cerebral cortices 
from new-born (P0) C57BL/6J mice were isolated, dissected and digested. Mixed glia cultures were 
maintained in DMEM with high glucose (Cat no. D6429, Merck Millipore, Burlington, MA, USA) 
containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S) at 37 °C and 8.5% CO2 
on poly-L-lysine (PLL) coated flasks. Medium was changed every 3–4 days and insulin (5 μg/ ml) was 
added from day 7 onwards. Cultures were maintained for 12–14 days before initial shaking on an 
orbital shaker (75 rpm) at 37 °C for 45 min to remove microglia. The medium was then discarded, and 
flasks were shaken (280 rpm) with fresh medium overnight (16–18 h) at 37 °C. Medium was collected 
and plated on noncoated tissue culture dishes for 30 min at 37 °C and 8.5% CO2. The non-adherent 
cells (OPC) were collected and maintained in DMEM with high glucose containing 0.5% FBS, 1% 
P/S, 1% B27 supplement, bovine serum albumin (102 ng/ml), putrescine dihydrochloride (29.4 ng/ml), 
triiodothyronine (0.414 ng/ml), l-thyroxine (0.40 ng/ml), sodium selenite (5.00 pg/ml), progesterone 
(60.0 pg/ml), apo-transferrin (50 μg/ml), insulin (5 μg/ml) on PLL-coated plates. PDGF-AA (10 
ng/ml), and FGF-2 (10 ng/ ml) was added for 24 and 48 h, respectively, to limit spontaneous OPC 
differentiation before experiments (Additional file 1: Fig. S4).  
 
The immortalised OPC line, Oli-neu (RRID:CVCL_IZ82), originally obtained by transfecting 
primary mouse OPC with the replication defective retrovirus expressing the t-neu oncogene [27], 
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were maintained in DMEM with high glucose containing 10% FBS and 1% P/S at 37 °C and in an 
atmosphere of 5% CO2. 
 
Hypoxic primary OPC experiments 
 
Primary OPC cultures were exposed to either normoxic (21% oxygen) or hypoxic (2% oxygen) 
conditions for 24 h at 37 °C and 8.5% CO2 in fresh PDGF-AA and FGF-AA free OPC medium. 
After 24 h, medium was collected, and cells were lysed and stored at −20 °C before RNA isolation. 
 

RNA isolation and sequencing 
 
Primary OPC were lysed using RLT buffer (Qiagen, Hilden, Germany) and frozen at −80°C. 
Samples were later thawed, and RNA was isolated using the RNeasy Micro kit following the 
manufacturer’s instructions (Cat no. 74004, Qiagen). RNA quantity was checked using Qubit 2.0 
Fluorometer (Invitrogen, Waltham, MA, USA) and RNA quality was assessed using Bioanalyzer 
(Cat no. RNA 6000 Nano kit; 2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA). 
Purification of mRNA from total RNA (NEXTFLEX Poly(A) Beads 2.0, Cat no. NOVA-512992, 
PerkinElmer, Waltham, MA, USA) and directional, strand specific RNA library preparation 
(NEXTFLEX Rapid Directional RNA-Seq Kit 2.0, Cat no. NOVA-5198, PerkinElmer) was 
performed according to manufacturer’s protocol. Sequencing was performed using NovaSeq 6000 
Sequencing system (NovaSeq S Prime flow cell 200 cycles; NovaSeq 6000, Illumina, Inc, San 
Diego, CA, USA) according to manufacturer’s protocol.  
 

RNA sequencing analysis 
 
The raw sequencing data was trimmed using fastp. The remaining reads were mapped against the 
Ensembl mouse genome (release 100) using STAR (version 2.7.3a) and quantified using RSEM 
(v.1.3.1). The resulting raw read counts were processed using the R package DESeq2. Genes that 
were not sequenced (0 reads) in more than 75% of the samples of any given condition were 
removed. Genes were considered differentially expressed with an adjusted p-value (false discovery 
rate; FDR) below 0.01. Kyoto Encyclopedia of Genes and Genomes (KEGG) enriched pathways, 
Gene ontology (GO) classification and UniProt functional annotation, terms approximating 
cellular component, biological process, and molecular function, were used to identify functional 
enriched differentially expressed genes (DEG) using the Database for Annotation, Visualization, 
and Integrated Discovery (DAVID) v6.8 [22, 23]. The modified Fisher exact p-value (EASE score) 
<0.05 and FDR <0.05 were considered enriched. 
 
Hypoxic Oli-neu experiments 
 
The immortalized OPC cell line, Oli-neu, was exposed to either normoxic or hypoxic conditions 
(as above) for 12, 24, or 48 h at 37 °C and 5% CO2. Medium was collected, and cells were lysed 
for RNA isolation and stored at −20 °C. Experiments were repeated in cells transfected with 
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Negative control siRNA (Silencer™ Cy™3-labeled Negative Control No. 1 siRNA, Cat no. 
AM4621, Invitrogen), Hif1a siRNA (Silencer™ Select Pre-Designed mouse Hif1a siRNA, 
sequence 5’®3’: Sense CCUUUACCUUCAUCGGGAAAtt; Antisense 
UUUCCGAUGAAGGUAAAGGag, Cat no. 4390771, Invitrogen) and/or Epas1 siRNA 
(Silencer™ Select Pre-Designed mouse Epas1 siRNA, sequence 5’®3’: Sense 
CGGAUCCACCAUUACAUUUtt; Antisense AAAUGUAAUGGUGGAUCCGgg, Cat no. 
4390771, Invitrogen). Briefly, cells were transfected with 20 pmol siRNA and 6 µg/ml 
Lipofectamine™ 2000 Transfection Reagent (Cat no. 11668, Invitrogen) in high glucose DMEM 
containing 10% FBS and 10% Opti-MEM (Cat no. 31985070, ThermoFisher Scientific) for 24 h. 
Cells were then washed with PBS and incubated at normoxic or hypoxic conditions with normal 
culturing medium. After 24 h, cells were lysed and stored at −20 °C until further use. 
 
Conditioned medium experiments 
 
Immortalised mouse brain EC (bEnd.3) cells were cultured with culture medium diluted (1:1) with 
conditioned medium (CM) obtained from Oli-neu exposed to normoxic or hypoxic conditions for 
24 h. After 24 h, cells were lysed for RNA isolation and stored at −20 °C until further use.  
 
Quantitative PCR 
 
Total RNA was isolated from Oli-neu cells using TRIzol Reagent (Invitrogen) according to the 
manufacturer’s protocol and stored at − 80 °C before use. Quality and quantity were checked using 
NanoDrop 1000 spectrophotometer and the RNA was reverse transcribed into cDNA using the 
high-capacity RNA-to-cDNA kit (Cat no. 1708891, Bio-rad laboratories, Inc.) according to 
manufacturer’s manual. cDNA samples were stored at −20 °C before use. Quantitative PCR was 
performed using Sensimix™ SYBER® & Fluorescein kit (Cat no. QT615-05, Meridian 
Bioscience Inc., Cincinnati, OH, USA) on the Light Cycler 480 (Roche Applied Science, 
Penzberg, Germany) with the following qPCR program: 10 min at 95 °C followed by 55 cycles a 
10 s at 95 °C and 20 s at 60 °C. Temperature was increased from 60 to 95 °C for melting curve 
analyses. Primers were designed to cover exon-exon junctions and all possible splice variants using 
NCBI Primer-BLAST tool. Primers were synthesised by Eurofins Genomics (Ebersberg, 
Germany) and quality was ensured by testing on appropriate tissue or cell cultures, as well as by 
calculation of primer efficiency employing a cDNA dilution curve. Two stable reference 
housekeeping genes (Rpl13a and Ywhaz) were selected from a selection of three genes by using 
the GeNorm Software (Primerdesign, Southampton, NY, USA). Primers are listed in Additional 
file 1: Table S2. Gene expression analysis was performed using LinReg PCR (Ver. 2014.0) and 
the Light Cycler 480 data converter (Ver. 2014.1). 
 
Enzyme-linked immunosorbent assay (ELISA) 
 
CM was obtained from primary OPC or Oli-neu cells after exposure to either 21% or 2% O2 for 
24 h. Secreted VEGFA concentration was determined in diluted (1:1) samples using commercially 
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available Mouse VEGF-A ELISA kit (Cat no. BMS619-2, Invitrogen) according to manufacturer’s 
protocol. 
 
Human brain imaging analysis 
 
Study population 
 
We performed a retrospective pilot study, for which we used data of an MRI study in cSVD. Eighty 
patients with clinically manifested cSVD (lacunar stroke or vascular cognitive impairment) and 
39 age- and sex- matched controls were included. Inclusion criteria, and methods for image 
acquisition, processing and analysis have been described previously and is provided in Appendix 
A [28, 64, 65, 72]. 
 
The Medical Ethics Committee of the Maastricht University Medical Centre approved the study. 
All participants were included after providing written informed consent according to the 
Declaration of Helsinki. This study is registered on trialregister.nl (NTR number: NTR3786). 
Participants were included from the Maastricht University Medical Centre and Zuyderland 
Hospital, the Netherlands, between April 2013 and December 2014. 
 
Structural MRI  
 
All participants underwent structural brain imaging on a 3.0T MRI system (Achieva TX, Philips 
Healthcare, Best, the Netherlands) using a 32-element head coil suitable for parallel imaging. T1-
weighted sequence was used for anatomical reference and T2-weighted fluid-attenuated inversion 
recovery (FLAIR) sequence for detecting WMH [28, 72]. 
 
Permeability MRI 
 
Details of the scanning protocol have been published [72]. Dual-time resolution dynamic contrast 
enhanced (DCE)-MRI consisted of a fast and slow dynamic scan time sequence to sample properly 
the various timescales in the contrast enhancement curves. Scans of both sequences were acquired 
prior to contrast injection, followed by the fast sequence during contrast bolus injection 
(Gadobutrol), and then followed by the slow sequence.  
 
Image processing and analysis  
 
Tissue segmentation 
Grey and white matter were segmented on T1-weighted images using Freesurfer [15]. NAWM and 
WMH were differentiated by segmenting WMH on FLAIR images automatically, with manual 
corrections by a trained assessor [11]. T1 and FLAIR Images were coregistered using FSL (v5.0) 
and the NAWM and WMH were selected [26]. 
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Pharmacokinetic modelling 
DCE-MRI data was pharmacokinetically modelled and histogram analysis was performed as 
previously described [17, 73]. Briefly, contrast agent tissue concentration was calculated by using 
the relative signal change over time and T1 mapping, using the superior sagittal sinus as vascular 
input function [33]. Subsequently, the Patlak pharmacokinetic model was used to calculate the 
BBB leakage rate in terms of the leakage rate Ki (min-1) [50]. 
 
Histogram Analysis 
Ki was determined in a voxel wise manner [28, 65, 72]. For both NAWM and WMH, a Ki voxel 
histogram was composed, and noise correction was applied by mirroring and then subtracting 
negative Ki value distribution from the original Ki distribution, resulting in a histogram of Ki values 
reflecting detectable leakage rates. Mean leakage rate (mean Ki) was calculated by taking the 
average of all noise-corrected Ki values. The relative volume of leakage with respect to the tissue 
volume, the fractional leakage volume (vL), was the remaining area under the noise corrected 
histogram curve [72]. 
 
Retrospective blood plasma VEGFA analysis  
 
Blood samples from all participants were collected. Plasma supernatant was obtained from these 
samples and stored for future analysis at −80°C. Plasma VEGFA levels were determined with the 
Human VEGF-A ELISA kit (Cat no. BMS277-2, Invitrogen) according to manufacturer’s 
protocol. Samples with absorption values below blank measurements were considered artefacts 
and excluded from further analysis. Analyses including samples with VEGFA concentrations 
below the detection limit are provided in Appendix A (Fig A1). 
 
Statistical analysis 
 
Data were analysed in GraphPad Prism 9 (Dotmatics) or SPSS version 28 (IBM Corp., San Diego, 
CA, USA). Unpaired Student t-tests or Mann-Whitney tests (for non-parametric data) were used 
to compare Sham vs BCAS, normoxia vs hypoxia exposed cells, and VEGFA in controls vs cSVD 
patients. One-way ANOVA with post-hoc Tukey’s multiple comparisons tests was used to assess 
multiple comparisons. Uni- and multivariable regression analysis was performed with group 
(cSVD or control) as independent and MRI measures (WMH volume, and BBB leakage Ki and VL 

in NAWM and in WMH) as dependent variables, and correction for age and sex. Outliers for 
VEGFA plasma concentration were identified (defined as 3rd quartile + 1.5*interquartile range). 
The relation between VEGFA plasma concentration and MRI characteristics was assessed with 
uni- and multivariable regression analysis, with correction for age and sex, for both patients and 
controls after removal of outliers (details on outliers are provided in Additional file 1: Table S4). 
Analyses without exclusion of outliers are provided in the supplementary data. Estimated 95% 
confidence interval were obtained with standardised Z-scores. P<0.05 was considered statistically 
significant and data are expressed as mean ± SEM. 
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Results 
 
BCAS led to a persistent cerebral blood flow reduction after 7 days 
 
Three mice in the BCAS group had to be sacrificed due to post-operative complications, whereas 
full recovery was seen in the rest (Sham: n = 7; BCAS: n = 10; Additional file 1: Fig. S1). Blood 
flow was measured in a ROI containing all sizes of superficial vessels (ROI1, Fig. 1A), and a 
smaller ROI above the 3rd order branch from superior sagittal sinus to avoid larger superficial 
vessels (ROI2, Fig. 1A). A significant decrease in CBF in ROI1 was observed in BCAS mice 
compared to baseline measurements at d0 (− 14.7 ± 5.3%, p = 0.02) and at d7(− 27.2 ± 3.6%, p < 
0.0001), while no significant changes were observed in Sham mice (Additional file 1: Fig. S1E). 
CBF differed between BCAS and Sham at both d0 (p = 0.013) and d7 (p < 0.0001) (Additional 
file 1: Fig. S1E). At d0, CBF in ROI2 was not significantly decreased in BCAS mice (− 10.7 ± 
5.7%, p = 0.089) compared to baseline measurements, while CBF was increased in Sham mice (+ 
23.2 ± 8.5%, p = 0.034, Fig. 1B). At d7, CBF in ROI2 was significantly decreased in BCAS mice 
(− 22.3 ± 5.6%, p < 0.01) compared to baseline, while CBF was normalised in Sham mice (+ 11.4 
± 7.8%, Fig. 1B). CBF in ROI2 differed between BCAS and Sham at both d0 and d7 (p < 0.01). 
 
Cerebral hypoperfusion did not alter myelin integrity after 7 days 
 
Structural changes in the CC were investigated ex vivo by an immunostaining for MBP (Fig. 2A). 
MBP intensity and MBP negative area analysis showed no significant structural changes in the CC 
BCAS compared to Sham mice (p = 0.93 and p = 0.90, respectively, Fig. 2B, C). SMI94 was used 
to investigate early myelin changes. SMI94 detects an MBP peptide known to only be exposed 
during myelin degradation [39]. There was no difference in the total number of hyperintense foci 
between BCAS and Sham mice (p = 0.65, Fig. 2D). 
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Figure 1: Bilateral carotid artery stenosis led to a persistent decrease in cerebral blood flow. (A) LSCI 
images showing blood flow in superficial blood vessels captured at baseline, d0, and d7. Blood flow 
measurements in ROI1 (blue) contained all sizes superficial blood vessels, while ROI2 (red) contained the 3rd 
order branch from superior sagittal sinus to avoid larger superficial vessels. Visualization of blood flow signal 
ranged from high flow (red) to low flow (blue). (B) Changes in CBF were quantified and compared to baseline 
measurements at d0 and d7 (ROI2). Scale bar, arbitrary value, 150 (low blood flow), 800 (high blood flow). 
Mean±SEM; ns=not significant; Data points (dots) indicate biological replicates; #p<0.05, ##p<0.01 vs baseline 
measurements; *p<0.05, **p<0.01, vs Sham; unpaired student t-test. 
 
 
Cerebral hypoperfusion led to increased hypoxia in OPCs in the deep 
cortical regions 
 
Immunolabeling for Olig2, CC1, and pimonidazole revealed OPCs, oligodendrocytes, and hypoxic 
cell densities in the deep cortical regions, respectively (Fig. 2E). A significant increase in hypoxic 
cells was observed in BCAS mice when compared to Sham (12.9 ± 1.3 vs 7.8 ± 1.1 cells/mm2; p 
= 0.013, Fig. 2F). Olig2 and CC1 signals in hypoxic cells were thereafter used to identify hypoxic 
OPCs and oligodendrocytes. Hypoxic CC1 cells were not detected. In contrast, hypoxic Olig2 cells 
were increased in abundance in the deep cortical regions of BCAS mice compared to Sham (2.3 ± 
0.4 vs 0.6 ± 0.3 cells/mm2, p = 0.004, Fig. 2G). Neither OPCs nor oligodendrocyte density was 
altered in BCAS mice compared to Sham (Additional file 1: Fig. S3). 
 
Hypoxia in OPC led to increased VEGFA secretion in vitro 
 
To further investigate the effects of hypoxia in OPC, we cultured primary OPC in hypoxic 
condition. We then identified DEG in normoxic vs hypoxic OPC by RNA sequencing. This led to 
the identification of 417 DEG with an FDR below 0.01, of which 246 were up-regulated and 171 
down-regulated (Fig. 3A). Figure 3B represents the volcano plot, with all upregulated DEGs in 
green and the down regulated DEGs in red. DAVID enrichment analysis was performed for the 
functional annotation of the identified DEG (Fig. 3C).  
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Figure 2: BCAS led to an increase in hypoxic OPC in deep cortical regions after 7 days. (A) 
Immunolabeling for MBP and MBP clone SMI94 in the corpus callosum. Scale bar, 50 µm. (B) Quantification 
of MBP integrity, (C) MBP negative area, and (D) Myelin degradation, quantified by intensity signal and the 
number of hyperintense foci, respectively, was not statistically different between BCAS and Sham mice 7 post-
operative days. (E) immunolabeling for Olig2, CC1, and Pimonidazole-Pacific blue in the deep cortical regions. 
Scale bar, 50 µm. (F) A significant increased hypoxic cell density was observed in the deep cortical regions of 
BCAS animals compared to Sham animals. (G) BCAS mice also showed an increased number of hypoxic OPC 
in these regions compared to Sham animals. Mean±SEM; Data points (dots) indicate biological replicates; 
*p<0.05, **p<0.001; unpaired student t-test or Mann-Whitney U-test. Statistically non-significant comparisons 
are not shown. 
 
 
HIF-1 signalling pathway (5.5-fold change [FC], FDR < 0.0001), positive regulation of cell 
migration (3.1 FC, FDR = 0.047), cell junction (2.4 FC, FDR < 0.0001), and angiogenesis (3.9 FC, 
FDR = 0.014) were considered as enriched pathways that might be involved in crosstalk of OPC 
with surrounding cells. Vascular endothelial growth factor A (Vegfa) was identified as a potential 
mediator in the mentioned enriched pathways (log2FC = 1.14; −log(FDR) = 22.4). To investigate 
the potential of VEGFA protein as mediator of crosstalk, secreted protein levels in the CM of these 
cells were measured. Hypoxia exposure led to a significant increase in VEGFA protein secretion 
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by primary OPCs compared to normoxic condition (272.2 ± 7.9 vs 81.6 ± 7.5 pg/ml, p < 0.0001; 
Fig. 3D). 

 
 

Figure 3: Hypoxia induced the expression of 417 DEGs. (A) Hypoxia (2% O2) induced the expression of 417 
differentially expressed genes (DEG) compared to normoxia (21% O2) in OPC after 24h exposure, of which 246 
were upregulated and 171 downregulated. (B) Volcano plot showing the 417 DEG in hypoxic OPC with genes 
that were downregulated in red, and upregulated genes in green. Note that hypoxia did not significantly alter 
expression of Wnt7a or Wnt7b in primary OPCs at this time point (C) DAVID enrichment analysis shows 
enrichment of pathways including HIF-1 signalling pathway, positive regulation of cell migration, and 
angiogenesis. Terms were considered significant with an EASE score <0.05 and FDR <0.05. (D) VEGFA was 
identified as a potential key mediator in these pathways and secreted protein concentration in the hypoxia 
exposed conditioned medium was increased compared to normoxia. The graph represents three technical 
replicates; Mean±SEM; ****p<0.0001, vs 21%; unpaired student t-test. 
 
 
VEGFA increase in hypoxic OPCs was mediated by Hif1a and Epas1  
 
Expression of Vegfa mRNA was measured in Oli-neu cells after 12 h, 24 h, and 48 h hypoxia 
exposure and showed a persistent significant increase in mRNA expression (12 h: 6.75 ± 1.40 FC, 
p < 0.01; 24 h: 11.81 ± 1.02FC, p < 0.0001; 48 h: 7.78 ± 0.91 FC, p < 0.0001; Fig. 4A). This 
increase in Vegfa expression translated in secreted VEGFA protein concentration as measured in 
hypoxia exposed CM at 24 h compared to normoxia (5329 ± 145.4 vs 617.8 ± 15.83 pg/ml, p < 
0.0001; Fig. 4B). 
 
Expression of Hif1a, the most important gene involved in hypoxic signalling, was not significantly 
increased in hypoxia exposed Oli-neu cells compared to normoxic cells (1.20 ± 0.13 FC; Fig. 4C), 
while expression of Epas1, one of the DEGs involved in angiogenesis and related to hypoxia and 
VEGFA signalling [36], was significantly increased (2.68 ± 0.26 FC, p < 0.0001; Fig. 4C). Oli-
neu cells transfected with negative control siRNA and exposed to hypoxia showed a significant 
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increase of Vegfa expression (6.28 ± 1.38FC, p < 0.0001; Fig. 4D) compared to normoxia, while 
inhibition of Hif1a resulted in normalisation of Vegfa expression (0.75 ± 0.16 FC compared to 
normoxia, p = 0.99; Fig. 4D). Epas1 inhibition decreased Vegfa in hypoxic cells significantly and 
was thus not significantly different from normoxic expression (2.49 ± 0.62 FC, p = 0.54, Fig. 4D). 
Inhibition of expression of both genes decreased Vegfa expression by twofold compared to 
normoxia (0.44 ± 0.11 FC, p = 0.98, Fig. 4D).  
 
As VEGFA is known to regulate the expression of tight junction proteins, Claudin-5 (Cldn5) and 
Occludin (Ocln) mRNA expressions were measured in mouse bEnd.3 ECs treated with CM from 
either normoxic or hypoxic Oli-neu cells [2, 3, 32, 44, 61]. Both Cldn5 and Ocln expression in 
bEnd.3 cells were significantly decreased when treated with hypoxic CM (0.34 ± 0.05 FC, p = 
0.005 and 0.47 ± 0.09 FC, p = 0.006, respectively; Fig. 4E, F). 
 
 

 
Figure 4: Hypoxia induced expression and secretion of VEGFA in Oli-neu cells. (A) The expression of 
Vegfa mRNA was constantly increased in hypoxic Oli-neu cells exposed to 2% O2 compared to normoxic cell 
expression (21% O2)  from 12h to 48h, with a peak increase after 24h. (B) Hypoxic Oli-neu cells significantly 
secreted more VEGFA protein into conditioned media 24h after exposure to hypoxia (2% O2) compared to 
normoxia (21% O2). (C) Oli-neu cells exposed to hypoxia did not significantly increase mRNA expression of 
Hif1a after 24h exposure, while Epas1 (aka Hif2α) was significantly increased compared to normoxic cell 
expression. (D) inhibition of Hif1a and/or Epas1 results in inhibition of hypoxia mediated increase in Vegfa 
expression. (E) Both Claudin-5 (Cldn5) and (F) Occludin (Ocln) mRNA expression was significantly decreased 
in brain EC treated with hypoxic OPC derived CM. Mean±SEM; ns=not significant; The graphs represent three 
independent experiments, each with three technical replicates; **p<0.01, and ****p<0.0001, vs 21%; unpaired 
student t-test or one-way ANOVA with Tukey’s multiple comparisons test. 
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Hypoperfusion led to increased BBB permeability in mice after 7 days 
 
The effects of VEGFA play a crucial role in the regulation of angiogenesis and BBB permeability 
[40, 70]. Thus, we investigated vascular density and BBB permeability changes in our BCAS mice. 
After 1 week of hypoperfusion, vascular density was not changed in the cortex (p = 0.22), deep 
cortex (p = 0.28), CC (p = 0.60), or striatum (p = 0.39) when comparing BCAS to Sham (Fig. 5A, 
B). We then assessed BBB permeability by quantifying IgG extravasation in BCAS and Sham 
mice (Fig. 5C). The number of leakages in BCAS mice was significantly higher compared to Sham 
(4.00 ± 0.93 vs 0.71 ± 0.42 leakages/brain, p < 0.01, Fig. 5D). Furthermore, the total leakage size 
was significantly higher in BCAS compared to Sham (7079 ± 3297 vs 480 ± 390 mm2, p < 0.01, 
Fig. 5E). 
 
Increased VEGFA plasma levels in cSVD patients correlated with 
increased BBB permeability in NAWM 
 
We excluded samples considered as artefacts and 12 samples showing outliers for VEGFA 
concentration (eight patients and four controls) from further analysis. This resulted in 47 samples 
of cSVD patients and 26 controls; characteristics are presented in Table 1. 
 
Higher WMH volume, and higher BBB leakage volumes (VL) both in NAWM and WMH were 
significantly associated with cSVD patient group (Table 1). Plasma VEGFA concentration was 
higher in cSVD patients compared to controls (25.26 ± 3.07 vs 14.45 ± 2.08 pg/ml, p = 0.035, Fig. 
6A). In cSVD patients, we found a trend in the relation between VEGFA plasma concentration 
and BBB leakage rates Ki in the NAWM and WMH (p = 0.051 and p = 0.051, respectively; Table 
2 and Fig. 6C, D).  
 
However, age and sex are known to influence both VEGFA plasma levels and BBB integrity [9, 
53, 62, 68]. After adjustment for these covariates we found a significant relationship between 
VEGFA plasma levels and BBB leakage rate (Ki) in the NAWM in patients (p = 0.044, Table 2). 
VEGFA plasma levels were not associated with leakage rate in the WMH, leakage volume in 
NAWM and WMH, or WMH volume after correcting for age and sex (Table 2). In controls, no 
associations were found between VEGFA plasma levels and any of the imaged variables. 
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Figure 5: BCAS led to an increase in BBB permeability after 7 days without changes in vascular density. 
(A) immunolabeling for lectin in the cortex, deep cortex, corpus callosum, and striatum. Scale bar, 50 µm. (B) 
Quantification of vessel density in BCAS compared to Sham. No statistical differences were found in vessel 
density when comparing BCAS to Sham in the respective areas. (C) Immunolabeling for blood vessel (Lectin), 
and mouse IgG for BBB leakages. Scale bar, 50 µm. (D) The number of leakages and (E) the total leakage size 
was significantly higher in BCAS compared to Sham. Mean±SEM; Data points (dots) indicate biological 
replicates; **p<0.01, vs Sham; unpaired student t-test. Statistically non-significant comparisons are not shown. 
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Table 1: Characteristics of the clinical study population. Characteristics in Mean+SEM unless otherwise 
indicated. Association between WMH, BBB leakage rate (Ki) and volume (VL) and participant group was 
determined using a uni- and multivariable (corrected for age and sex) analysis. Standardised Coefficients Beta 
(β) and p-value are shown for each analysis. P<0.05 was considered as significant.  

   Controls 
(n=26) 

cSVD Patients  
(n=47) Univariable   

Multivariable 
(age and sex 
corrected) 

    β (p-value) β (p-value) 

  Age (years) 67.8±2.5 69.6±1.6     

  Male (Female) 18 (8) 30 (17)     

WMH Relative volume, 
10-3 3.5±1.8 16.1±2.4 0.390 

(<0.001) 
0.412 

(<0.001) 

BBB leakage 
in NAWM 

Ki, 10-3min-1 1.09±0.07 0.98±0.05 -0.176 
(0.137) 

-0.182 
(0.129)  

vL  0.276±0.034 0.370±0.028 0.241 
(0.040) 

0.253 
(0.035) 

 

BBB leakage 
in WMH 

Ki, 10-3min-1 0.85±0.06 0.84±0.04 -0.016 
(0.893) 

-0.033 
(0.723) 

 

vL 0.318±0.037 0.459±0.031 0.318 
(0.006) 

0.328 
(0.005) 

 

Abbreviations: WMH = white matter hyperintensities; BBB = blood-brain barrier; NAWM = normal appearing white matter; Ki = 
leakage rate; vL = leakage volume. 
 
 

Figure 6: Increased VEGFA plasma levels in cSVD patients. (A) VEGFA blood plasma levels in cSVD 
patients were higher compared to age and sex-matched controls after identification and removal of outliers for 
VEGFA plasma concentration (defined as 3rd quartile + 1.5*interquartile range). Data points (dots) indicate 
biological replicates (B) There was no correlation between VEGFA plasma levels and WMH volume in patients 
or controls. A trend in the relation between VEGFA plasma levels and leakage rate in (C) WMH and (D) NAWM 
in patients, but not in controls, was observed (indicated by the solid line for patients and dotted line for controls). 
Abbreviations: WMH = white matter hyperintensities; NAWM = normal appearing white matter; Ki = leakage 
rate. For quantification, Mean±SEM; *p<0.05; Mann-Whitney U test. 
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Table 2: Association between increased VEGFA plasma levels and BBB leakage rate in the NAWM of 
cSVD patients. Univariable analysis was conducted with MRI characteristics as dependent and VEGFA as 
independent variable. Multivariable analysis was done by correcting for age and sex. Standardised Coefficients 
Beta (β) with the estimated 95% confidence interval (95%CI) and p-value are shown for each analysis. P<0.05 
was considered significant. 
 

  Univariable Multivariable  
(age and sex corrected) 

  β [95%CI] p-value β [95%CI] p-value 

WMH  -0.024 
[-0.324, 0.276] 

0.873 0.009 
[-0.277, 0.294] 

0.951 

BBB leakage 
in NAWM 

Ki 
0.286 

[-0.001, 0.574] 
0.051 0.307 

[0.009, 0.605] 
0.044 

vL 
-0.217 

[-0.510, 0.076] 
0.142 -0.255 

[-0.556, 0.045] 
0.093 

BBB leakage 
in WMH 

Ki 
0.286 

[-0.001, 0.574] 
0.051 0.284 

[-0.016, 0.585] 
0.063 

vL 
-0.170 

[-0.466, 0.126] 
0.253 -0.208 

[-0.511, 0.095] 
0.174 

Abbreviations: WMH = white matter hyperintensities; BBB = blood-brain barrier; NAWM = normal appearing white matter; Ki = 
leakage rate; vL = leakage volume; CI = confidence interval. 
 
 

Discussion 
 
The aim of this study was to investigate the impact of cerebral hypoperfusion on early mechanisms 
involved in the development of BBB dysfunction and WM damage. We showed that cerebral 
hypoperfusion in mice, induced by carotid stenosis, leads to an increase in hypoxia in OPC residing 
in the deep cortical regions. Additionally, an increase in BBB permeability was observed without 
clear changes in vascular density and WM integrity. In vitro hypoxic conditions led to increased 
Hif1a- and Epas1-dependent VEGFA expression and secretion in Oli-neu cells, an OPC cell line, 
and downregulation of tight junction (TJ) proteins Cldn5 and Ocln expression in bEnd.3 cells, a 
brain EC cell line. Finally, we showed a significant increase in plasma levels of VEGFA protein, 
derived from patients with intrinsic cSVD compared to age-matched controls. VEGFA levels 
correlated with BBB permeability in the NAWM of these patients, suggesting a potential role in 
the early mechanisms leading to BBB dysfunction and the development of WMH. 
 
In our mouse experiments, CBF was decreased in BCAS at 7 days after surgery, while the CBF 
after Sham operation did not differ from baseline measurements. Similar results were found on 
CBF reduction at 2 h after BCAS and no changes in Sham-operated mice [19, 25, 31, 42, 46, 56, 
57]. Taken together, we confirm a sustained decrease in CBF after 1 week in the BCAS model. To 
investigate the effects of hypoperfusion on myelin integrity and WML, we examined the MBP 
integrity in the CC of mice after 7 days of hypoperfusion. Our results showed no changes in myelin 
integrity, which is in line with earlier studies showing myelin damage due to cerebral 
hypoperfusion in BCAS mice only after 14 days, but not after 7 days [8, 37, 42, 56, 57]. 
Although myelin damage could not be detected after 7 days, an increased number of hypoxic cells 
were observed in the cortical region of BCAS mice. Previous findings also indicated a 
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hypoperfusion-mediated increase in cerebral hypoxia and hypoxia in the CC after 21 and 28 days, 
respectively [13, 31]. This apparent hypoxic susceptibility was also identified in a study using 
magnetic resonance angiography and arterial spin labelling to measure intracranial, cortical, and 
subcortical CBF in BCAS mice. There was a more substantial and lasting decrease in blood flow 
in the subcortical areas compared to the brain surface in BCAS mice [19]. We found a substantial 
proportion of hypoxic cells to be OPC, while no mature oligodendrocytes were found positive for 
the hypoxic marker. Cerebral hypoperfusion is known to induce OPC proliferation and increase 
OPC density at 14 postoperative days in mice, and a decrease in mature oligodendrocytes after 4 
weeks [16, 37]. We did not observe any changes in OPC density after 7 days. These results suggest 
that the effects of hypoperfusion mediated hypoxia on OPC might precede the effects on OPC 
maturation and myelin integrity. 
 
When exposing OPC to hypoxia in vitro, pathway enrichment analysis of our transcriptomic data 
revealed the regulation of oligodendrocyte differentiation and HIF-1 signalling as well as 
angiogenesis, highlighting a possible interaction between hypoxic OPC and EC. This unbiased 
approach helped us identify VEGFA as a potential candidate in this interaction. Of note, previous 
studies have suggested the regulation of other factors, such as Wnt7a/b, Sox9/10, or several matrix 
metalloproteinases (MMPs), in hypoxic OPC [1, 18, 41, 42, 69, 75]. However, we did not find 
these factors to be regulated in our transcriptomic data derived from hypoxic OPC. Sox10 was 
differentially expressed in our RNA data but was not involved in differentiation, HIF-1 signalling, 
or angiogenesis. Thus, we focused on Vegfa, which was the only shared gene by the GO enriched 
HIF-1 signalling pathway, and processes angiogenesis and differentiation. VEGFA secretion was 
also increased in these cells, thus further strengthening the notion of hypoxia mediated interaction 
between OPC and brain EC. VEGFA is a well-known regulator of angiogenesis in the CNS, which 
is highly expressed by neural cells including oligodendroglial cells but not by EC [52, 71]. VEGF 
signalling not only regulates proliferation of EC, it is also involved in the proliferation and 
migration of OPCs, mediated by VEGFC and VEGFA, respectively [20, 21]. This is in line with 
previous in vivo findings where OPC density in ischemic mice was not affected, while an increase 
in OPC migration in hypoxic brain areas was observed [29]. Our RNA expression data showed 
that when exposing in vitro Oli-neu cells to hypoxia, both VEGFA expression and secretion were 
upregulated in a Hif1a and Epas1-dependent manner. In vivo and in vitro stabilisation of Hif1a in 
Oli-neu cells have been shown to increase VEGFA expression, whereas Hif1a knockout or 
inhibition resulted in decreased VEGFA [1, 74]. The role of Hif1a and Epas1 in VEGFA 
expression however seems to be cell specific [5, 6, 14]. Thus, we propose that in OPC, Hif1a is 
necessary for the expression of Vegfa, while Epas1 has a regulatory role in hypoxic conditions. 
However, further investigation is needed to clarify the exact mechanism and cell specific response 
involving Hif1a and Epas1. Our findings contradict previous reports that HIF stabilization in 
oligodendrocyte lineage does not increase Vegfa expression [69]. A more recent study showed that 
in vivo stabilisation of HIFα by Von Hippel-Lindau gene deletion, which is responsible for the 
rapid degradation of HIFα, increased Vegfa expression in mouse Plp+ OPC as demonstrated by in 
situ hybridization, which was essential for CNS angiogenesis [74]. Our in vitro work using brain 
EC cultured in presence of hypoxic Oli-neu derived CM indicates a decrease in TJ proteins, which 
is required for angiogenesis. Similar in vivo findings show decreased TJ proteins mRNA 
expression in BCAS mice, even after 3 days of hypoperfusion [34, 51, 59, 60, 76]. Together, we 
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suggest that hypoperfusion-induced hypoxia, leading to Hif1a and Epas1 stabilisation in OPC, and 
subsequent VEGFA production and CNS angiogenesis. Early characteristics of angiogenesis and 
a decrease in TJ proteins between ECs might lead to BBB dysfunction and increased BBB 
permeability [60, 76].  
 
In line with the above, we then examined changes in vascular density and BBB permeability in 
BCAS mice. While vascular density was unaltered at 7 days of hypoperfusion, there was a 
significant increase in the number and size of cortical extravascular IgG levels. This indicates that 
7 days of hypoperfusion does not lead to the formation of new vessels yet, but does affect BBB 
permeability, suggesting that BBB dysfunction is one of the first pathological structural changes 
occurring due to cerebral hypoperfusion. Similar results were obtained by other groups that only 
saw increased vascular density after 30 days, but not 7 days after BCAS, while first signs of BBB 
leakages were observed after 3 days [16, 38, 42, 51]. Finally, it is important to note that, while the 
only hypoxic glial cells identified in our in vivo study were OPC (Additional file 1: Fig. S2), our 
in vitro findings on VEGFA were not validated in vivo. Similarly, apart from IgG extravasation to 
assess BBB permeability in vivo, the expression of tight junction proteins was only assessed in 
vitro upon exposure of brain endothelial cells to conditioned medium derived from hypoxic OPC. 
However, a recent study showed decreased expression of CLDN5 and OCLN after 1, 3, 7, and 42 
days hypoperfusion in BCAS mice, with a significant difference after 43 days compared to Sham 
[67]. In addition, an increased BBB permeability was observed at all timepoints in these animals 
[67].  
 
Several studies have shown decreased levels of VEGFA in Alzheimer’s disease, while ischemic 
stroke patients have elevated levels post symptom onset [30, 45, 63, 66]. Interestingly, our results 
show that VEGFA plasma levels were associated with BBB leakages in the NAWM in cSVD 
patients, while there was no association in the WMH. This emphasises the notion that VEGFA 
might have a determining role in the development of vascular pathology in NAWM in an early 
stage, ultimately leading to the transition to WML, possibly due to subsequent neuroinflammatory 
reactions. 
 
Our study presents some limitations. First, hypoxia may have affected other glial cells that could 
have contributed to the observed BBB dysfunction. In fact, using Cx3Cr1-GFP mice in another 
study, we found that microglia cells were never positive for the hypoxic marker pimonidazole 
(Additional file 1). However, while microglia density was not affected in BCAS vs Sham, we 
found that microglia acquired a pro-inflammatory phenotype in BCAS mice as shown by the 
increased cell area (Additional file 1: Fig. S2C) and by the increased Cx3Cr1 expression 
(Additional file 1: Fig. S2D). Although, microglia activation and inflammatory response in BCAS 
mice is well characterised, it is still largely unknown whether this is a cause or consequence of 
hypoperfusion and blood–brain barrier dysfunction [42, 56]. Our investigations showed that OPC 
were the main hypoxic glial cells affected by hypoperfusion in our BCAS model (Additional file 
1: Fig. S2). This encouraged us to expose OPCs to hypoxia in vitro and to perform a transcriptomic 
analysis to identify key differentially expressed genes using an unbiased approach. Second, the 
increased VEGFA found in vitro was not validated in our in vivo model. Indeed, while the 
treatment of brain EC in vitro with conditioned medium derived from hypoxic OPC is valuable to 
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assess the function in vitro, it does not help to verify the causality in our in vivo model. Therefore, 
we suggest future studies to verify our findings in transgenic mice lacking VEGFA selectively in 
OPCs. Lastly, while we did find a significant correlation between VEGFA plasma concentration 
and BBB leakage rate in NAWM, the low R2 means that a considerable amount of the variance in 
BBB leakage is explained by other factors which we did not account for, such as increased 
pulsatility and impaired glymphatic drainage as a consequence of hypertension [35, 43, 48]. 
 
 

Conclusion 
 
Taken together, we suggest that cerebral hypoperfusion can lead to hypoxia in the deep cortical 
regions, affecting OPC, the precursors of the myelinating cells. This may trigger the production of 
VEGFA in hypoxic OPC via HIF1α and EPAS1 signalling, with subsequent release and action on 
brain EC. Our in vitro findings suggests that VEGFA may then increase the BBB permeability. 
This may initiate a pathophysiological cascade ultimately leading to the development of WML. It 
was previously hypothesised that this might be the other way around, with vascular dysfunction 
triggering dysfunction in OPC differentiation and myelination leading to WML [76]. Thus, future 
studies are needed to investigate the role of OPC-derived VEGFA in the development of WML. 
Understanding the OPC-vascular interaction may lead to treatment strategies specifically targeting 
OPC-derived VEGFA in the early development of the disease. However, this must be taken with 
caution, as modulating VEGFA might be a double-edged sword for its role in increasing necessary 
blood perfusion in hypoxic areas but also causing damage by introducing BBB leakages, thus, 
stressing the importance of time and cell specific targeting [70]. 
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Supplementary materials 
 

Animals and tissue collection 
 
All animal experiments were approved by the regulation authority of Maastricht University and 
were performed in compliance with the national and European guidelines. Cx3Cr1GFP/GFP mice 
(Jackson Lab 005582) were crossed with Thy-1YFP/0 mice (Jackson Lab 003782) to generate 
Cx3Cr1GFP/WT x Thy1YFP/0 mice (abbreviated Tg mice) for microglial (GFP) and neuronal 
(YFP) visualisation. Animals were kept on a normal 12h day-night cycle. All mice were allowed 
access ad libitum to water and food. Male Tg mice underwent a bilateral carotid artery stenosis 
(BCAS) or a Sham surgery. Briefly, microcoils with an internal diameter of 0,18mm (Sawane) 
were placed around the left and right common carotids in BCAS operated mice, while the same 
surgery was performed in Sham operated animals without placement of the microcoils. The 
cerebral blood flow was measured during the surgery by Laser Doppler flowmetry and was 
significantly decreased in BCAS vs Sham (BCAS -42±4 vs Sham +2±2, p<0,0001). BCAS 
operated mice were sacrificed under anaesthesia after 1 week (n=4) and 2 weeks (n=3) and Sham 
operated mice were sacrificed after 2 weeks (n=10). The hypoxic marker pimonidazole was 
injected i.p one hour before sacrifice in conscious mice (only 1week BCAS group) and a vascular 
tracer (70kDa-dextran-TexasRed, Thermofisher D1864, 200μL at 2,5 mg/mL) was injected i.v in 
isoflurane-anaesthetized mice (vena cava) 15 minutes prior to the sacrifice by decapitation. Brains 
were harvested directly after death without perfusion and fixed overnight in 4% paraformaldehyde 
(PFA). The brains were then transferred to a solution containing phosphate-buffered saline (PBS) 
and 1% sodium azide (NaN3) before slicing. 
 
 

Immunohistochemistry 
 
Brain slicing  
 
Fifty μm thick coronal sections were prepared using a vibratome (VT1200S, Leica). Five 
consecutive series of 11-12 slices were prepared. Free-floating sections were used to stain hypoxic 
areas/cells (pimonidazole positive cells). 
 
Hypoxic cells staining 
 
Six identical brain slices per brain were chosen for the staining. Briefly, sections blocked in a TBS-
T + 1% bovine serum albumin (BSA) solution for 2h at room temperature (RT). samples were then 
incubated with primary antibody overnight at 4 °C. The following day, samples were then 
incubated with secondary antibody and anti-pimonidazole-pacific blue antibody (Hypoxyprobe 
Pacific blue kit; 1:100) in TBS-T + 1% BSA for 2h at 4 °C. Finally, the slices were washed and 
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mounted on gelatin-coated microscopic slides with a fluorescent anti-fading mounting medium 
(Thermofisher, Prolong gold antifade P10144). 
 
 

Image acquisition and analysis  
 
Hypoxic cells and microglia 
 
Pimonidazole-positive cells from the corpus callosum and adjacent deep cortical and striatal areas 
were imaged by confocal microscopy (ACS APO 40.0 x 1.15 objective, Leica DMI 4000 
microscope). Image stacks (30 μm; step size: 2 μm) including microglia (GFP) OPC 
(Olig2/CC1/NG2), and the hypoxic marker (Pacific blue) were acquired at a resolution of 512 x 
512 pixels. Stained sections were screened for the detection of hypoxic cells within the corpus 
callosum and the adjacent cortical areas. 
 
Microglia quantification  
 
For the quantification of microglia density and the evaluation of morphological changes the 
software WIS-NeuroMath was used. Briefly, 1 μm was defined as 1,86 pixels and the settings were 
defined as the following: the noise level was set to 1.5, the min. cell intensity 10, min. area 10, 
max area 3850, min. diameter 2, max. axial ratio 10 and min. neurite length 5 μm.  
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Supplementary Figure 1: Schematic overview of in vivo methods. (A) Laser Doppler Imaging (LDI) method 
of CBF measurement during surgical procedures. (B) Laser speckle contrast imaging (LSCI) method of CBF 
measurements before, right after and 7 days after surgical procedures. (C) Bodyweight changes after surgery. 
(D) CBF changes measured with LDI during surgery. (E) CBF was quantified and compared to baseline 
measurements at d0 and d7 in the large vessels. A significant decrease of 14.7±5.3% in BCAS mice compared 
to baseline measurements at d0 and 27.2±3.6% at d7, with no significant changes in Sham mice at both d0 
(13.1±9.0%) and d7 (10.5±5.5%). A significant difference in blood flow change between the two groups was 
observed at both d0 and d7. Mean±SEM; ns=not significant; #p<0.05, ####p<0.0001 vs baseline measurements; 
Data points (dots) indicate biological replicates; *p<0.05, **p<0.01, ****p<0.0001, vs Sham; unpaired student 
t-test. 
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Supplementary Figure 2: Hypoxia affected the oligodendrocytes and neurons in the deep cortical regions. 
(A) Immunohistochemistry for microglial (Cx3cr-GYP reporter) and hypoxic cells (Pimonidazole+). Scale bar, 
50 µm. (B) 7 days of hypoperfusion did not lead to changes in microglia density, but (C) did acquire a pro-
inflammatory phenotype in BCAS mice as shown by the increased cell area and (D) and by the increased Cx3Cr1 
expression. (E) Although microglia (Cx3cr1-GFP, indicated by green arrow) were not identified as hypoxic 
(Pimonidazole+, indicated by blue arrow), the hypoperfusion induced in BCAS mice did have an impact on other 
glial cells (Olig2+, indicated by red arrow). (F) Hypoxic OPC were initially identified by double positive cells 
for OPC marker NG2 and Pimonidazole (indicated by blue arrow) (G) The cellular shape of pimonidazole+ cells 
(zoomed panel) that did not express Olig2 or CC1 suggested that most hypoxic cells were in fact of neuronal 
origin. Scale bar, 50 µm. Mean±SEM; (n=3); Data points (dots) indicate biological replicates; *p<0.05, unpaired 
student t-test. Statistically non-significant comparisons are not shown. 
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Supplementary Figure 3: BCAS does not lead to oligodendrocyte (precursor) cell density changes after 7 
days. (A) No differences in OPC density, quantified by the number of Olig2+/CC1- immunolabelled cells, were 
found when comparing BCAS to Sham (p=0.91). (B) OL density, quantified by the number of Olig2+/CC1+ 
immunolabelled cells, was also unaltered in BCAS compared to Sham (p=0.43). Mean±SEM; Data points (dots) 
indicate biological replicates; Unpaired student t-test. Statistically non-significant comparisons are not shown. 
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Supplementary Figure 4: Primary OPC culture purity (A) Immunocytochemistry of primary OPC cultures. 
Oligodendroglial (CC1 and Olig2), microglia (Iba1), and astrocyte (GFAP) were identified in the cell cultures 
to determine contamination after OPC isolation from mixed glial cultures by shaking. Scale bar, 50 µm. (B) 
Quantification of number of OPC (CC1-/Olig2+, 85.6%) and mature oligodendrocytes (CC1+/Olig2+, 8.4%) as a 
percentage of the total number of cells (DAPI+). (C) Quantification of number of microglia (Iba1+, 1.1%) or 
astrocytes (GFAP+, 1.4%) as a percentage of the total number of cells (DAPI+). Mean±SEM; The graphs 
represent three independent experiments, each with three technical replicates. 

 

 

  



Chapter 5  
Hypoxic oligodendrocyte precursor cell-derived VEGFA is associated with blood-brain barrier impairment 

 119 

Supplementary Table 1: Primary and secondary used for immunohistochemistry. 

Primary antibody Host Dilution Cat no. Supplier 
Anti-Pimonidazole conjugated to Pacific Blue 
fluorophore 

Rat 1:100 HPI15 Hypoxyprobe Inc. 

Anti-NG2 Rabbit 1:250 AB5320 Sigma-Aldrich 
Anti-Olig2 Rabbit 1:200 AB9610 Sigma-Aldrich 
Anti-APC, clone CC1 Mouse 1:400 MABC200 Sigma-Aldrich 
Anti-myelin basic protein (MBP) Rat 1:500 MAB386 Sigma-Aldrich 
Anti-MBP, clone SMI94 Mouse 1:1000 836504 Biolegend 
Anti-Iba1 Rabbit 1:500 019-19741 Wako Chemicals 
Anti-Glial Fibrillary Acidic Protein (GFAP) Mouse 1:400 G3893 Sigma-Aldrich 
Lycopersicon esculentum (Tomato) Lectin 
Texas Red 

Donkey 1:100 TL-1176-1 Vector Labs 

Anti-mouse IgG Alexa Fluor 488 Donkey 1:200 A-21202 Invitrogen 
     
Secondary antibody     
Anti-mouse IgG Alexa Fluor 488 Donkey 1:200 A-21202 Invitrogen 
Anti-rabbit IgG Alexa Fluor 594 Donkey 1:200 A-21207 Invitrogen 
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Supplementary Table 2: Primers used in quantitative PCR. 

Primer name Primer sequence  
Rpl13a Forward  AGCCTACCAGAAAGTTTGCTTAC 

Reverse GCTTCTTCTTCCGATAGTGCATC 
Ywhaz  Forward  GAAAAGTTCTTGATCCCCAATGC 

Reverse TGTGACTGGTCCACAATTCCTT 
Vegfa Forward GCACATAGAGAGAATGAGCTTCC 

Reverse CTCCGCTCTGAACAAGGCT 
Hif1a Forward  AATGAAGTGCACCCTAACAAGCCG 

Reverse TGGCCCGTGCAGTGAAGC 
Epas1 Forward  TCACTCATCCTTGCGACCAT 

Reverse TTCCCAAAACCAGAGCCGTT 
Cldn5 Forward  CCACGGCCAATGGCGATTAC 

Reverse TCGTCATCCACACACGGCTT 
Ocln Forward  CCTCGGTACAGCAGCAATGG 

Reverse TAGTGGTCAGGGTCCGTCCT 
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Supplementary 
Figure 5: Efficiency of Hif1a and Epas1 siRNA. (A) Hif1a expression was significantly decreased by Hif1a 
siRNA, while Epas1 siRNA did not significantly decrease Hif1a expression. (B) Epas1 expression was inhibited 
by both Hif1a and Epas1 siRNA. Treatment with both siRNA led to a significant decrease in both Hif1a and 
Epas1 expressions. For quantification, Mean±SEM; The graphs represent three independent experiments, each 
with three technical replicates; ***p<0.001, and ****p<0.0001, vs 2% + negative control siRNA; one-way 
ANOVA with Tukey’s multiple comparisons test. Statistically non-significant comparisons are not shown. 
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Supplementary Table 3: Cohort characteristics of all included participants without exclusion of identified 
outliers for VEGFA plasma concentration. 

  
Control 
(n=30) 

Patient 
(n=55) 

Univariable 

 

Multivariable 
(age and sex 
corrected) 

    b (p-value) b (p-value) 

  Age 68.1±2.3 70.4±1.4   

  Male (Female) 19 (11) 35 (20)   

WMH Relative volume, 10-3 3.5±1.6 15.4±2.1 0.391 (<0.001) 0.402 (<0.001) 

BBB leakage in 
NAWM 

Ki, 10-3min-1 1.09±0.06 0.96±0.04 -0.187 (0.086) -0.193 (0.079) 

vL 0.298±0.034 0.386±0.026 0.215 (0.048) 0.216 (0.050) 
BBB leakage in 

WMH 
Ki, 10-3min-1 0.87±0.05 0.84±0.04 -0.048 (0.659) -0.071 (0.531) 

vL 0.333±0.036 0.459±0.028 0.285 (0.008) 0.281 (0.010) 

Abbreviations: WMH = white matter hyperintensities; BBB = blood brain barrier; NAWM = normal appearing white 
matter; Ki = leakage rate; vL = leakage volume.  

 

Supplementary Table 4: Cohort characteristics of excluded participants due to measurements identified 
as outliers for VEGFA plasma concentration. 

  Outliers (n=12) 

  Mean±SEM Min – Max 

  Age 73.7±2.6 53 – 82 

  Male (Female) 6 (6) 
 

WMH Relative volume, 10-3 8.6±2.2 1.3 – 2.2 

BBB leakage in NAWM 
Ki, 10-3min-1 0.93±0.088 0.6 – 1.5 

vL 0.466±0.061 0.110 – 0.712 

BBB leakage in WMH 
Ki, 10-3min-1 0.92±0.076 0.5 – 1.3 

vL 0.449±0.061 0.146 – 0.739 

VEGFA plasma conc. Pg/ml 405.8±121.7 94.9 – 1326.3  

Abbreviations: WMH = white matter hyperintensities; BBB = blood brain barrier; NAWM = normal appearing white 
matter; Ki = leakage rate; vL = leakage volume; conc. = concentration; Min = minimum; Max = maximum.  
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Supplementary Figure 6: No correlation between VEGFA blood plasma levels and WMH volume or 
leakage rate in WMH or NAWM prior to exclusion of outliers. (A) VEGFA blood plasma levels in cSVD 
were not different compared to age and sex-matched controls (data points [dots] indicate biological replicates) 
and no correlation was seen between VEGFA plasma concentration and (B) WMH volume or leakage rate in 
(C) WMH and (D) NAWM in cSVD patients prior to exclusion of identified outliers. Abbreviations: WMH = 
white matter hyperintensities; NAWM = normal appearing white matter; Ki = leakage rate. For quantification, 
mean±SEM; ns = not significant; Mann-Whitney U-test. 
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Supplementary Table 5: Associations between VEGFA plasma levels and MRI imaged cSVD 
characteristics in cSVD patients prior to exclusion of outliers. No correlations were found between VEGFA 
plasma levels and sSVD parameters in the cSVD patient population prior to exclusion of outliers. P<0.05 was 
considered significant. 

  Univariable Multivariable  

  b p-value b p-value 
WMH  0.012 0.933 -0.053 0.689 

BBB leakage in 
NAWM 

Ki -0.015 0.913 -0.028 0.846 
 

vL -0.038 0.785 -0.025 0.862  

BBB leakage in 
WMH 

Ki -0.007 0.959 -0.012 0.935  

vL -0.048 0.728 -0.038 0.792  

Abbreviations: WMH = white matter hyperintensity; BBB = blood brain barrier; NAWM = normal appearing white 
matter; Ki = leakage rate; vL = leakage volume. 
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Appendix A  

Inclusion and exclusion criteria cSVD study population 
 
Patients included lacunar stroke and mild vascular cognitive impairment (mVCI) patients. Lacunar 
stroke patients had first-ever acute lacunar syndrome with a compatible recent small subcortical 
infarct defined as a small (<20mm) lesion in the brain stem, thalamus, basal ganglia, internal 
capsule or white matter, and hyperintense on diffusion weighted (DW) MRI and either normal or 
hyperintense on T2 and fluid-attenuated inversion recovery (FLAIR) MRI and were included 3 
months after the acute stroke to avoid acute stroke phase changes. Patients with no visible lesions 
on imaging were included based on clinical criteria such as unilateral motor and/or sensory signs 
involving the whole of at least two of the three body parts (face, arm, leg) without disturbance of 
consciousness, visual fields, language, or other cortical functions. Patients were excluded when 
presented with a potential cardiac embolic source or stenosis of ≥ 50% of one or both internal 
carotid arteries. MVCI patients presented subjective cognitive complaints, failure in one or more 
cognitive domains determined by neuropsychological assessment, and extensive MRI 
abnormalities associated with cSVD, i.e. white matter hyperintensities (WMHs) Fazekas score 2 
or 3, and/or with microbleeds, and/or lacunes and no other cognitive deficits. Patients with 
suspected neurodegenerative disease other than vascular cognitive impairment (e.g. Alzheimer's 
disease), another neurological or psychiatric disease interfering with cognitive testing, or with 
severe cognitive impairment defined as Mini Mental State Examination <20 and/or Clinical 
Dementia Rating >1, were excluded. Controls participants were age- and sex-matched with no 
symptoms of stroke or cognitive impairments. Participants with a history of cerebrovascular 
disease, other diseases of the central nervous system or with MRI contraindications were excluded.  
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Figure A1: No correlation was found between VEGFA blood plasma levels and leakage rate in WMH or 
NAWM prior to exclusion of samples with undetectable levels of VEGFA. (A) VEGFA blood plasma levels 
in cSVD patients were not different compared to controls (data points [dots] indicate biological replicates) and 
no correlation was seen between VEGFA plasma concentration and (B) WMH volume or leakage rate in (C) 
WMH and (D) NAWM in cSVD patients prior to exclusion of samples with undetectable levels of VEGFA. 
Abbreviations: WMH = white matter hyperintensities; NAWM = normal appearing white matter; Ki = leakage 
rate. For quantification, mean±SEM; ns = not significant; Mann-Whitney U-test. 
 



Chapter 5  
Hypoxic oligodendrocyte precursor cell-derived VEGFA is associated with blood-brain barrier impairment 

 127 

  



 

 

Chapter 6 
- 

Summary and general discussion 
  



Chapter 6 
Summary and general discussion 

 129 

Pathological features of cerebral small vessel disease (cSVD) include impairment of the blood-
brain barrier (BBB) and the progression of white matter lesions (WMLs) amongst other structural 
lesions, leading to the clinical manifestations of cSVD such as progressive cognitive decline and 
gait and other motor impairments. Hypertension, which is one of the most prominent risk factors 
for cSVD, can result in chronic hypoperfusion in the brain [1]. This can lead to a series of events 
causing pathology such as microbleeds and WMLs. The BBB functions to protect and maintain 
the homeostasis in the brain, with endothelial cells (ECs) as a major component of this structure. 
These ECs are characterised by specific tight junction proteins such as Claudin-5 (CLDN5) and 
Occludin (OCLN) forming the endothelial barrier and disruption of these cells might lead to BBB 
dysfunction. ECs interact with several cell types in the brain, such as astrocytes, microglia, and 
oligodendrocytes, to not only provide structural and functional support for proper brain function 
but also develop and maintain the BBB [2]. 
 
As for oligodendrocytes, they are responsible for myelinating axons in the central nervous system 
(CNS), protecting them from damage and facilitating the fast transduction of action potentials. 
However, oligodendrocytes and oligodendrocyte precursor cells (OPCs) are not only important for 
these functions, but they also interact with their surrounding cells to provide trophic support. 
Crosstalk between ECs and OPCs has emerged in recent literature as an important player in the 
developing brain vasculature, but also in the adult BBB and white matter (WM) integrity [3]. A 
body of evidence suggest that this interaction is mediated by signalling through the Wnt/β-catenin 
pathway. The Wnt/β-catenin signalling pathway is an important regulator of vascular development 
and tight junction (TJ) protein expression and subsequent barrier function [4]. In the developed 
adult brain, Wnt signalling seems to be involved in angiogenesis and BBB integrity and OPCs 
seem to secrete Wnt proteins in response to hypoxic injury [4–7]. Hypoxic insult caused by 
hypoperfusion in the brain might cause myelin damage in the brain WM leading to recruitment of 
OPCs in an attempt to repair the damage. These recruited OPCs utilise the vasculature to migrate 
to the site of injury, which seems to be driven by Wnt signalling in the interaction of the ECs and 
OPCs [8]. Thus, dysfunctional EC-OPC interaction due to aberrant Wnt signalling may limit 
remyelination of WMLs and render BBB impairments, thereby initiating a vicious 
neuroinflammatory cycle leading to the development of cSVD.  
 
We hypothesised that cerebral chronic hypoperfusion leads to local hypoxia in the brain, affecting 
the OPCs, which lead to abnormal OPC signalling and an impaired interaction with brain ECs, 
ultimately causing disruption of the BBB and unresolved WM damage due to compromised 
remyelination. Understanding these early pathogenic mechanisms in cSVD can lead to the 
development of novel diagnostic tools and therapeutic strategies. Thus, the overall aim of this 
thesis was to identify and investigate molecular signalling mediators of the OPC-EC crosstalk that 
might be underlying early mechanisms leading to the development of cSVD. To test our 
hypothesis, we used several experimental in vitro brain endothelial and OPC models, and an in 
vivo model for cerebral hypoperfusion. Additionally, a retrospective human study was used to 
support our in vivo and in vitro findings.  
 
In this general discussion, we intend to discuss some of the main findings and limitations of our 
studies. We will particularly address: (1) The involvement of Wnt7a in the crosstalk between OPCs 
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and ECs and their role in cSVD; (2) The effects of Wnt7a stimulation on TJ protein expression 
and endothelial barrier function; and (3) cell migration in brain ECs; and lastly (4), we explore the 
role of hypoperfusion induced response of OPCs affecting the vascular ECs and BBB permeability 
and WM integrity. 
 
 

Summary of main findings 
 
Chapter 2 provides an overview of the knowledge on Wnt signalling for the endothelial – 
oligodendroglial interaction and its relevance for the pathophysiology of cSVD. Our systematic 
review revealed that Wnt signalling plays a key role in OPC recruitment and migration in hypoxia 
in an attempt to recover damaged WM [3, 5, 8–10]. Furthermore, a reciprocal interaction between 
ECs and OPCs has been suggested, as endothelial dysfunction led to WM damage and decreased 
OPC densities [11, 12]. This is strengthened by data from in vivo studies showing that EC 
dysfunction precedes OPC and WM abnormalities in cSVD pathology, and that WM damage can 
lead to increased Wnt expression by OPCs, resulting in the recruitment of new OPCs via the 
CXCL12-CXCR4 mediated interaction with the vasculature [8, 10]. Once OPCs reach their 
destination, Wnt signalling is downregulated to allow OPC detachment from the vasculature and 
initiate their proliferation and differentiation [8].  
 
Dysfunction of the Wnt signalling pathway can lead to the inhibition of the detachment and 
differentiation of OPCs, leading to clustering of perivascular OPCs, ultimately leading to BBB 
impairments [10, 13]. In Chapter 2, the systematic review identified Wnt7a as a potential mediator 
of the interaction between ECs and OPCs in response to hypoxic injury. Hypoxic conditions can 
initiate stabilisation of hypoxia-inducible factor (HIF)1/2α in OPCs, which then increases Wnt7a 
and Wnt7b expression and secretion. In vitro studies suggest that Wnt7a triggers tip sprouting and 
tube formation in mouse brain ECs mediated by β-catenin, while in vivo studies in mice showed 
β-catenin mediated angiogenesis mediated by Wnt7a/b secretion by OPCs [5, 6, 14]. 
Overexpression of Wnt7a is suggested to underlie the OPC response to hypoxic injury, which can 
lead to the above-mentioned pathological response seen in cerebral hypoxia [5, 6, 15]. Thus, we 
focused on the Wnt7a-mediated changes in brain ECs.  
 
In Chapter 3, we aimed to investigate the pathways involved in the in vitro effects of Wnt7a 
stimulation mediated by β-catenin signalling on brain endothelial barrier integrity. Our results 
revealed that 100 ng/ml Wnt7a stimulation led to an increase in β-catenin expression and nuclear 
translocation, which was reversed by the selective Wnt signalling inhibitor XAV939. Wnt7a 
stimulation led to a β-catenin mediated decrease in Cldn5 and Ocln expression, while Wnt7a 
stimulation only decreased protein levels of CLDN5. In line with the decrease in TJ proteins, 
Wnt7a stimulation also led to decreased endothelial barrier formation assessed with the in vitro 
trans-endothelial electrical resistance (TEER) assay. In addition, transcriptomic data of the Wnt7a 
treated bEnd.3 cells revealed the enrichment of the angiogenesis pathway and upregulation of 
Hif1a and vascular endothelial factor A (Vegfa). The upregulation of Hif1a and Vegfa was 
mediated by β-catenin, indicating an interaction between the Wnt and HIF1α signalling pathways. 
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However, inhibition of Hif1a with siRNA did not affect protein levels of CLDN5 or OCLN but 
did inhibit Wnt7a-mediated decrease in Ocln mRNA expression. Thus, our results suggest that 
Wnt7a stimulation leads to the β-catenin mediated downregulation of TJ protein CLDN5 and 
decrease of endothelial barrier function, which might be modulated by HIF1α signalling. 
 
In Chapter 4, we utilised the transcriptomic regulation of Wnt7a stimulated brain ECs to uncover 
cell migration pathways linked to OPCs. Gene ontology analysis revealed cell migration as one of 
the top enriched pathways in response to Wnt7a stimulation. Gene analysis identified Cxcl12 as 
the highest regulated gene in the Wnt/β-catenin pathway. We demonstrated that the Wnt7a-
mediated decrease in Cxcl12 was not dependent on β-catenin signalling. It is known that OPCs 
migrate by utilising the vasculature via CXCL12-Wnt-CXCR4 signalling [8, 16]. We therefore 
investigated the possible effect of Wnt7a on the expression of Cxcl12 in ECs and the expression 
of its receptor, Cxcr4, in OPCs. While Cxcr4 was unchanged in OPCs upon Wnt7a stimulation, 
our study warrants further study of the possible role of Wnt7a-mediated decrease of CXCL12 in 
brain ECs, as this can consequently lead to decreased OPC migration and impair the WM 
remyelination capacity after ischaemic damage.  
 
Finally, the aim of Chapter 5 was to investigate early in vivo mechanisms leading to impaired 
OPC-EC interaction due to chronic hypoperfusion of the brain. To mimic the decreased brain 
perfusion observed in the WM of cSVD patients, we induced cerebral hypoperfusion via bilateral 
carotid artery stenosis (BCAS) in mice [17]. Our results showed a persistent decrease in cerebral 
blood flow (CBF) in BCAS mice compared to Sham mice after 1 week of stenosis. Reduced CBF 
led to an increase in hypoxic subcortical OPCs, without any changes in WM integrity at this early 
disease stage. This was associated with an increased BBB permeability. In vitro, we assessed the 
transcriptomic profile of primary OPCs exposed to hypoxia. Based on our earlier systematic 
review, we expected Wnt7a/b to be regulated in this condition. However, both Wnt7a and Wnt7b 
mRNA expression remained unchanged (data not shown). We revealed Vegfa as one of the top 
regulated genes in OPCs in response to hypoxia with gene ontology and gene expression analysis. 
Increase in Vegfa expression in response to hypoxia was regulated by both Hif1a and Epas1 
(Hif2a), and was validated in an OPC line. Treatment of brain ECs with conditioned medium from 
hypoxic OPCs revealed the downregulation of Cldn5 and Ocln expression. To assess the 
translational relevance of our in vitro and in vivo findings, we retrospectively investigated VEGFA 
protein levels in blood plasma samples from cSVD patients and controls. VEGFA plasma levels 
were increased in patients versus controls and were associated with increased blood-brain barrier 
permeability in normal appearing white matter of patients. These findings indicate that VEGFA 
associated pathological mechanisms might only be present in the early development of WM 
damage in cSVD patients and not in the developed lesions. Taken together, our findings suggest a 
role of OPC-derived VEGFA as an early mechanism in BBB impairment and WM damage in 
cSVD pathology. A schematic summary of our main findings is illustrated in Figure 1.  
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Figure 1: schematic summary of main findings of this thesis. Hypoxia induced Wnt7a led to a β-catenin 
dependent decrease in tight junction proteins and increased BBB permeability (Chapter 3). Wnt7a stimulation 
also led to the decrease in Cxcl12 that is involved in the migration of OPCs via the vasculature (Chapter 4). 
Hypoperfusion mediated hypoxia led to hypoxic OPCs in the deep cortical regions. Hypoxic OPCs show 
increased HIF-1/2α dependent expression of VEGFA, which in turn can lead to increased blood-brain barrier 
(BBB) dysfunction and decrease in tight junction proteins (Chapter 5). This might be the underlying pathology 
in the development of WM damage seen in cerebral small vessel disease. 
 
 

Interpretation of main findings 
 
We discussed the Wnt mediated crosstalk between ECs and OPCs in chapter 2 and established 
Wnt7a as a potential molecular mediator of this interaction. It is suggested that hypoxia exposed 
OPCs increase their production of Wnt7a protein thought HIF1α signalling, which results in an 
increase in proliferation and tube formation of ECs [5]. These are important processes in brain 
vascular angiogenesis [18]. Wnt7a acts through activation of its receptor Frizzled (Fzd) 4 and 
coreceptors low-density lipoprotein receptor (Lrp) 5 or 6 to induce the formation of endothelial tip 
cells that sprout from the vasculature to direct the proliferation and formation of new vessels during 
angiogenesis [18–20]. A study in zebrafish identified the interaction of Wnt co-activators, Reck 
and the Gpr124, as being essential for Wnt7a/b-specific brain angiogenesis via the regulation of 
these tip cells [21]. Thus, indicating that the angiogenic response of ECs does not solely depend 
on Wnt7a signalling. In hypoxic conditions, in vitro pluripotent stem cells increase their Wnt7a 
expression and differentiate into microvascular ECs, while in vivo hypoxia leads to angiogenesis 
and higher vascular density in the WM through regulation of EC sprouting [15, 22, 23]. In mice, 
OPCs were able to interact with sprouting ECs and facilitate the vascularisation in the WM, while 
hypoxia resulted in hypervascularisation of the WM accompanied by hypomyelination and 
decreased number of mature oligodendrocytes [23].  
 
Histological analysis of human hypoxic ischaemic encephalopathy brain lesions suggests that 
these OPCs express Wnt7a and increase Wnt/β-catenin target genes, Apcdd1 and Axin2, in the ECs 
of the hypoxia damaged WM, without affecting the BBB [23]. However, our results in chapter 3 
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did not show the increase in Axin2 expression in brain ECs stimulated with Wnt7a. We did see a 
significant decrease in TJ protein CLDN5 and decreased endothelial barrier formation. Another 
study that reported an increase in the number of perivascular OPCs in response to ischaemic insult, 
showed a similar upregulation of Wnt7a expression in hypoxic OPCs exposed to hypoxia [15]. 
However, these cells were also deprived from glucose and oxygen tension was 0.1%, indicating 
that such factors might have a modulating role in the response of Wnt/β-catenin signalling [15]. 
Key players in these pathways might be Hif1a and Vegfa, as Vegfa expression was also increased 
in these hypoxic OPCs, which is in accordance with our results showing a β-catenin dependent 
increase in both Hif1a and Vegfa in response to Wnt7a signalling [15]. Several other studies have 
shown the interplay between Wnt/β-catenin and HIF1α/VEGFA pathways [22, 24, 25]. In vitro 
exposure of human pluripotent stem cells (hPSCs) to hypoxia upregulated both Wnt7a and HIF1α 
[22]. Similarly, hypoxia exposure in hepatocellular carcinoma activated β-catenin, while β-catenin 
enhanced the hypoxia induced effects by increasing HIF1α activity [24, 25]. This suggests that the 
observed EC-OPC crosstalk mediated by OPC-derived Wnt7a under hypoxia conditions may be a 
consequence of the interplay between Wnt/HIF1α signalling rather than direct Wnt/β-catenin 
involvement. However, we were not able to demonstrate the role of HIF1α signalling in the Wnt/β-
catenin effect on TJ proteins expression in Chapter 3, as suggested by other studies showing the 
interplay between these signalling pathways [6, 26–30]. Thus, the precise role of Wnt/HIF1α 
signalling remain uncertain, requiring further investigation to address this knowledge gap (Figure 
1).  
 
Wnt7a signalling can also exert effects independently of β-catenin signalling. In Chapter 4, our 
results suggest the β-catenin independent regulation of Cxcl12 expression by Wnt7a in brain ECs. 
Cxcl12-Cxcr4 mediated migration of OPCs via the vasculature has previously been linked to Wnt 
signalling, with clustered Wnt-activated perivascular OPCs showing an upregulation of Cxcr4 in 
mice, while treatment with the Cxcl12-Cxcr4 antagonist, AMD3100, led to the dissociation of the 
OPCs from the vessels [8]. Although our results do not reflect the regulation of Cxcr4, we could 
demonstrate the regulation of Cxcl12 in ECs upon Wnt7a stimulation. These findings together 
indicate the importance of this chemokine interaction in the migration of OPCs in response to Wnt 
signalling. However, a study in bone marrow stromal cells showed the downregulation of CXCL12 
by Wnt3a mediated by β-catenin signalling, while our results indicate that the Cxcl12 decrease 
was independent of β-catenin activation [31]. These apparent contradictory results indicate the 
complexity and versatility of the Wnt/β-catenin signalling pathways and its modulators and their 
exact role in vascular and glial interaction. This might also explain the lack of evidence to directly 
link Wnt7a to cSVD. However, a recent human genome-wide association study (GWAS) suggests 
an indirect link between Wnt7a and cSVD pathological features [32]. In this GWAS study with 
more that 40,000 participants, two independent polymorphisms were identified at the Wnt7a locus 
(chr3 p25.1) and were associated with extensive perivascular space (PVS) burden in the WM. PVS 
are spaces surrounding blood vessels as they penetrate into the brain parenchyma, and enlargement 
of these spaces is one of the earliest MRI detectable markers for cSVD [32, 33]. However, these 
findings do not demonstrate a causal link of the involvement of Wnt7a in PVS burden, but rather 
show an association with polymorphisms near the Wnt7a gene.  
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Considering the significance of OPC-derived Wnt in maintaining WM integrity [23], these results 
suggest that dysfunction of Wnt7a in OPCs might be an underlying early mechanism in the 
development of cSVD. However, our in vitro results in Chapter 5 did not indicate a hypoxia 
mediated regulation of Wnt7a in OPCs. Our hypoperfusion model in mice showed that OPCs were 
the first glial cells to be affected by hypoxia, before the occurrence of WMLs. In line with this 
findings, other studies found that Wnt7a is not affected in OPCs by hypoxic signalling pathways 
[7, 34–36]. Furthermore, HIF1α signalling did not lead to the regulation of Wnt7a in cells of the 
oligodendroglial lineage, and blocking Wnt signalling did not affect regulation of OPC 
differentiation and myelination [7]. The discrepancy in the literature might be a consequence of 
methodological inconsistency. A methodological consideration that could explain the different 
OPC response to hypoxia might be the definitions of hypoxia. Wnt7a regulation was found in a 
study that exposed OPCs to glucose deprivation in addition to hypoxic insult [6], while other 
groups use only oxygen deprivation [5, 15]. Metabolic changes have huge consequences on the 
OPC transcriptomic profile and could thus result in discrepancy between results from different 
groups. To test our hypothesis, we used hypoxic in vitro conditions without glucose deprivation to 
mimic the in vivo and in human conditions [17, 37]. Another factor might be the purity of the OPC 
cultures, as these can be contaminated with other cell types such as astrocytes and microglia due 
to method of isolation. Contamination of primary OPC cultures with astrocytes might result in 
Wnt7a upregulation upon hypoxic exposure [36, 38, 39], while in vivo microglia are known to 
express Wnt7a in their anti-inflammatory M2c state [40]. This discrepancy is also seen in in vivo 
models. HIF1α stabilisation in astroglia in transgenic mice increased Wnt/β-catenin signalling 
mediated angiogenesis in ECs, while HIF1α stabilisation in OPC led to increased VEGFA 
mediated angiogenesis [36]. In addition, it seems that the Wnt and VEGFA signalling pathways 
might also interact with each other [41]. Thus, these signalling pathways might easily be confused 
(Figure 1) [5, 36].  
 
VEGF regulates angiogenesis in the brain by stimulating EC proliferation and migration, and can 
also affect the oligodendroglial cells. For example, VEGFA increases OPC migration without 
affecting proliferation, while another member of the VEGF family, VEGFC, promotes the OPC 
proliferation [42–44]. Our results in Chapter 5 indicate that hypoxia induced VEGFA expression 
was regulated by both Hif1a and Epas1 in OPCs, which is in line with other in vitro studies that 
show the increase in VEGFA in OPCs after hypoxia exposure [15, 35] and in vivo BCAS 
hypoperfusion mice [45, 46]. We also found no changes in OPC density in BCAS, which might 
reflect the role of VEGFA in promoting OPC migration without affecting proliferation. 
Additionally, VEGFA is known to downregulate CLDN5 and OCLN in microvascular ECs, which 
was similar to the downregulation of these TJ proteins observed in our in vitro ECs that were 
treated with conditioned medium from OPCs exposed to hypoxia [47]. These findings suggest that 
VEGFA signalling might play an important role in hypoxia mediated EC-OPC interaction [3, 48]. 
OPCs in hypoxic WM might secrete VEGFA in an attempt to increase oxygen levels, as activated 
ECs migrate towards the VEGFA gradient during angiogenesis [49]. We found a correlation 
between blood plasma VEGFA levels and BBB leakages in the normal appearing white matter 
(NAWM) in cSVD patients, which may be the consequence of increased BBB permeability due 
to VEGFA before the initiation of the WMLs. Similarly, other studies have found a correlation 
between VEGFA levels and WM damage. VEGFA levels were higher in the WM and CSF of 
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patients with vascular dementia [50, 51]. A recent study that investigated the association between 
WMLs and neuroinflammatory markers also found that higher VEGFA levels in the cerebrospinal 
fluid (CSF) was associated with more WMLs in mild cognitive impaired patients [52]. Thus, 
VEGFA is a pleiotropic mediator in the endothelial-oligodendroglial interaction in response to 
hypoxia; OPCs respond to early hypoxic injury by secreting VEGFA, which induces angiogenesis 
and EC proliferation, leading to increased BBB permeability in areas with high VEGFA 
concentrations, while also attracting OPCs to repair damaged WM [53]. 
 
 

Methodological considerations 
 
Wnt7a as a stand-alone active compound 
 
Several studies have suggested that the use of recombinant Wnt7a shows little to no effect on Wnt 
signalling pathway, with Wnt7a being prone to enzymatic degradation [54]. However, the co-
activator Reck can bind and protect Wnt7a, resulting in enhanced Wnt7a signalling [27, 55, 56]. 
We acknowledge the fact that Wnt7a did not induce expression of the β-catenin signalling target 
gene, Axin2. However, our immunocytochemistry and transcriptomic data clearly showed the 
activation of β-catenin and expression of wide range of genes, indicating that Wnt7a clearly acts 
as an active compound and activates both β-catenin mediated and non-β-catenin mediated 
signalling in our cultured brain ECs. Although using bEnd.3 cells might offer a consistent and low-
cost model to investigate endothelial barrier function, it does not reflect the full anatomical 
function [57]. Using hPSCs that are differentiated into brain microvascular ECs (ihBMECs) shows 
superior barrier properties, offering a more suitable model to study brain endothelial barrier 
function [57].  
 
Physiological hypoxia in vitro 
 
As mentioned earlier, the use of in vitro models provides an ethical and cost- and time-efficient 
alternative for in vivo models. However, a wide range of variables must be considered, such as 
composition of cell culture media, medium exchange frequency, culture surface, and cell 
confluency. The cells must also be maintained at the correct temperature (37 oC), atmospheric air 
(21% O2) enriched by 5% CO2, and appropriate humidity [58]. Due to partial pressures of CO2 and 
water vapour, the incubator atmosphere reaches 18.6% O2 in the conventional standard culturing 
conditions, which is considered as normoxic [59]. These standard culturing conditions however 
do not always offer the right environment for all cell types. As the oxygen demand is variable 
depending on the cell type, the pericellular oxygen levels are very different from the atmosphere 
levels. In addition, the physiological range of oxygen levels in different tissue is variable [58]. 
Thus, making it difficult to mimic the exact environmental physiological conditions in culture. 
The atmosphere oxygen level commonly described in literature as hypoxia, ranges from 1% to 
10% [58]. In our model, we used 2% and 5% oxygen levels to investigate the ideal hypoxic 
condition (data not shown). Oxygen levels of 2% resulted in the biggest transcriptomic response 
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and were chosen as the appropriate oxygen levels for hypoxia. We used 21% atmospheric oxygen 
levels as standard normoxic condition, which might reflex a hyperoxic environment for some cell 
types. Areas in the deep WM might not be well vascularised and might thus have lower oxygen 
tension in normoxic brain tissue. Thus, we used the transcriptomic data of 2%, 5%, and 21% 
oxygen levels to determine the normoxic (21% O2) and hypoxic (2% O2) culturing conditions in 
our setup, but we do acknowledge that this must be taken with caution.  
 
BCAS as a model for small vessel pathology 
 
The BCAS mouse model is a valuable and commonly used model for vascular cognitive 
impairment and to some extent for cSVD as it presents several pathological characteristics of 
chronic hypoperfusion. Investigations in this model report decreased CBF, increase BBB 
permeability, endothelial dysfunction, inflammation, and WMLs [60]. However, the model has 
some major limitations, such as the global and abrupt CBF reduction and decrease in blood flow 
pulsatility [61–63]. Patients with cSVD present a gradual decrease in CBF and only present 
pathological features in late stages of disease. Additionally, a study that investigated pulsatility in 
cSVD found increased pulsatility associated with higher cSVD burden, while BCAS mice present 
a decrease in pulsatility [62–64].  
 
Although the BCAS model is a well-established hypoperfusion model, there is no animal model 
that mimics the local hypoperfusion induced cSVD. It is thus important to consider other models 
to validate our findings, such as longitudinal studies in humans to investigate the involvement of 
VEGFA in the development of BBB impairments and WMLs.  
 
VEGFA in human blood plasma samples 
 
Our investigations in the cohort of cSVD patients show a correlation between plasma VEGFA 
levels and BBB impairments in the NAWM. However, these findings have some limitation. The 
study was conducted retrospectively, blood plasma protein levels were not a primary outcome of 
the initial study design. This may have influenced the protein levels in the samples as sample 
collection and preservation time, handling, and freeze/thaw cycle might vary between the samples, 
resulting in a high number of outliners that were identified and excluded from the study. Another 
concern might be the source of VEGFA leading to the peripheral protein level increase. The 
healthy functioning BBB is a tight structure preventing large molecules, such as VEGFA, to cross 
from the brain to the periphery, or vice versa. However, dysfunctional BBB in disease, such as in 
cSVD, might allow molecules to cross in both directions, thus leading to measurable changes in 
the periphery and a valuable non-invasive diagnostic tool [2].  
 
Lastly, the experimental setup of our present study did not allow us to validate OPCs as the source 
of increased VEGFA levels measured in blood plasma levels. However, associations between non-
invasive peripheral measurements and brain pathologic could lead to valuable diagnostic 
biomarker for early detection of patients at risk. Thus, future studies should focus on replicating 
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our findings in a large cSVD cohort with blood plasma protein levels as primary outcome measure, 
and post-mortem brain tissue analysis to support our OPC-derived VEGFA hypothesis. 
 
 

Conclusion 
 
In conclusion, we investigated molecular mediators of the OPC-EC crosstalk involved in the early 
mechanisms that lead to the development of cSVD. We identified Wnt7a as a Wnt signalling 
mediator potentially underlying disease pathology. Studies suggest that hypoperfusion mediated 
hypoxia in the brain leads to aberrant Wnt7a secretion by OPCs, which in turn affects OPC 
migration and differentiation in an autocrine manner, causing OPC clustering. On the other hand, 
paracrine effects lead to abnormal angiogenesis and BBB impairments, ultimately leading to 
WMLs. In vitro Wnt7a stimulation of brain ECs led to downregulation of TJ proteins, CLDN5 and 
OCLN, mediated by Wnt/β-catenin signalling. Decreased TJ protein expression in these cells could 
underlie decreased EC barrier function due to Wnt7a stimulation. 
 
We also identified HIF1α as a potential modulator of this Wnt/β-catenin signalling pathway, as 
expression of Hif1a and Vegfa were both increased by Wnt7a stimulation through β-catenin 
signalling. Although TJ protein levels of CLDN5 and OCLN was not affected by silencing Hif1a, 
affected gene expression of Ocln indicated the crosstalk between Wnt and HIF1α signalling. 
Wnt7a stimulation also leads to β-catenin independent decreased expression of Cxcl12, a vascular 
chemokine involved in OPC migration, without affecting the expression of Cxcr4, the receptor for 
CXCL12, in OPCs. Although Wnt7a stimulates all these effects that might underlie early cSVD 
pathology, we did not find regulation of Wnt7a in hypoxic OPCs. Chronic hypoperfusion does 
lead to hypoxia in OPCs in mice, affecting the BBB permeability before the development of 
WMLs.  
 
In contrast to our original hypothesis that Wnt7a was upregulated in hypoxic OPCs, we identified 
the upregulation of the angiogenesis mediator VEGFA in OPCs exposed to hypoxia. Expression 
of VEGFA in hypoxic OPCs is mediated by Hif1a and Epas1 and causes a decrease in TJ protein 
expression in ECs. VEGFA levels are increased in cSVD patients and correlate with BBB 
impairment in NAWM. Thus, our results show OPC-derived VEGFA as a potential mediator of 
dysfunctional OPC-EC crosstalk and driver in the early development of BBB impairments leading 
to WMLs. Future studies validating these findings in large cSVD cohorts could lead to the 
development of rapid, low-cost, and non-invasive diagnosis of cSVD, which is currently not 
possible. Additionally, investigating the potential of VEGFA signalling mediating drugs for cSVD 
prevention or treatment could offer novel treatment options to improve the quality of life of 
patients and decrease the global burden of vascular dementia.  
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Widespread risk factors such as hypertension can lead to functional and structural changes of the 
cerebral small blood vessels, ultimately leading to development of cerebral small vessel disease 
(cSVD) [1]. It is difficult to estimate the exact prevalence of cSVD, as the disease is often 
asymptomatic, underdiagnosed, and heterogeneous, and often presents with several comorbidities. 
The disease contributes to approximately 25% of strokes and 45% of dementia cases, causing a 
substantial global social and economic burden [2]. After ageing, hypertension as well as most of 
the other risk factors associated with cSVD are modifiable (e.g. smoking, diabetes, physical 
inactivity), which gives rise to a window of opportunity for potential prevention and treatment [3, 
4]. However, primary prevention therapies are lacking as cSVD progression is usually 
asymptomatic and diagnosis relies on MRI markers, while primary treatment is based on late-stage 
symptom relief [3]. Thus, the aim of this thesis was the identification of cellular and molecular 
mechanisms that may ultimately be used for the prevention and treatment of cSVD. This thesis 
particularly focuses on the interplay between oligodendrocytes precursor cells (OPCs) and 
vascular endothelial cells (ECs). Unravelling mechanisms involved in this interplay not only 
clarifies current knowledge gaps, but also paves the way for new diagnostic strategies, including 
fluid biomarkers, and treatment options to tackle the growing global cSVD burden. 
 
 

Scientific impact 
 
In Chapter 2, our systematic review revealed Wnt7a as a potential mediator of OPC-EC crosstalk 
in cSVD pathology. Studies demonstrated that hypoxia increases the expression and secretion of 
Wnt7a by hypoxic OPCs and thereby mediates EC proliferation and angiogenesis [5–9]. 
Furthermore, Wnt7a is also known to promote the migration of OPCs by utilising the vasculature 
through inducing CXCL12-CXCR4 signalling pathway [5, 10, 11]. However, our findings in 
Chapter 3 and 4 are partly contradicting these previous findings. In Chapter 3, Wnt7a decreased 
the expression of TJ proteins and increased blood-brain barrier (BBB) permeability through 
activation of β-catenin, which contradicts studies showing the Wnt/β-catenin mediated increase in 
these TJ proteins and the decrease in BBB permeability [12, 13]. It is thus important that future 
studies investigate these findings and unravel its involvement in pathological mechanisms leading 
to BBB impairments and white matter lesions (WMLs) seen in cSVD patients [14]. 
 
In vitro studies utilising human pluripotent stem cells (hPSCs) hold the potential to elucidate these 
discrepancies, as they provide a valuable tool for disease modelling. Additionally, OPC migration 
via the vasculature has previously been shown to be mediated by increased CXCL12-CXCR4 
interaction as a consequence of Wnt7a stimulation [10], which also contradict our findings in 
Chapter 4 where we found decreased Cxcl12 expression. Genetic mouse models for Wnt7a 
knockdown can elucidate these findings in vivo. A previous study generated a Wnt7a/b-deficient 
mutant mouse by intercrossing Olig2-Cre to conventional Wnt7a null and conditional Wnt7b (fl/fl) 
alleles to study the role of OPC-derived Wnt7a/b in development and hypoxic injury [8]. Inducing 
hypoperfusion with BCAS in similar models could lead to better understanding the role of OPC-
derived Wnt7a in BBB permeability and OPC migration, and its implication in hypoxic brain 
injury.  
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Lastly, our in vitro findings in Chapter 5 indicate that hypoperfusion mediated hypoxia in OPCs 
leads to increased VEGFA rather than Wnt7a expression, supporting other studies that did not find 
Wnt7a regulation in OPCs under hypoxic conditions [15, 16]. 
 
Although these findings may identify novel molecular pathways relevant to cSVD development, 
addressing knowledge gaps regarding the underlying dysfunctional mechanisms contributes to the 
complexity of cSVD pathology. 
 
 

Clinical implications 
 
Highlighting the clinical implications of research on cSVD is crucial given that treatment strategies 
primarily focus on symptom relief rather than addressing the underlying cause. Efficacy of current 
treatments may be compromised due to the presence of multiple risk factors and the various 
conditions contributing to disease development. Understanding molecular mechanisms in cSVD 
can advance diagnosis with biomarkers, improve cognitive outcomes through novel prevention 
and treatment strategies, and enable personalised therapies targeting high-risk individuals. Current 
approaches for the prevention and treatment of cSVD encompass a combination of 
pharmacotherapy and lifestyle modifications. Pharmacotherapy involves the use of various 
medications, blood pressure-, cholesterol-, and glucose-lowering drugs, aimed at limiting the 
impact of cardiovascular risk factors. Additionally, anti-dementia drugs, like the NMDA-receptor 
partial antagonist memantine and cholinesterase inhibitors, as well as drugs such as cytidine-
diphosphocholine and dl-3-n-butylphthalidle may be utilised [17]. Memantine can improve 
cognitive function by antagonising glutamate-induced neurotoxicity [18, 19], while cholinesterase 
inhibitors increase the availability of acetylcholine, an important neurotransmitter associated with 
memory, in neuromuscular junctions by inhibiting its enzymatic breakdown [20, 21]. Cytidine-
diphosphocholine show neuroprotective effects by increasing noradrenaline and dopamine levels 
in the central nervous system (CNS) [22]. Dl-3-n-butylphthalidle can improve outcome after stroke 
due to its vasodilative effects by promoting NO production of ECs, its anti-thrombotic effects, or 
most importantly, by upregulating VEGFA and HIF1α expression [23].  
 
More recently, clinical trials assessing efficacy of drugs in restoring cerebral blood flow (CBF) 
and limiting blood flow pulsatility, with the use of e.g. cilostazol, isosorbide mononitrate, tadalafil, 
and pentoxifylline, are currently ongoing. In conjunction with pharmacotherapy, lifestyle 
modifications play a significant role in cSVD management. Quitting smoking, maintaining a 
healthy diet, and engaging in aerobic exercise are crucial for reducing risk factors and promoting 
cardiovascular well-being [24]. Taken together, this emphasising the importance of fundamental 
research in elucidating the link between vascular pathology and cognitive impairment in cSVD. 
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Wnt7a signalling modulation 
 
Modulating the Wnt7a signalling pathway might be a potential therapeutic strategy, as our results 
show that Wnt7a stimulation could lead to EC permeability and suggest a role in OPC migration. 
Modulating these processes post-stroke might be beneficial for patients to reduce ischaemic injury 
and facilitate remyelination in damaged regions. Recently, clinical trials have explored novel 
approaches to modulate Wnt signalling pathways by combining technologies to cope with the 
pleiotropic nature of Wnt, which plays diverse roles in various biological processes [25]. 
Moreover, pre-clinical advancements demonstrate promising outcomes by utilising Wnt7a 
derivatives as a potential approach to mitigate CNS disorders by repairing the BBB. These 
derivatives specifically target Gpr124/Reck signalling and show neurovascular protective 
properties in stroke and glioblastoma models in mice without Wnt activation in other tissue [26]. 
However, Wnt signalling-targeting drugs are not clinically available yet because of associated side 
effects, and thus other therapeutic strategies must be considered. 
 
VEGFA signalling modulation 
 
As previously mentioned, the mechanism of action of dl-3-n-butylphthalidle includes modulation 
of ECs and VEGFA and HIF1α expression [23]. Thus, offering a potential target to promote 
vascular repair, inhibit brain inflammation, and prevent white matter (WM) damage by exploring 
the role of VEGFA in the interaction between ECs and OPCs. Following up on our retrospective 
findings in Chapter 5 with large cohort prospective studies that measure BBB permeability in 
different WM regions and VEGFA blood plasma concentration overtime could reveal an 
association between WML development and VEGFA blood plasma concentration. Blood plasma 
levels of VEGFA might then potentially be used as a biomarker for the early diagnosis for risk of 
WML development. It would also present a potential target for modulating VEGFA to decrease 
the risk of WML development. However, it is essential to acknowledge the potential dual nature 
of modulating VEGFA signalling. While beneficial angiogenic properties may facilitate 
compensatory vascular network growth in the brain, reducing hypoxia and CBF deficits, there is a 
risk of increased BBB permeability due to VEGFA ability to loosen tight junctions, which might 
ultimately contribute to inflammation, and WM damage [27, 28]. Another potentially adverse 
aspect of stimulating angiogenesis by systemic interventions is the risk of promoting the 
vascularisation of any malignancies that may be present in the patient. A solution would be the 
local delivery to the brain or specific modulation of VEGF receptors in the brain. The use of 
VEGFA isoforms, which elicit different biological effects, has been suggested as a potential 
solution for these unwanted side effects [28]. Thus, the therapeutic potential of VEGFA must be 
considered carefully. 
 
Timing of VEGFA administration is also critical. Angiogenesis induction in the early silent stages 
of cSVD may help prevent ischaemic injury, while post-stroke stimulation of new vessel formation 
and increased BBB permeability could enhance the inflammatory response and contribute to WML 
progression and cognitive decline, with previous studies indicating an association between 
VEGFA levels and stroke severity [29, 30]. Preclinical studies involving VEGFA administration 



Chapter 7 
Impact 

 146 

have shown promising effects on stroke recovery, such as reducing lesion size, decreasing infarct 
size, promoting angiogenesis, and improving cognitive function. However, the effectiveness of 
VEGFA modulation in humans is yet to be proven [28, 31, 32].  
 
 

Future directions 
 
Future studies should prioritise the validation of the hypothesis regarding OPC-derived VEGFA 
in the interaction between OPCs and ECs in cSVD. By investigating the specific intracellular 
signalling pathways associated with VEGFA, such as HIF1α/VEGFA and Wnt/VEGFA, we can 
gain insight into the underlying mechanisms driving VEGFA-related changes in the brain 
vasculature and WM, which contribute to the development of cSVD. Manipulating these pathways 
using more accurate and sophisticated preclinical in vivo and in vitro models will allow the 
identification of novel biomarkers and the development of targeted therapeutic strategies. To 
facilitate the translation of preclinical findings into clinical applications, further research should 
focus on conducting well-designed clinical trials to test the safety and efficacy of VEGFA 
signalling modulation-based therapies. Ultimately, these efforts have the potential to improve 
patients' quality of life.  
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Samenvatting  
 
Cerebral small vessel disease (cSVD) is een medische aandoening waarbij de kleine bloedvaatjes 
in de hersenen zijn aangetast. Deze bloedvaatjes vervoeren bloed naar verschillende 
hersengedeeltes, wat belangrijk is voor het bezorgen van essentiële voedingsstoffen en zuurstof.  
Wanneer deze vatten beschadigd of vernauwd raken door bijvoorbeeld veroudering, diabetes, of 
hoge bloeddruk, kunnen deze essentiële stoffen en zuurstof bepaalde delen niet bereiken. Dit kan 
leiden tot problemen waarbij gedeeltes van de hersenen zelfs kunnen afsterven. Een tekort aan 
zuurstof in de hersenen kan zeer nadelige gevolgen hebben voor de gezondheid en leiden tot 
hersenbloedingen, problemen met geheugen en stemming, en lichamelijke klachten zoals 
problemen met lopen. Een andere karakteristiek en belangrijke diagnostische beeld van cSVD is 
de aangetaste “witte stof”. Dit onderdeel van de hersenen is vooral opgebouwd uit de zogeheten 
oligodendrocyten. Deze cellen zorgen voor een beschermlaag van de zenuwcellen in de hersenen 
(de neuronen), die verantwoordelijk zijn voor alle signalen die van de hersenen naar het lichaam 
gaan. Omdat de oligodendrocyten een laagje isolerend vet om de neuronen vormen, kan het 
elektrische signaal sneller en efficiënter verlopen. Dit laagje vet zorgt voor een witte kleur, vandaar 
de term “witte stof”. Bij patiënten met cSVD wordt een deel van de witte stof aangetast waardoor 
de hersenen niet optimaal meer functioneren. 
 
De onderliggende oorzaak voor deze afwijkingen zijn grotendeels onbekend. Wel is bekend dat de 
cellen die deze bloedvaatjes opbouwen (de zogeheten endotheelcellen) en onvolwassen isolerende 
cellen (oligodendrocyte precursor cellen, ook wel OPC genoemd) een belangrijke rol spelen. 
Hoewel een verstoorde wisselwerking tussen deze endotheelcellen en OPCs tot schade aan de witte 
stof zou kunnen leiden, is de exacte rol van deze interactie onvoldoende bestudeerd in de context 
van cSVD. 
 
In hoofdstuk 2 van dit proefschrift hebben we door middel van een grondig onderzoek van de 
recente literatuur Wnt7a geïdentificeerd als een factor die mogelijk een oorzaak kan zijn van deze 
verstoorde wisselwerking. Wnt7a zou als gevolg van een zuurstoftekort door de OPCs als signaal 
kunnen dienen dat de endotheelcellen aanspoort om meer bloedvaatjes te maken als compensatie 
om meer zuurstof aan te voeren. In hoofdstuk 3 van dit proefschrift hebben wij aangetoond dat 
Wnt7a doormiddel van het verzwakken van bindingen tussen endotheelcellen ervoor kan zorgen 
dat de beschermende barrièrefunctie van bloedvaatjes verminderd wordt, wat tot hersenbloedingen 
kan leiden. In hoofdstuk 4 tonen we aan dat Wnt7a tevens de functie van endotheelcellen als 
platform voor verplaatsing van OPCs vermindert. OPCs hechten aan zo genoemde ankers 
(CXCL12) om zich zo door het brein te verplaatsen om schade te herstellen, en Wnt7a zorgt voor 
een afname van deze ankers. Ten slotte hebben we aangetoond dat verlaging van de bloedtoevoer 
naar de hersenen bij muizen daadwerkelijk leidt tot een zuurstoftekort in OPCs en een 
vermindering van de barrièrefunctie van hersenbloedvaatjes. Onderzoeken met OPCs die aan lage 
zuurstofgehaltes blootgesteld werden in hoofdstuk 5 resulteerden in verhoging van VEGFA, eerder 
dan Wnt7a. Dit stofje zorgt voor een signaal dat de endotheelcellen aanspoort om zich te 
vermenigvuldigen en nieuwe vaatjes te vormen. Ook in het bloed van cSVD patiënten bleek dit 
stofje verhoogd te zijn vergeleken met een gezonde controlegroep. Deze verhoging kon in verband 
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worden gebracht met een verlaging van de barrièrefunctie van hersenbloedvaatjes in de 
onaangetaste witte stof van deze cSVD patiënten. 
 
Uit onze bevindingen concluderen we dat (1) Wnt7a de barrièrefunctie van hersenbloedvaatjes en 
OPC-transport vermindert en (2) dat er een rol voor VEGFA, meer dan voor Wnt7a, is weggelegd 
in de reactie op zuurstoftekort, in de wisselwerking tussen endotheelcellen en OPC die kan leiden 
tot de hersenschade die ten grondslag ligt aan het ontwikkelen van cSVD. 
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