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Worldwide, around 50 million people have dementia, and there are nearly 10 
million new cases every year. The total number of people with dementia is 
projected to reach 82 million in 2030 and 152 in 20501. Alzheimer’s Disease 
(AD) is the most common form of dementia and may contribute to 60–70% of 
cases. Other major forms include vascular dementia (VaD), dementia with Lewy 
bodies, and a group of diseases that contribute to frontotemporal dementia. The 
boundaries between different forms of dementia are indistinct and mixed forms 
often coexist.  
 
Vascular cognitive impairment (VCI) refers to all forms of cognitive disorders 
affecting at least one cognitive domain, from mild cognitive impairment (MCI) 
to full-blown dementia, associated with a vascular origin2. VaD is the second 
most prevalent form of dementia after AD and VaD accounts for at least 20% of 
dementia cases3. The prevalence of VCI, which includes milder forms of 
cognitive impairment, is strongly age related. In subjects aged 65 to 84 years, the 
prevalence of VCI patients with MCI is higher than that of VaD. Rates of 
conversion to dementia, institutionalization, and mortality are significantly 
increased in these patients, making the identification of VCI patients an 
important target population for prevention4. VCI/VaD can result from large-
artery atherosclerosis or cardioembolic stroke, cerebral amyloid angiopathy 
(CAA), brain hemorrhages, brain hypoperfusion, and cerebral small vessel 
disease (cSVD)5, the latter being the most prevalent cause of VCI.  
 
cSVD refers to a heterogeneous group of vascular disorders resulting from the 
pathological impairment of the small vessels in the brain6, including penetrating 
arterioles, parenchymal branching arterioles, capillaries, and venules of the brain. 
In a hospital-based cohort of individuals with cSVD, the 5.5-year cumulative risk 
of dementia was 11%, which indicates that cSVD might go unnoticed or result 
in only mild functional deficits in the majority of people7. The vascular changes 
in cSVD lead to lacunar infarcts, leukoaraiosis (White Matter Lesions: WMLs), 
dilated perivascular spaces (also known as the enlargement of the Virchow-
Robin space), and cerebral microbleeds8,9. They are clinically recognized as 
important contributors to dementia10,11, lacunar stroke12, gait disturbances13, 
depression14, and functional loss in the elderly15. Several hereditary forms of 
cSVD have been identified, such as CADASIL16,17, CARASIL18, PADMAL19,20, 
RCVL21, and CARASAL22, featuring specific small vessel impairments. The 
most prevalent form is sporadic cSVD which results from the exposure of 
intertwined environmental and cardiovascular risk factors. Ageing, hypertension, 
and diabetes have been shown to be strongly associated with cSVD8,23,24.  
 
Magnetic resonance imaging (MRI) is the sole imaging modality for the 
diagnosis of cSVD. Morphological brain abnormalities referring to pathologies, 
such as white matter hyperintensity (WMH), enlarged perivascular spaces, and 
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lacunar infarcts can be observed by fluid-attenuated inversion recovery (FLAIR) 
imaging on MRI25. Microbleeds can be well detected by T2*WI or 
Susceptibility-weighted image26. White matter integrity and damage can be 
estimated by diffusion tensor imaging27,28. Recently, several studies indicated 
blood brain-barrier (BBB) permeability could be measured by arterial spin 
labeling MRI29 or dynamic contrast-enhanced (DCE)-MRI30. Although MRI 
protocols have been progressing allowing the detection of subtle BBB leakage 
or microinfarcts30,31 and have highlighted the detrimental effect of white matter 
abnormalities32, the problem remains that those abnormalities only reflect the 
pathological consequences of cSVD that can silently progress until the 
emergence of clinical symptoms including impairment of the cognitive function. 
 
Although MRI and histological findings have improved our understanding of 
cSVD pathology, therapeutic approaches are missing because of our lack of 
mechanistic understanding of cSVD pathobiology. It becomes therefore urgent 
to elucidate the cellular and molecular mechanisms involved in the initiation and 
progression of cSVD to prevent or delay its occurrence. Several 
pathophysiological mechanisms are being studied, including the impact of small 
vessel arteriopathy and the development of BBB dysfunction, which can initiate 
the vessel wall vulnerability, the impairment of vascular clearance, the reduction 
of cerebral blood flow, as well as neuroinflammation33 (Figure 1).  

Figure 1. Mechanisms relevant to cerebral small vessel disease. Schematic representation of mechanisms 
relevant to cerebral small vessel disease (cSVD) and vascular cognitive impairment (VCI). A cascade of risk 
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factor leading events may cause VCI. BBB: blood brain barrier; ECM: extracellular matrix; MMP matrix 
metalloproteinase. 

 

The anatomy of cerebral small vessels 
 
The study of cSVD requires a good understanding of the structural organization 
of the cerebral small vessels and their surroundings. Pial arteries run on the brain 
surface in the subarachnoid space and give raise to smaller arterioles that 
penetrate into the brain. As penetrating deeper into the brain, cortical penetrating 
arterioles are branching, thinning, and convoluting before becoming capillaries 
(Figure2). 

Figure 2. The illustration of cerebral small vessels. Cortical penetrating arterioles enter the brain and get 
thinner while branching deeper into the cortex. Penetrating arterioles are surrounded by endothelial cells, 
smooth muscle cells, basement membrane, perivascular spaces, and astrocyte endfeet. At the capillary level, 
smooth muscle cells and perivascular spaces are absent. Endothelial cells, basement membranes, and astrocyte 
endfeet form the so-called blood brain barrier. 

 

 
Arterioles consist of endothelial cells (ECs) and smooth muscle cells (SMCs) 
and are surrounded by a basement membrane (BM), the perivascular space 
(known as Virchow Robin space), and astrocyte endfeet. As arterioles penetrate 
deeper into the brain, the SMCs layers and perivascular spaces disappear. In 
capillaries, astrocyte endfeet directly cover the basal side of ECs and pericytes 
appear sparsely between astrocyte endfeet and ECs34. Cerebral veins have no 
muscular tissue in their thin walls and possess no valves contrary to systemic 
veins35. 
 
Brain ECs are key regulators of the vascular functions. Tight junctions and 
adherens junctions are fusing adjacent ECs and thus restrict paracellular 
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diffusion of ions, molecules and other solutes36. In addition to this physical 
barrier, ECs regulate several functions; the vascular tone and the blood flow 
controlling via the production of numerous endothelial cell-derived vasoactive 
agents; fibrinolysis;  coagulation; inflammations; and fibrosis37. ECs 
dysfunction occurs before the onset of VaD38 and can eventually lead to 
dysregulation of cerebral blood flow due to a decrease in the release of nitric 
oxide39 and increase BBB permeability40,41, followed by the activation of glia 
and inflammatory environment in the brain. It is therefore considered as one of 
the detrimental step leading to cSVD42. 
 
At the level of Pial arteries and penetrating arterioles, SMCs are key players for 
the autoregulation of the cerebral blood flow43. Layers of SMCs surround the 
penetrating arterioles and get progressively thinner while branching in the 
parenchyma, where only a monolayer of SMCs persists or even becomes 
discontinuous. At the capillary level, SMCs are completely absent.  
 
BMs are located at the interface between ECs and astrocytes. The inner vascular 
BM is an extracellular matrix secreted by ECs, whereas the parenchymal BM is 
primarily secreted by astrocyte endfeet. BMs are comprised of different secreted 
molecules including type IV collagens, laminin, heparin sulfate proteoglycans 
and other glycoproteins. These BMs provide an anchor for many signaling 
processes as well as an additional physical barrier for molecules and cells before 
reaching the brain parenchyma36. Disruption of these BMs by matrix 
metalloproteinases (MMP) is an important component of BBB dysfunction that 
allows the infiltration of leukocytes in many different neurological disorders44,45. 
 
Astrocyte endfeet almost completely sheath the vascular tube to form the glia 
limitans, a barrier that further limits movement of molecules across the BBB. 
Furthermore, astrocytes provide a cellular link between the neurons and ECs, the 
so-called neurovascular coupling that enables astrocytes to relay signals to 
regulate blood flow in response to neuronal activity46. This includes the 
regulation of the contraction/dilation of vascular smooth muscle cells 
surrounding arterioles as well as pericytes surrounding capillaries47. In addition, 
the most abundant water channel protein, aquaporin 4, is predominantly 
expressed in astrocytic end-feet surrounding central nervous systems (CNS) 
vessels and forms orthogonal arrays of particles in plasma membranes that are 
critical for regulating water homeostasis in the CNS48. 
 
Perivascular macrophages (PVMs) are derived from a monocyte lineage and sit 
on the abluminal side of the vascular tube commonly found in the Virchow–
Robin space, a small fluid filled canal that lines the abluminal surface of the 
veins and arteries that enter/ leave the CNS49. PVMs migrate from the yolk sac 
into the brain early in development and, like microglia, are likely to be a self-
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renewing cell population that, in the normal state, is not replenished by 
circulating monocytes50. Increasing evidence indicates that PVMs are involved 
in a wide variety of pathological cerebrovascular states in the brain, such as AD51, 
multiple sclerosis52, and cognitive dysfunction associated with hypertension53. 
 
Microglia are located in brain parenchyma and involved in regulating neuronal 
development, innate immune response, and wound healing, and can act as 
antigen-presenting cells in adaptive immunity54. Microglia become activated 
under brain injury and immunological stimuli and undergo several alterations 
from a “resting state” to an “active state”. Recent studies suggest that microglial 
activation may be related to BBB disruption. For example, in vivo experiments 
using intra-hippocampal injections of Aβ in rat brains, microglial responses to 
Aβ could promote vascular changes that induced BBB breakdown plasma 
protein infiltration55. In animal models of transient middle cerebral artery 
occlusion (tMCAO), numbers of anti-inflammatory M2-state microglia rapidly 
increase around vessels in the penumbra after infarction, and, in a few days, pro-
inflammatory M1-state microglia dominantly increase. This process is called 
"M2-to-M1 phenotype-switching" or "shift in the M2-to-M1 phenotypes"56,57.  
 
Although the evidence of the involvement of microglia or PVMs in neurological 
diseases have been increasing, their role in cSVD remain unclear. In this thesis, 
we therefore aim to study perivascular immune cells during cSVD formation 
(Chapter 4 and 5)  
 
Hereditary small vessel disease 
 
Hereditary cSVD affects 5% of cSVD patients and is characterized by lacunar 
infarcts and white matter hyperintensities on MRI8. Several monogenic 
hereditary diseases causing cSVD and stroke have been identified. There are 
increasing numbers of reports on new monogenic syndromes causing cSVD; 
such as CADASIL, CARASIL, PADMAL, RCVL, hereditary cerebral 
hemorrhage with amyloidosis, and forkhead box C1 mutation. The genetic cause 
of these syndromes, their pathology, clinical manifestation, imaging, and 
diagnosis criteria have been described in the last two decades. While some 
specific imaging features have been identified for some hereditary forms, their 
diagnosis cannot be solely based on imaging. Although their prevalence is low, 
the study of hereditary monogenic cSVD may help our understanding of sporadic 
cSVD and the mechanisms of cerebrovascular components. 
 
CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical 
Infarcts and Leukoencephalopathy) has been mapped to Notch homolog 3 
(NOTCH3) gene located on chromosome 19p13.1 and all CADASIL mutations 
have been identified in exons 2–24 encoding the epidermal growth factor (EGF)-
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like repeat domain16,58. NOTCH3 is only expressed in arterial smooth muscle 
cells albeit throughout the body, only cerebral arteriopathy causes symptoms59. 
NOTCH3 encodes a transmembrane receptor with an extracellular component 
with six cysteine residues. Mutations occur within EGF-like repeats and cause 
odd number cysteine repeats in the extracellular component60. The odd numbered 
cysteine repeats leads to impaired signaling of the receptor61. Recent work with 
NOTCH3 transgenic mouse models suggests that deposition of NOTCH3 protein 
and others, including TIMP3 (tissue inhibitor of metalloproteinase 3) as an 
extracellular matrix regulator, in cerebral blood vessels reduces maximal 
vasodilation capacity and attenuated myogenic tone of cerebral arteries, and 
thereby reduces cerebral blood flow62. Diagnosis criteria for CADASIL have 
been proposed by Davous et al.63 and Mizuta et al.64 Clinical signs include 
migraine, progressive WMLs at temporal lobes and external capsule, brain 
ischemic events, neurological symptoms, and mood disturbance, and it 
frequently leads to subcortical dementia65.  
 
CARASIL (Cerebral Autosomal Recessive Arteriopathy with Subcortical 
Infarcts and Leukoencephalopathy) is caused by mutation in the high 
temperature requirement protein A1 (HTRA1) on chromosome 10q, resulting in 
loss of function of HtrA1 serine protease activity that down-regulates TGF-β 
signaling18,66. Histopathological findings have revealed that CARASIL is 
characterized by the loss of arterial smooth muscle cells and thinning of the 
arterial adventitial extra cellular matrix leading to both centrifugally enlargement 
and collapse of cerebral arteries, thereby compromising local blood flow67. 
Clinical features are characterized by early-onset of gait and balance disturbance, 
lacunar stroke, WMLs, mood changes, dementia, and, typically, alopecia and 
spondylosis68. 
 
PADMAL (Pontine Autosomal Dominant Microangiopathy and 
Leukoencephalopathy) is an autosomal dominant disease caused by a mutation 
in an untranslated region of COL4A1, leading to upregulated expression of 
COL4A120. COL4A1 is located on chromosome 13q34 coding for type IV 
collagen, a component of vascular basement membranes. COL4A1 mutations are 
associated with systemic small vessel disease and various symptoms affecting 
especially the eyes, the muscles, the kidneys, and the brain; all very vascularized 
organs. The pathophysiology may be initiated by both an intracellular 
accumulation of collagen and by an extracellular deposition of defective collagen, 
causing the fragility of cerebral small vessels69. These mutations are dominantly 
inherited and lead to structural instability of all basement membranes70 and can 
cause hemorrhagic stroke19. The distinct MRI characteristics with pontine lesions 
and rare occurrence of temporal lesions differ from CADASIL71. 
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An increasing number of genes involved in hereditary cSVD are being reported. 
A variant CTSA gene, which encodes cathepsin A which is involved in the 
degradation of endothelin-1, was found in CARASAL (Cathepsin A–related 
arteriopathy with strokes and leukoencephalopathy) patients22. Frameshift 
mutations in the gene encoding truncated three prime exonuclease-1 (TREX1) 
are found in Patient with RVCL (Retinal vasculopathy with cerebral 
leukodystrophy) 21. Gene mutations have been identified in the Aβ Precursor 
Protein (APP) gene and lead to the deposition of misfolded Aβ protein in vessel 
walls and brain parenchyma in HCHWA (Hereditary cerebral hemorrhage with 
amyloidosis)72. Forkhead Box transcription factor C1 (FOXC1) gene mutations 
lead to alteration of endothelial and pericyte proliferations and has been found 
to be associated with an impairment of the BBB integrity73. A more extensive 
description of these genes and their contribution to cSVD has been reviewed 
elsewhere74.  
 
Beyond their important diagnostic value, the identification and study of genes 
involved in hereditary cSVD also contributes to our cellular and molecular 
understanding of the cerebrovascular dysfunction observed in sporadic cSVD. In 
this thesis, we perused crucial contributors for cSVD by comparing clinical 
information of CADASIL patients and CADASIL-suspected patients (Chapter 
2). 
 
Blood-brain barrier (BBB) dysfunction, the cradle of cSVD  
 
Experimental and clinical investigations have suggested BBB dysfunction as one 
of the main pathological causes of cSVD initiation6,75,76. BBB dysfunction leads 
to an enhanced barrier permeability that may allow blood components to 
infiltrate into the brain parenchyma thus altering brain homeostasis. Leaked 
components and damaged cells from the BBB may initiate over time an 
exaggerated neuroinflammatory reaction producing inflammatory cytokines and 
free radicals, thus creating a vicious circle by worsening BBB dysfunction77. 
Several clinical studies have demonstrated that a compromised BBB integrity 
was associated with the characteristic abnormalities of cSVD on MRI. By 
applying DCE-MRI, a higher BBB permeability was identified in cSVD 
patients30. The volume of WMH on FLAIR image was associated with the 
volume of BBB leakage image by DCE-MRI78. Total MRI cSVD burden score 
with the presence of lacunes, WMH, cerebral microbleeds, and enlarged 
perivascular spaces were associated with compromised BBB integrity79. Those 
results indicate that BBB dysfunction could be a crucial contributor to cSVD 
pathology. BBB dysfunction is associated with a pro-oxidative and pro-
inflammatory environment generated by a complex set of interactions including 
the presence of vascular risk factors, inflammatory diseases, brain hypoperfusion, 
and hereditary factors8,36,80. While many different triggers are able to initiate 
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BBB dysfunction experimentally, the exact risks and outcomes due to the 
exposure of different triggers remain difficult to assess in humans. 
 
The link between vascular risk factors and cSVD pathology 
 
Epidemiological investigations indicate that vascular risk factors, such as aging, 
diabetes, and hypertension in particular, are strongly associated with cSVD8,81. 
To a broader extent, similar evidences have confirmed hypertension and diabetes 
as risk factors for VCI2,3. In a population-based study, an average follow-up of 
21 years in subjects aged 65 to 79 years showed that the effect of systolic blood 
pressure in midlife was a significant risk factor in the development of MCI in the 
late life82. In the Rotterdam scan study, aged 60 to 90 years people underwent 
repeated MRI scanning and neuropsychological testing within 3-year follow-up. 
Older age and high blood pressure were independently associated with 
progression of WMLs23.  
 
Hypertension is the most leading cause of sporadic cSVD. The impact of 
hypertension on cSVD has been studied in a range of experimental models. 
Studies using Spontaneously Hypertensive Rats (SHR), a chronic model of 
hypertension, have revealed the presence of BBB leakages in the absence of 
ischemic and hemorrhagic injuries83. At 12-week, intraluminal accumulations of 
erythrocytes were evidenced within capillaries6, while Evans blue extravasation 
was first observed in 20-week, with cognitive decline onset in 30-week old SHR 
rats84. In a prolonged Angiotensin II-mediated hypertension mice, the number of 
BBB leakages was increased and were associated with microglial activation and 
an impairment of short-term memory85. Other studies with hypertensive animals 
have also reported that decreased occludin and zonula occludens-1 expressions 
with the ultrastructural changes of tight junctions, as determined by electron 
microscopy might induce WMLs86. Those results suggest that hypertension-
induced BBB impairment occurs prior to the emergence of cognitive dysfunction. 
Hypertension could induce neuroinflammation. Circulating inflammatory 
molecules; tumor necrosis factor-α (TNF-α), C-reactive protein, interleukin (IL)-
6, monocyte chemoattractant protein-1, and IL-1β, have all been found to be 
upregulated in both hypertensive patients and hypertensive animal models87. In 
angiotensin II-induced hypertensive rat, microglia are activated with correlation 
to BBB leakage and clinical cognitive impairments85. In renal hypertension rats 
by partial occlusion of the left renal artery, hypertension increased the expression 
of adhesion molecules like JAM-1, ICAM-1, and VCAM-1 on brain endothelium 
and resulted in the deposition of platelets in the brain. Platelet deposition in 
hypertensive rats was associated with augmented CD40 and CD40L and 
activation of astrocytes and microglia in the brain88. In SHR, the expression of 
the pro-inflammatory interleukins (IL-1b, IL-6) and TNF-α increased in SHR 
brain, and activation of astrocytes and microglia in the brain were observed89. 



18 
 

While activated microglia in parenchyma were observed in the animal models of 
hypertension84 and lacunar stroke patients increased monocyte/macrophage 
activation relate to cSVD manifestation90, it remains unclear that inflammation 
is cause or result of BBB dysfunction in sporadic cSVD. 
 
Diabetes mellitus (DM) is the second most frequent risk factor associated with 
cerebrovascular dysfunction2,91-93. Magnetic resonance imaging of type 2 
diabetic (T2D) patients showed an increased BBB permeability to gadolinium 
diethylenetriamine pentaacetic acid (DTPA; 570 Da)94. In another MRI study 
involving T2D patients, a more global brain atrophy was observed that increased 
gradually over time compared with normal aging24. T2D has been related to a 
reduction of cerebral blood flow and a reduced cerebrovascular reactivity, 
particularly in advanced diabetic stages24. In streptozotocin-injected rats, a type 
1 diabetes animal model, a progressive increase in BBB permeability was 
observed after 28 days. In addition, this study showed that insulin treatment was 
able to attenuate BBB disruption, especially during the first few weeks of the 
disease. However, while the disease progressed, microvascular damages were 
observed even when hyperglycemia was controlled95. Hyperglycemia in DM 
results in increased inflammation and a number of complications including 
retinopathy, nephropathy, neuropathy, and dysfunction of the BBB93. Microglia 
activation was also observed in diabetic retinopathy.  
 
Over the years, the prevalence of the metabolic syndrome (MetS) has drastically 
increased not only in the elderly but also in the young population. According to 
the new International Diabetes Federation definition, for a person to be defined 
as having the metabolic syndrome they have: central obesity plus any two of the 
following four factors: raised triglycerides, reduced HDL cholesterol, raised 
blood pressure, and raised fasting plasma glucose96. The cardiovascular risk 
associated with the MetS varies on the basis of the combination of risk factors 
present97. MetS was associated with an increased risk of white matter lesion in 
MetS patients. Amongst MetS components, elevated blood pressure, elevated 
fasting blood glucose and low high density lipoprotein cholesterol were 
associated with periventricular WMLs, while elevated blood pressure and low 
high density lipoprotein cholesterol were related to deep WMLs98. The use of 
experimental models mimicking the human MetS is detrimental to understand if 
and how the combination of cardiovascular risk factors can further accelerate the 
initiation and progression of cSVD. While most animal studies on MetS are 
dedicated to atherosclerosis research, we aimed to study the contribution of MetS 
to cSVD in a rat model of MetS in chapter 5. 
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Perivascular immune cells: important players in the Neuro-glial-vascular 
interaction 
 
The concept of neurovascular unit (NVU) emerged from the first Stroke Progress 
Review Group meeting of the National Institute of Neurological Disorders and 
Stroke of the NIH (July 2001) to emphasize the unique relationship between 
brain cells and the cerebral vasculature. At this time, less attention was paid on 
the presence and function of perivascular immune cells, including perivascular 
macrophages (PVMs) and microglia. As cerebrovascular dysfunction is being 
recognized of importance for the initiation and progression of neurodegenerative 
diseases, more attention is being paid to these perivascular immune cells due to 
their close location with cerebral vessels. 
 
Microglia are resident brain immune cells present throughout the whole brain 
parenchyma and they play crucial roles to maintain brain homeostasis. Under 
physiological conditions, microglia are constantly monitoring their surroundings 
in the CNS with their fine ramified motile processes99. Once these cells 
encounter harmful substances, such as infiltrating components from blood, 
burden abnormal proteins, or cell debris, they become activated to phagocyte 
these harmful substances or to ameliorate the damaged cells57. Our knowledge 
on parenchymal microglia and their activation dynamics is increasing in several 
neurological diseases100, from acute ischemic stroke56 to chronic 
neurodegenerative diseases101,102. The activated parenchymal microglia show a 
biphasic influence, promoting beneficial repair and causing harmful damage. 
Those responsible for the former are sometimes referred to as anti-inflammatory 
M2 microglia, and the latter as pro-inflammatory M1 microglia103. These 
different phenotypes have been attempted to be distinguished based on the 
expression of specific markers103. A widely consensus examples as cell surface 
markers are CD68 for M1-state104 and CD206 for M2-state56,104, and as cytokines 
are inducible nitric oxide synthase (iNOS) for M1-state56,105 and Arginase-1 for 
M2-state56. Microglia activation in the acute phase of ischemic stroke has been 
well studied in animal models of tMCAO104,106. In the tMCAO model, numbers 
of M2-state microglia rapidly increase around vessels in the penumbra after 
infarction, and, in a few days, M1-state microglia dominantly increase. This 
process is called "M2-to-M1 phenotype-switching"56.  
 
Although the interaction of microglia with cerebral vessels has gained 
importance in the context of acute ischemia and angiogenesis107-109, the exact fate 
of perivascular immune cells during chronic injuries remained unclear. In that 
respect, we should differentiate parenchymal microglia from vascular-related 
microglia. We named the latter perivascular microglia (PMG) located outside of 
glia limitans in opposition to perivascular macrophages (PVMs) located in the 
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perivascular spaces. Although PMG are juxtaposed to the vessel walls, their 
interplay with the cerebral vessels has not been explored in the context of cSVD.  
 
Macrophages in the CNS are involved in the maintenance of brain border’s 
homeostasis. They reside in the non-parenchymal perivascular space, subdural 
meningeal spaces, and choroid plexus spaces－ namely PVMs, meningeal 
macrophages, and choroid plexus macrophages respectively. Due to an emerging 
hypothesis suggesting the presence of a lymphatic drainage in perivascular 
spaces110, called “glymphatic” pathway111, PVMs could possibly be of 
importance to screen early changes both in the systemic and the parenchymal 
environments. The role of PVMs in cSVD has also been largely underexplored. 
 
Finally, as microglia and macrophages share many functions and markers, most 
studies did not differentiate PVMs from microglia including PMG. However, 
current state-of-the-art techniques provide now new opportunities to differentiate 
PVMs and PMG and to understand their respective roles in the initiation and 
progression of BBB dysfunction (Chapter 3). 
 
 
Thesis aim and outline 
 
The general aim of this thesis was to investigate the genetic and 
neuroinflammatory mechanisms that contribute to the development of familial 
and sporadic cerebral small vessel disease (cSVD). To address this aim, a 
hereditary form (CADASIL) and sporadic forms of cSVD were studied using 
respectively cohorts of patients and animal models.  
 
This general aim is addressed by several objectives: 
 
1) To distinguish hereditary and sporadic cSVD accurately. This is of importance 
for patients to prevent the worsening of their symptoms and to adjust their life 
styles. We established a score to prioritize the genetic testing of CADASIL-
suspected patients (Chapter 2). 
 
2) To summarize the knowledge on brain perivascular immune cells and discuss 
their involvement in cerebrovascular diseases and more specifically in cSVD. To 
clarify and distinguish between microglia and brain macrophages. Till recently 
a clear distinction has not been made between both perivascular immune cells. 
Hence, we have summarized the current knowledge and highlighted some 
knowledge gaps on the interaction between perivascular immune cells and 
cerebrovascular dysfunction and cSVD (Chapter 3). 
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3) To study the dynamics of perivascular microglia in hypertensive cSVD using 
a chronic hypertension model, the deoxycorticosterone acetate (DOCA)-salt rat. 
Activated microglia show a biphasic influence, promoting beneficial repair and 
causing harmful damage via M2 and M1 microglia, respectively. In acute 
ischemic models, microglia are known to be initially activated to the M2-state 
and subsequently switch to the M1-state, namely M2-to-M1 class-switching. 
However, the microglia dynamics in cSVD is poorly understood (Chapter 4).  
 
4) To study the impact of co-morbidities on the behavior of perivascular immune 
cells in an animal model of the metabolic syndrome. While in Chapter 4 we 
studied the sole impact of hypertension on microglial dynamics, its effect in 
combination with diabetes and obesity on the phenotype of perivascular immune 
cells is unknown. In this study, we characterized the phenotype of perivascular 
microglia and perivascular macrophages in the Zucker fatty/Spontaneously 
hypertensive heart failure F1 hybrid (ZSF-1) rat (Chapter 5). 
 
 
In Chapter 6, the main findings of this thesis are discussed, concluded and 
presented with an emphasis on societal issues. 
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Abstract  
 
Background: Cerebral autosomal dominant arteriopathy with subcortical infarcts 
and leukoencephalopathy (CADASIL) is definitely diagnosed by genetic testing. 
Such testing involves the analysis of exons 2–24 of NOTCH3, which encode the 
epidermal growth factor-like repeat domain where CADASIL mutations are 
localized. We previously reported clinical diagnostic criteria for screening 
CADASIL-suspected Japanese patients prior to genetic testing. Because of its 
high sensitivity but low specificity, most patients need to undergo genetic testing. 
In this study, we aimed to develop the CADASIL scale-J, a modified scale to 
prioritize access to genetic testing for CADASIL-suspected Japanese patients.  
 
Methods: We modified the CADASIL scale reported by Pescini et al. based on 
clinical features of 126 CADASIL patients and 53 NOTCH3-negative 
CADASIL-like patients diagnosed up until March 2016 (Phase 1). For validation, 
we recruited 69 consecutive patients for genetic testing of NOTCH3 from April 
2016 to March 2017 (Phase 2). 
 
Results: We developed the CADASIL scale-J with a score ranging from 0 to 25 
and the cut-off value of 16, using eight items: hypertension, diabetes, young 
onset (≤50 years old), pseudobulbar palsy, stroke/TIA, family history, 
subcortical infarction, and temporal pole lesion. The sensitivity and specificity 
of the CADASIL scale-J were 78.9 and 85.7%, respectively. In Phase 2, we 
obtained a positive predictive value of 70.0% and a negative predictive value of 
89.2%. In this study, we identified 54 mutations, 7 of which were novel. 
 
Conclusions: The CADASIL scale-J is helpful to prioritize access to genetic 
testing for CADASIL-suspected Japanese patients.  
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Introduction  
 
Cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy (CADASIL, OMIM #125310) is one of the most frequent 
hereditary cerebral small vessel diseases, manifested by recurrent strokes, 
migraine, and white matter lesions1,2. Typical CADASIL patients are young 
individuals, despite the absence of traditional cardiovascular risk factors; 
however, several atypical CADASIL cases, including those involving an elderly 
onset and asymptomatic disease, solely with magnetic resonance imaging (MRI) 
findings of white matter lesions have been reported3-5. Therefore, for a definite 
diagnosis of CADASIL, genetic testing of the causative gene Notch homolog 3 
(NOTCH3) on chromosome 192 or pathological detection of granular 
osmiophilic material in a skin biopsy sample6, 7 is essential. 
 
NOTCH3 encodes a transmembranous receptor, and all CADASIL mutations 
have been identified in exons 2–24 encoding the epidermal growth factor (EGF)-
like repeat domain1,8. When no mutation is identified at mutational hotspots, 
exons 3-6, the remaining 19 exons should be analyzed. To perform genetic 
analysis efficiently, prioritizing access to genetic testing for CADASIL-
suspected patients is necessary.  
 
Recently, we reported new diagnostic criteria with high sensitivity, helpful to 
screen CADASIL-suspected patients to determine who should undergo genetic 
testing4. However, because of their extremely low specificity, the new criteria 
are not useful to prioritize access for such patients. Previously, Pescini et al. 
proposed the CADASIL scale as a screening tool to determine patients who 
should receive genetic testing of NOTCH39. Patients with a high CADASIL scale 
score are preferentially tested. The CADASIL scale showed high sensitivity in 
European studies; however, low sensitivity was reported in Chinese patients10, 
possibly due to ethnic differences in the clinical characteristics of CADASIL.  
 
In the present study, we aimed to develop the CADASIL scale-J, a scale 
optimized for CADASIL-suspected Japanese patients, by modifying the 
CADASIL scale by Pescini et al9. 
 
Materials and Methods 
 
Participants 
All participants were Japanese adults who underwent genetic testing of NOTCH3 
at Kyoto Prefectural University of Medicine (KPUM). To propose the CADASIL 
scale-J, we recruited 126 CADASIL patients and 53 NOTCH3-negative patients 
genetically diagnosed up until March 2016 (Phase 1). 102 of the 126 CADASIL 
patients and all the 53 NOTCH3-negative patients were included in our previous 
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study4. NOTCH-3-negative patients were suspected for CADASIL because of 
white matter lesions extending to anterior temporal tip and/or their family history 
of stroke, but had no mutations in NOTCH3 exons 2–24. To validate the 
CADASIL scale-J, we recruited 69 consecutive patients underwent genetic 
testing of NOTCH3 by us from April 2016 to March 2017 (Phase 2). The 
negative genetic testing result in Phase 2 means no mutations in NOTCH3 exons 
2–24. Blood samples and clinical information on patients were transferred to 
KPUM by their physicians. Informed consent was obtained from all participants, 
and approval for the study was obtained from the ethical committee of KPUM.  
 
Collection of clinical information 
We collected clinical information including data on the clinical backgrounds 
(age at onset, sex, family history, and vascular risk factors), neurological 
symptoms, and MRI findings. The onset of the symptoms and family history 
included stroke/TIA, cognitive impairment, seizure, and mood disturbance. 
Neurological symptoms included stroke/TIA, migraine, motor palsy, sensory 
disturbance, dizziness, Parkinsonism, pseudobulbar palsy, seizure, mood 
disturbance, and cognitive impairment. MRI studies included T2-weighted 
imaging, fluid-attenuated inversion recovery imaging (FLAIR), susceptibility-
weighted or T2-star-weighted imaging, and MR angiography. MRI acquisitions 
and imaging parameters were based on each institute standard.  
 
Genetic testing 
Genetic testing of NOTCH3 was performed as described previously4. In brief, 
NOTCH3 exons 2–24, which encode the EGF-like repeat domain of the 
NOTCH3 receptor, were analyzed by direct sequencing of genomic DNA 
extracted from the peripheral blood. The sequence data were analyzed with 
SEQUENCHER (Gene Codes, HITACHI) to screen for mutations. Nucleotide 
substitutions were confirmed by restriction fragment length polymorphism 
analysis. We concluded that the variation was pathogenic when it was previously 
reported as pathogenic and/or when it resulted in cysteine-related missense 
mutation in one of the EGF-like repeats.  
 
Application of the CADASIL scale 
The CADASIL scale of Pescini et al9 was developed as a simple scale to be 
applied in a clinical setting as a screening tool able to predict the genetic 
diagnosis of CADASIL. The scale involves the additive score of twelve items 
(ranging from 0 to 25), whose cut-off score is 15 (Supplemental Fig. 1C). Result 
categories of the CADASIL scale were determined as positive (≥ 15) or negative 
(< 15). When calculating the CADASIL scale score, patients with insufficient 
clinical information were excluded. 
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Development of the CADASIL scale-J in Phase 1 
The CADASIL scale-J, a scale suitable for Japanese patients, was developed by 
modifying the CADASIL scale by Pescini et al9 based on the difference in 
clinical features between CADASIL patients and NOTCH3-negative patients in 
Phase 1. We assigned weighted scores as follows: five points for items showing 
both a significant difference on multivariate analysis and ≥70% frequency in 
CADASIL patients; three points for items showing a significant difference on 
multivariate analysis but <70% frequency in CADASIL patients; two points for 
items showing a significant difference with a P-value <0.01 on univariate 
analysis; and one point for items showing a significant difference with 0.01< P-
value <0.05 on univariate analysis (Table 1).  
 
The CADASIL scale-J was applied to the patients with sufficient information 
(114 CADASIL patients and 49 NOTCH3-negative patients). The accuracy of 
the CADASIL scale-J versus genetic diagnosis was evaluated based on the area 
under the curve (AUC) value of the receiver operating characteristic (ROC) 
curve using JMP12 (SAS Institute). Simultaneously, the cut-off value was 
determined to maximize the Youden index (Sensitivity – (1- Specificity)) by 
ROC analysis.  
 
Validation of the CADASIL scale-J in Phase 2 
We validated the CADASIL scale-J by applying it to patients in Phase 2. Result 
categories of the CADASIL scale-J were determined as positive (score equal to 
or more than the cut-off value) or negative (score lower than the cut-off value). 
The positive predictive value was calculated as the proportion of patients with 
NOTCH3 mutation among those positive using the CADASIL scale-J. The 
negative predictive value was calculated as the proportion of patients without 
NOTCH3 mutation among those negative using the CADASIL scale-J. 
 
Statistics  
The frequencies of clinical features variables in CADASIL patients were 
compared with those of NOTCH3-negative patients by logistic regression 
analysis. The covariate was dichotomized into with or without each clinical item. 
The outcome variable was dichotomized into CADASIL or NOTCH3-negative 
non-CADASIL diagnosed by genetic testing. After the univariate logistic 
regression analysis, only the significant variables were included in the 
multivariate logistic regression analysis. We used JMP12 (SAS Institute) for 
statistical calculations. Values of P <0.05 were considered significant. 
 
 
 
 
 



32 
 

Results  
 
The CADASIL scale-J based on clinical features of Japanese CADASIL patients 
 
The flow of participants is shown in Figure 1A. Mean ages at the assessment of 
CADASIL patients (n=126, 111 families) and NOTCH3-negative patients 
(n=53) were 49.6±9.4 and 60.2±11.9, respectively. Fifty-one out of the 53 
NOTCH3-negative patients (96%) were tentatively diagnosed as cerebral small 
vessel disease (cSVD)11, indicating that they were appropriate for the control in 
this study (Supplemental Table 1). According to the classification by Pantoni11, 
they were classified into cSVD type 1 (age-related and vascular risk factor-
related, n=35), cSVD type 2 (cerebral amyloid angiopathy, n=1), cSVD type 3 
(inherited or genetic, n=8), cSVD type 4 (inflammatory and immunologically 
mediated, n=2), and cSVD type 6 (other, n=6). The remaining two were 
diagnosed as suspected leukodystrophy. Eight patients with cSVD type 3 
included 7 patients with family history and without vascular risk factors and one 
diagnosed as mitochondrial encephalopathy. 
 
To develop the CADASIL scale-J, we compared the clinical features of 
CADASIL and NOTCH3-negative patients in Phase 1 (Table 1). In univariate 
analysis, significant differences were noted in eight items: ages at first onset of 
symptom, family history, hypertension, diabetes, stroke/TIA, pseudobulbar 
palsy, white matter hyperintensity (WMH) on MRI in the temporal pole, and 
subcortical infarcts (Table 1). After multivariate logistic regression analysis of 
these eight items, significant differences remained in the family history, 
hypertension, pseudobulbar palsy, and subcortical infarcts. Considering the 
frequencies of these significant items (see Materials and Method section), we 
assigned a weighted score of 5 for hypertension, subcortical infarcts, and family 
history, 3 for pseudobulbar palsy, 2 for leukoencephalopathy at temporal lobe, 
age at first onset ≤ 50, stroke/TIA, and 1 for diabetes to the CADASIL scale-J 
(Fig. 2A). The total score ranged from 0 to 25. Modified points are shown by 
comparing the previously reported CADASIL scale and the CADASIL scale-J 
(Supplemental Fig. 1C). Then, we extracted 114 CADASIL patients and 49 
NOTCH3-negative patients with sufficient clinical information and calculated 
the score for each patient. Scores ranged from 8 to 25 with a maximum of 20 in 
CADASIL patients, whereas they ranged from 0 to 20 with a maximum of 13 in 
NOTCH3-negative patients (Fig. 2B). 
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Figure 1. Flowchart of participants. A. Development of the CADASIL scale-J in Phase 1. B. Validation of 
the CADASIL scale-J in Phase 2. *Two patients excluded because of insufficient information were CADASIL 
patients. 
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Table 1. Clinical features of CADASIL patients and NOTCH3-negative patients in Phase 1 

 
CADASIL 

patients (n=126) 

NOTCH3-
negative 

patients (n=53) 
P-value#2 

Corrected    
P-value#3 

Background, n (%)     

Age at onset#1 ≤50 y 50/126 (39.7) 9/53 (17.0) 0.00030 0.097 

Sex (male) 60/126 (47.6) 24/53 (45.3) 0.96  

Family history#1 104/117 (88.9) 34/50 (68.0) 0.0017 0.008 

Vascular risk factors     

Smoking 38/123 (30.9) 24/53 (45.3) 0.44  

Hypertension 20/124 (16.1) 31/52 (59.6) <0.001 <0.0001 

Diabetes 6/123 ( 4.9) 8/52 (15.4) 0.026 0.31 

Hyperlipidemia 32/122 (26.2) 16/53 (30.2) 0.59  
Neurological 

symptoms, n (%) 
    

Stroke/TIA 89/126 (70.6) 20/53 (37.7) <0.001 0.19 

Migraine 54/122 (44.3) 18/52 (34.6) 0.23  

Motor palsy 63/125 (50.4) 21/53 (39.6) 0.19  

Sensory disturbance 20/121 (16.5) 8/53 (15.1) 0.81  

Dizziness 24/123 (19.5) 5/53 ( 9.4) 0.084  

Parkinsonism 16/123 (13.0) 5/53 ( 9.4) 0.49  

Pseudobulbar palsy 32/124 (25.8) 4/53 ( 7.5) 0.0030 0.017 

Seizure 7/122 ( 5.7) 4/53 ( 7.5) 0.66  

Mood disturbance 26/122 (21.3) 12/52 (23.1) 0.80  

Cognitive impairment 58/124 (46.8) 31/52 (59.6) 0.12  

MRI findings, n (%)     

White matter hyperintensity     

Temporal pole 99/125 (79.2) 31/53 (58.5) 0.0053 0.083 

External capsule 70/106 (66.0) 35/53 (66.0) 1.00  

Brain stem 29/ 52 (55.8) 25/53 (47.2) 0.38  

Corpus callosum 2/ 18 (11.1) 14/52 (26.9) 0.24  

Cerebral microbleeds 19/ 35 (54.3) 21/40 (52.5) 0.82  

Subcortical infarcts 109/125 (87.2) 30/53 (56.6) <0.001 0.0004 

MR angiography: stenosis 16/102 (15.7) 13/47 (27.7) 0.093  
 

#1Onset of the symptoms and family history included stroke/TIA, cognitive impairment, seizure, and mood 
disorders. #2Univariate logistic regression analysis was employed. #3Corrected P-values were calculated by 
multiple logistic regression analysis. 
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Figure 2. The CADASIL scale-J. A. The score for each item. The total score ranges from 0 to 25. The cut-
off value is 16 points. *Family history and onset of the symptoms included stroke/TIA, cognitive impairment, 
seizure, and mood disturbance, but excluded migraine. B. Distribution of the CADASIL scale-J score of 
CADASIL patients (black) and NOTCH3 negative patients (striped). 
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To evaluate the accuracy of this scale, we performed ROC analysis and obtained 
an AUC of 0.89 and a cut-off value of 16 (Supplemental Fig. 1A). Using this 
cut-off value, the sensitivity and specificity of the CADASIL scale-J in Phase 1 
were 78.9 and 85.7%, respectively (Table 2).  
 
 
Table 2. Sensitivity and specificity of the CADASIL scale-J in Phases 1 and 2 

 Phase 1  Phase 2 

 
CADASIL 

patients 

NOTCH3-
negative 
patients 

 
CADASIL 

patients 

NOTCH3- 
negative 
patients 

Positive 
(score ≥16) (n) 

90 7  21 9 

Negative 
(score <16) (n) 

24 42  4 33 

Sensitivity (%) 78.9  84.0 

Specificity (%) 85.7  78.6 
 
Sensitivity was calculated as the positive (score ≥16) rate in CADASIL patients. Specificity was calculated as 
the negative (score <16) rate in NOTCH3-negative patients. 
 
 
Validation of the CADASIL scale-J in Phase 2 
 
The flow of participants is shown in Figure 1B. Two patients, both of whom were 
positive for genetic testing, were excluded because of insufficient information. 
The CADASIL scale-J scores were ≥16 in 30 patients, 21 of whom had NOTCH3 
mutations. This yielded a positive predictive value of 70.0% (21/30). On the 
other hand, the CADASIL scale-J scores were <16 in 37 patients, 33 of whom 
did not have NOTCH3 mutations. This yielded a negative predictive value of 
89.2% (33/37). The overall sensitivity and specificity in Phase 2 were 84.0 and 
78.6%, respectively (Table 2).  
 
The clinical characteristics of the CADASIL patients and NOTCH3-negative 
patients in Phase 2 are shown in Supplemental Table 2. Significantly different 
items between CADASIL patients and NOTCH3-negative patients in Phase 2 
were similar to those in Phase 1, except for the absence of significant differences 
in family history and diabetes in Phase 2 (Supplemental Table 2).  
 
Comparison between the CADASIL scale and the CADASIL scale-J 
 
In our patients, the diagnostic accuracy of the CADASIL scale-J was higher 
compared with that of the CADASIL scale of Pescini et al9 ROC analysis of the 
CADASIL scale in Phase 1 showed an AUC of 0.61, which was lower than that 
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of the CADASIL scale-J at 0.89, and an optimal cut-off value of 16 
(Supplemental Fig. 1A and 1B). Both scales showed high specificity (78.6-
85.7%) in Phase 1 and Phase 2. However, sensitivities of the CADASIL scale-J 
(78.9% in Phase 1 and 84.0% in Phase 2) were apparently higher than those of 
the CADASIL scale (40.6% in Phase 1 and 48.0% in Phase 2) (Table 2 and 
Supplemental Table 3). 
 
NOTCH3 mutations 
 
In the total of 153 CADASIL patients in Phases 1 and 2, including those with 
insufficient information to calculate the scores, we identified one 54 pathogenic 
mutations of NOTCH3 located in exons 2-8, 11, 14, and 18-21 (Table 3). Seven 
mutations: p.C55R, p.C419R, p.C435Y, p.C606S, p.C1015W, p.C1022G, and 
p.S1067C, were novel ones. The patients with p.C323W were reported 
elsewhere12. One of the patients with p.R544C was homozygous and recently 
reported elsewhere by us13. Most of the mutations existed in exons 3–6 (107 of 
the 153 patients, 69.9%), particularly exons 3–4 (96 of the 153 patients, 62.7%).  
 
 
Table 3. Summary of NOTCH3 mutations identified in 153 Japanese CADASIL patients 

Amino acid 
change Nucleotide change Exon EGF-like 

repeat 
Number of 
individuals 

p.C43F c.128G>T 2 1 1 

p.R54C c.160C>T 2 1 2 

p.C55G c.163T>G 2 1 2 

p.C55R*  c.163T>C 2 1 1 

p.C65S c.194G>C 2 1 3 

p.C65Y c.194G>A 2 1 1 

p.W71C c.213G>T 3 1 1 

p.R75P c.224G>C 3 1 14 

p.C76Y c.227G>A 3 1 2 

p.C87F c.260G>T 3 2 1 

p.R90C c.268C>T 3 2 2 

p.C93G c.277T>G 3 2 2 

p.C93Y c.278G>A 3 2 2 

p.C106R c.316T>C 3 2 2 

p.C108F c.323G>T 3 2 2 

p.R110C c.328C>T 3 2 2 

p.R133C c.397C>T 4 3 8 

p.R141C c.421C>T 4 3 17 

p.C146W c.438C>G 4 3 1 
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p.R153C c.457C>T 4 3 8 

p.R169C c.505C>T 4 4 6 

p.C174L 
c.521_522delinsT

G 
4 4 2 

p.S180C c.539C>G 4 4 6 

p.R182C c.544C>T 4 4 13 

p.C185Y c.554G>A 4 4 2 

p.C194Y c.581G>A 4 4 1 

p.C212R c.634T>C 4 5 2 

p.C233S c.697T>A 5 5 1 

p.C245Y c.734G>A 5 6 1 

p.C260F c.779G>T 5 6 2 

p.C323W c.969C>G 6 8 2 

p.C329Y c.986G>A 6 8 1 

p.R332C c.994C>T 6 8 4 

p.G382C c.1144G>T 7 9 1 

p.C388Y c.1163G>A 7 9 3 

p.S396C c.1187C>G 7 10 1 

p.C419R*  c.1255T>C 8 10 3 

p.C435Y*  c.1304G>A 8 11 1 

p.C455R c.1363T>C 8 11 1 

p.C457S c.1370G>C 8 11 1 

p.C542R c.1624T>C 11 13 3 

p.C542Y c.1625G>A 11 13 1 

p.R544C c.1630C>T 11 13-14 2 

p.C606S*  c.1817G>C 11 15 1 

p.R607C c.1819C>T 11 15 7 

p.C729G c.2185T>G 14 18 1 

p.R985C c.2953C>T 18 25 1 

p.C988F c.2963G>T 18 25 1 

p.C1004G c.3010T>G 19 26 3 

p.C1015W*  c.3045C>G 19 26 1 

p.Y1021C c.3062A>G 19 26 1 

p.C1022G* c.3064T>G 19 26 1 

p.S1067C*  c.3200C>G 20 27 1 

p.R1143C c.3427C>T 21 29 1 

Total    153 

 
*Novel mutations not reported by Rutten et al. (2014), Mizuta et al. (2017), Yeung et al. (2018), the Leiden 
Open Variation Database, or references therein.  
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Discussion 
 
We developed the CADASIL scale-J, which can effectively discriminate 
between CADASIL patients and NOTCH3-negative CADASIL-like patients 
among Japanese patients (Table 2, Fig. 1B, and Supplemental Fig. 1A). The ROC 
analysis of our scale in Phase 1 yielded an AUC of 0.89 showing marked 
accuracy14. Sensitivity and specificity were high in both Phase 1 (78.9 and 85.7%, 
respectively) and Phase 2 (84.0 and 78.6%, respectively). Also, the positive 
predictive value was high at 70.0% and the negative predictive value was high 
at 89.2% in Phase 2.  
 
The CADASIL scale-J exhibited a higher diagnostic accuracy compared with the 
CADASIL scale (Supplemental Fig. 1B). This may be at least partially due to 
ethnic differences in the clinical characteristics of CADASIL. The CADASIL 
scale of Pescini et al. is based on data reported on 536 CADASIL patients, most 
of whom were Caucasians. Although the items of migraine and 
leukoencephalopathy extending to the external capsule were highly weighted in 
the CADASIL scale of Pescini et al., they were not specific to Japanese 
CADASIL patients in our study (Table 1, Supplemental Fig. 1C). Because the 
frequency of migraine, mood disturbance, cognitive impairment, or external 
capsule lesions was not significantly different between CADASIL and 
NOTCH3-negative patients, we omitted these items in the CADASIL scale-J 
(Table 1, Supplemental Fig. 1C). Leukoencephalopathy extending to the 
temporal pole was more specific to CADASIL rather than the external capsule 
in Japanese patients. In addition, items of the CADASIL scale did not include 
hypertension or pseudobulbar palsy, both of which showed a clearly significant 
difference between CADASIL patients and NOTCH3 negative patients in this 
study. Our findings suggest that it is necessary to develop a new scale suitable 
for Japanese patients, in agreement with a previous study in a Chinese population. 
Similar to our findings, Liu et al. reported a higher rate of temporal pole 
involvement, but not external capsule involvement in CADASIL compared with 
non-CADASIL Chinese patients10. They also noted a significant difference in 
the rate of hypertension but no significant difference in that of migraine between 
CADASIL and non-CADASIL patients10.  
 
By applying the CADASIL scale-J to consecutive patients (Phase 2), we 
obtained a positive predictive value of 70.0%, being higher than the positive rate 
of genetic testing of 39.1% (27/69). We also obtained a negative predictive value 
of 89.1%, being higher than the negative rate of genetic testing of 59.4% (42/69), 
among CADASIL-suspected patients (Fig. 1B). Four CADASIL patients who 
failed to exceed the cut-off score of 16 were asymptomatic or older-onset with 
multiple vascular risk factors.  
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We calculated a positive rate and an average score using the CADASIL scale-J 
for seven genotypes, each of which included more than five patients 
(Supplemental Table 4). The low positive rate was 63.6% for p.R75P and 61.5% 
for p.R182C. The p.R75P subgroup showed the lowest average score of the 
CADASIL scale-J at 15.5 ± 3.8, which was lower than the cut-off value at 16. 
The p.R75P mutation is an atypical cysteine-sparing but already pathologically 
confirmed one mainly reported from Japan and Korea15,16. The low positive rate 
and the low average score in p.R75P subgroup are thought to be due to a lower 
frequency of temporal pole lesions and older age at onset compared with other 
genotypes, as reported previously17. The average score of the CADASIL scale-J 
in p.R182C subgroup at 17.2 ± 4.3 was the second lowest among the genotypes 
studied, but exceeded cut-off score of 16, suggesting another reason for the 
lowest sensitivity at 61.5% in p.R182C. We next compared the distribution of 
individual scores among p.R75P, p.R182C, and p.R141C, and found the widest 
distribution in p.R182C (Supplemental Fig. 2). We, therefore, think that 
especially low sensitivity in p.R182C subgroup was mainly due to a wide variety 
of scores among the individuals.  
 
Because Rutten et al. recently reported that NOTCH3 EGF-like repeat (EGFr) 1-
6 pathogenic variants are associated with a more severe phenotype compared 
with EGFr 7-34 pathogenic variants18, we also compared the CADASIL scale-J 
positive rate between EGFr 1-6 and 7-34 subgroups. The positive rates for EGFr 
1-6 group and 7-34 groups were similar, 79.8% and 80.0%, respectively 
(supplemental Table 4). The average score of the CADASIL scale-J for EGFr 1-
6 group and 7-34 groups also were similar, 18.3 ± 3.3 and 18.9 ± 4.1, respectively 
(supplemental Table 4). 
 
One limitation of this study was that it was performed in a single center. To 
confirm and improve the accuracy of the CADASIL scale-J, replication analysis 
in multiple centers is necessary. Another limitation was that patients with 
insufficient information were not included in this study. Finally, the possibility 
of hereditary small vessel diseases other than CADASIL in NOTCH3-negative 
patients was not excluded from this study. When we compared clinical features 
of 16 NOTCH3-negative patients with the high score (≥16) to those of 139 
CADASIL patients, no item of clinical features showed a significant difference 
between them (Supplemental Table 5). This suggested that patients with 
CADASIL-like disease caused by other than NOTCH3 may be included in 
NOTCH3-negative patients with high score. To clarify how many patients with 
other known hereditary cerebral small vessel diseases were included in 
NOTCH3-negative controls, further genetic testing of the causative genes 
including HTRA119-21, COL4A122-24, TREX125,26, and CTSA27 for cerebral 
autosomal recessive arteriopathy with subcortical infarcts and 
leukoencephalopathy (CARASIL), pontine autosomal dominant 
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microangiopathy with leukoencephalopathy (PADMAL), retinal vasculopathy 
and cerebral leukodystrophy (RVCL), and cathepsin A–related arteriopathy with 
strokes and leukoencephalopathy (CARASAL), respectively, is necessary.  
 
In conclusion, we established the CADASIL scale-J for Japanese patients. It is 
useful to prioritize access to genetic testing among CADASIL-suspected 
Japanese patients and helpful for researchers to perform genetic testing 
efficiently.  
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Supplemental Figure 1. A and B. ROC curve using the CADASIL scale-J (A) and the CADASIL scale (B) in 
Phase 1. C. Comparison of items and each score in the CADASIL scale by Pescini et al. and the CADASIL 
scale-J in this study. *In the CADASIL scale-J, family history and onset of the symptoms included stroke/TIA, 
cognitive impairment, seizure, and mood disturbance, but excluded migraine  
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Supplemental Figure 2. Distributions of scores of the CADASIL scale-J in patients with p.R75P (top), 
p.R182C (middle), and p.R141C (bottom). 
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Supplemental Table 1. List of tentative diagnosis of 53 NOTCH3-negative patients enrolled 
as controls to develop the CADASIL scale-J 

  

Tentative diagnosis Number of individuals 

Cerebral small vessel disease (CSVD)*  

    Type 1 (age-related and vascular risk factor-related) 35 

    Type 2 (cerebral amyloid angiopathy) 1 

    Type 3 (inherited or genetic) 8 

    Type 4 (inflammatory and immunologically mediated) 2 

    Type 6 (other) 6 
  

Leukodystrophy suspected 2 
  

Total 53 
 
*Classification of cerebral vascular disease was according to Pantoni. (Lancet Neurol. 2010;9:689-701.) 
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Supplemental Table 2. Clinical features of CADASIL patients and NOTCH3-negative patients in 
Phase 2 

  
CADASIL 

patients 
(n=25) 

NOTCH3-
negative 
patients 
(n=42) 

P- 
value#2 

Corrected 
P-value#3 

Background, n (%)           
 

  Age at first onset#1 ≤50 y 15/23 (65.2) 15/41 (36.6) 0.04 0.094 

  Sex (male) 15/25 (60.0) 22/42 (52.4) 0.62  

  Family history#1 23/25 (92.0) 30/42 (71.4) 0.06  

  Vascular risk factors               

    Smoking 9/25 (36.0) 16/40 (40.0) 0.80  

    Hypertension 6/25 (24.0) 25/42 (59.5) 0.006 0.049 

    Diabetes 1/25 ( 4.0) 9/42 (21.4) 0.08  

    Hyperlipidemia 7/24 (29.0) 11/42 (26.2) 0.78  

Neurological symptoms, n (%)               

 Stroke/TIA 20/25 (80.0) 18/42 (42.9) 0.005 0.027 

 Migraine 5/25 (20.0) 15/42 (35.7) 0.27  

 Motor palsy 11/24 (45.8) 17/42 (40.5) 0.80  

 Sensory disturbance 4/25 (16.0) 9/41 (22.0) 0.75  

 Dizziness 2/24 ( 8.3) 5/41 (12.2) 1.00  

 Parkinsonism 4/25 (16.0) 9/41 (22.0) 0.75  

 Pseudobulbar palsy 9/25 (36.0) 5/42 (11.9) 0.03 0.49 

 Seizure 3/25 (12.0) 2/41 ( 4.9) 0.36  

 Mood disdisturbance 2/25 ( 8.0) 9/42 (21.4) 0.19  

 Cognitive impairment 13/23 (56.5) 18/40 (45.0) 0.44  

MRI findings, n (%)               

 White matter hyperintensity               

   Temporal pole 23/25 (92.0) 23/40 (57.5) 0.004 0.009 

   External capsule 20/25 (80.0) 26/42 (61.9) 0.17  

   Brain stem 10/23 (43.5) 14/37 (37.8) 0.79  

    Corpus callosum 4/25 (16.0) 6/39 (15.3) 1.00  

 Cerebral microbleeds 15/19 (78.9) 13/28 (46.4) 0.04 0.001 

 Subcortical infarcts 22/25 (88.0) 25/42 (59.5) 0.02 0.29 
 MR angiography: stenosis 2/23 ( 8.7) 2/37  ( 5.4) 0.63  

 
#1Onset of the symptoms and family history included stroke/TIA, cognitive impairment, seizure, and mood 
disturbance. #2Univariate logistic regression analysis was employed. #3Corrected P-values were calculated by 
multiple logistic regression analysis. 
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Supplemental Table 3. Evaluation of the CADASIL scale in Phase 1 and 2 
 
 Phase 1 Phase 2 

  
CADASIL 

patients 
(n=126) 

NOTCH3-
negative 
patients 
(n=53) 

p- 
value 

CADASIL 
patients 
(n=25) 

NOTCH3-
negative 
patients 
(n=42) 

p- 
value 

CADASIL scale 
 score ≥16#1, n (%) 

39/96 
 (40.6) 

10/47  
(21.3) 

0.025 
12/25  
(48.0) 

8/42   
(19.0) 

0.026 

 Sensitivity Specificity  Sensitivity Specificity  

 40.6% 78.7%  48.0% 81.0%  

CADASIL scale 
(score), n (%) 

      

Migraine         (1) 
54/122 
(44.3) 

18/52 
(34.6) 

0.31 
5/25 

(20.0) 
15/42 
(35.7) 

0.27 

Migraine with aura (3) 
1/122 
( 0.8) 

1/52 
( 1.9) 

1.00 
2/25 
( 8.0) 

5/42 
(11.9) 

0.70 

TIA or stroke     (1) 
89/126 
(70.6) 

20/53 
(37.7) 

<0.001 
20/25 
(80.0) 

18/42 
(42.9) 

0.005 

TIA / stroke  
onset ≤50 y       (2) 

49/126 
(38.9) 

7/53 
(13.2) 

0.0007 
14/25 
(56.0) 

8/42 
(19.0) 

0.003 

Psychiatric 
disturbances      (1) 

26/122 
(21.3) 

12/52 
(23.1) 

0.84 
2/25 
( 8.0) 

9/42 
(21.4) 

0.19 

Cognitive decline / 
cognitive impairment 
(3) 

58/124  
(46.8) 

31/52 
(59.6) 

0.14 
13/23 
(56.5) 

18/40 
(45.0) 

0.44 

Leukoencephalopathy   
(3) 

125/126 
(99.2) 

53/53 
(100.0) 

1.00 
25/25  

(100.0) 
40/42 
(95.2) 

0.53 

extended to 
temporal pole    (1) 

99/125 
(79.2) 

31/53 
(58.5) 

0.0058 
23/25 
(92.0) 

23/40 
(57.5) 

0.003 

extended to 
external capsule  (5) 

70/106 
(66.0) 

35/53 
(66.0) 

1.00 
20/25 
(80.0) 

26/42 
(61.9) 

0.17 

Subcortical infarcts (2) 
109/125 
(87.2) 

30/53 
(56.6) 

<0.001 
22/25 
(88.0) 

25/42 
(59.5) 

0.015 

Family history in at 
least 1 generation  (1) 

104/117 
(88.9) 

34/50 
(68.0) 

0.003 
22/25 
(88.0) 

30/42 
(71.4) 

0.07 

Family history in at 
least 2 generations (2) 

43/117  
(36.7) 

14/50 
(28.0) 

0.29 
13/25 
(52.0) 

12/42 
(28.6) 

0.07 

 
The CADASIL scale of Pescini et al. was applied to Phase 1 and 2. #1Optimal cut-off value calculated from 
ROC analysis in Phase 1 (Supplemental Fig.1). Sensitivity is the positive rate (total score ≥16 in CADASIL 
patients. Specificity is the negative rate (total score <16) in NOTCH3-negative patients. Clinical features 
focused on items of the CADASIL scale are also shown. For P-value calculation, univariate logistic regression 
analysis was employed. 
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Supplemental Table 4. Sensitivity of the CADASIL scale-J in NOTCH3 genotype subgroups 
 

NOTCH3 
mutation 

Number of 
individuals 

assessed 

Sensitivity of the 
CADASIL scale-J (%) 

mean ± SD of score of the 
CADASIL scale-J 

p.R75P 11 63.6 15.5 ± 3.8 
p.R133C 8 75.0 19.0 ± 3.6 
p.R141C 14 82.4 19.4 ± 3.3 
p.R153C 7 85.7 18.3 ± 3.7 
p.S180C 6 83.3 20.3 ± 4.4 
p.R182C 13 61.5 17.2 ± 4.3 
p.R607C 7 85.7 18.7 ± 2.1 

EGFr 1-6 99 79.8 18.3 ± 3.3 
EGFr 7-34 40 80.0 18.9 ± 4.1 

 
Sensitivity, the positive rate using the CADASIL scale-J (score ≥16), and mean ± SD of the score were 
calculated for the common genotypes (n ≥6).  
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Supplemental Table 5. Clinical features of NOTCH3-negative patients with high CADASIL 
scale-J score (≥16) and CADASIL patients in this study 

 

 

NOTCH3-negative 
patients with high 
CADASIL scale-J 
score (≥16) (n=16) 

CADASIL patients 
(n=139) 

p-value#2 

Background    
Age at onset#1 ≤50 y  6/16 (37.5) 63/137 (41.2) 0.60 
Sex (male) 5/11 (31.3) 67/72 (48.2) 0.29 
Family history#1 14/16 (87.5) 123/139 (88.5) 1.0 
Vascular risk factors    
   Smoking 6/15 (40.0) 54/139 (38.9) 1.0 
   Hypertension 4/16 (24.0) 23/139 (16.6) 0.48 
   Diabetes 1/16 (6.3) 7/139 (5.0) 0.59 
   Hyperlipidemia 5/16 (31.3) 35/136 (25.7) 0.76 
Neurological symptoms    
 Stroke/TIA 9/16 (56.3) 99/139 (71.2) 0.25 
 Migraine 5/16 (31.3) 54/137 (39.4) 0.60 
 Motor palsy 9/16 (56.3) 68/138 (49.3) 0.79 
 Sensory disturbance 5/15 (33.3) 23/135 (17.0) 0.16 
 Dizziness 1/15 (6.7) 25/137 (18.3) 0.47 
 Parkinsonism 3/15 (20.0) 19/138 (13.8) 0.45 
 Pseudobulbar palsy 6/16 (37.5) 39/139 (28.1) 0.56 
 Seizure 2/15 (13.3) 9/137 (6.6) 0.30 
 Mood disturbance 2/16 (12.5) 25/137 (18.3) 0.74 
 Cognitive impairment 10/16 (62.5) 64/136 (47.1) 0.30 
MRI findings    
White matter hyperintensity 16/16 (100.0) 138/139 (99.3) 1.0 
   Temporal pole 12/16 (75.0) 113/139 (81.3) 0.52 
   External capsule 12/16 (75.0) 80/120 (66.7) 0.58 
   Brain stem 8/16 (50.0) 34/69 (49.3) 1.0 
   Corpus callosum 6/16 (37.5) 6/41 (14.6) 0.076 
Cerebral microbleeds 6/13 (46.2) 33/52 (63.5) 0.35 
Subcortical infarcts 15/16 (93.8) 121/139 (87.1) 0.69 
MR angiography: stenosis 4/16 (25.0) 19/115 (16.5) 0.48 

 
The number of observed/studied (%), and number of males/females (% of males) are shown. #1Onset of the 
symptoms and family history included stroke/TIA, cognitive impairment, seizure, and mood disturbance. 
#2Univariate logistic regression analysis was employed.  
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Abstract 
 
Cerebral small vessels feed and protect the brain parenchyma thanks to the unique 
features of the blood brain-barrier. Cerebrovascular dysfunction is therefore seen as a 
detrimental factor for the initiation of several CNS disorders, such as stroke, cerebral 
small vessel disease and Alzheimer’s disease. The main working hypothesis linking 
cerebrovascular dysfunction to brain disorders includes the contribution of 
neuroinflammation. While our knowledge on microglia cells – the brain-resident 
immune cells - has been increasing the last decades, the specific populations of microglia 
and macrophages surrounding brain vessels, so-called perivascular microglia and 
perivascular macrophages respectively, have been overlooked. This review aims to 
summarize the knowledge gathered on perivascular microglia and perivascular 
macrophages, to discuss existing knowledge gaps of importance for later studies and to 
summarize evidences for their contribution to cerebrovascular dysfunction.  
  
Keywords: cerebrovascular dysfunction; neuroinflammation; perivascular macrophages; 
perivascular microglia  
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Introduction 
 
A growing body of evidence supports the importance of our immune system in 
disease progression, making the research community more aware of the 
complexity of disease’s mechanisms but offering at the same time new 
diagnostic and therapeutic opportunities. This holds true for cerebrovascular 
diseases such as cerebral Small Vessel Disease (cSVD), the most prevalent cause 
of vascular cognitive impairment1, in which the surroundings of brain small 
vessels are being scrutinized to decipher its exact pathophysiological mechanism. 
In this regard, perivascular immune cells have gained interest in the last three 
decades and both microglia and macrophages have been discussed in recent 
studies. The terms “perivascular microglia” and “perivascular macrophage”, 
given at several occasions, have not been always rightly used to describe immune 
cells associated with the cerebral vessels. Current state-of-the-art 
immunohistochemistry combined with confocal microscopy has revealed 
differential expressions of microglia/macrophage markers as well as 
morphological features that allow today a better discrimination of those brain 
perivascular immune cells.   
 
In this review, the terms “perivascular microglia” (PMG) and “perivascular 
macrophages” (PVMs) will be first defined before summarizing the findings on 
PMG and PVMs associated with cerebrovascular diseases, including stroke, 
cSVD, Alzheimer’s disease and multiple sclerosis. This review aims to discuss 
the importance of differentiating PMG from PVMs. This emerging concept 
should be considered to fill in current research gaps in the field of 
neurodegenerative diseases involving cerebrovascular dysfunction.  
 
Historical perspective  
 
The first occurrence of the term “perivascular microglia” was in 1988, when 
Hickey and Kimura described the presence of bone marrow-derived cells located 
around cerebral vessels and expressing the cell surface glycoprotein ED-22. 
However, Graeber et al. suggested that these ED-2-positive perivascular cells 
differ from microglia, which did not stain with ED-23 and he suggested to keep 
the term “perivascular microglia” for microglia located on the vicinity of vessels 
outside of the basal lamina4. The ED-2 antigen was later identified as CD163, a 
highly specific marker for PVMs, ruling out the possibility that these 
perivascular cells were pericytes5,6 (Table 1). From these early studies, a clear 
description of PVMs was made using their ED-2-positive immunoreactivity and 
their location within the perivascular space mainly around the large penetrating 
arteriole, compared to PMG, ED-2-negative and located outside of the glia 
limitans. After its introduction in 1990, however, the term PMG was used 
wrongly at many occasions instead of PVM and the term “juxtavascular 
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microglia” was also found as an alternative for PMG7, creating overall a lot of 
confusion in this research field.  
 
Parenchymal microglia, Perivascular microglia and Perivascular 
macrophages 
 
Microglia are the brain-resident immune cells and they play crucial roles in the 
development, maintenance of homeostasis, and diseases in the central nervous 
system (CNS). Microglia are crucial in brain development and regulate many 
mechanisms including synaptic pruning and maturation and angiogenesis8. 
Under physiological conditions in adult life, microglia are constantly monitoring 
their surroundings thanks to their fine ramified motile processes9. Once 
microglia encounter harmful substances, such as infiltrating components from 
blood, burden abnormal proteins, or cell debris, they become activated to 
phagocyte these harmful substances or to protect the damaged cells10. 
Furthermore, microglia can promote angiogenesis both in physiological11 and 
pathological conditions such as ischemic stroke, AD, multiple sclerosis (MS), 
and Parkinson’s disease (PD)12, highlighting the important crosstalk of microglia 
with the cerebral vasculature. While PMG could be considered as a sub-
population of parenchymal microglia, advanced molecular studies should be 
undertaken to reveal their true nature and assess their potential protective and/or 
deleterious functions in the context of cerebrovascular diseases. 
     
Apart from microglia, CNS-macrophages are also involved in the maintenance 
of brain homeostasis but their role is limited to its borders. CNS-macrophages 
reside in the non-parenchymal perivascular space, subdural meningeal spaces, 
and choroid plexus spaces－ namely, perivascular macrophages (PVMs), 
meningeal macrophages (MMs), and choroid plexus macrophages (CPMs) 
respectively13 (Fig. 1A). While microglia and macrophages share many functions 
and markers, previous studies have revealed differential marker expressions 
useful for their distinction (next paragraph, Table 1).  
 
Studies specifically investigating the differential functions of microglia 
(including parenchymal and perivascular microglia) and PVMs are lacking due 
to the absence of steadfast experimental systems12,14. However the use of single-
cell RNA-seq analysis or mass cytometry have brought additional evidences 
confirming their differential roles. Gene expression analyzes and histological 
studies have reported cell-specific markers: TMEM119 (Transmembrane protein 
119), P2RY12 (P2Y purinoceptor 12), SALL1 (Sal-like protein 1), Siglec-H 
(Sialic acid-binding immunoglobulin-type lectins), Olfm3 (Olfactomedin 3) as 
microglia-specific markers; and CD163 and CD206 as CNS-macrophage-
specific markers (Table 1). Among the microglia-specific markers, none shows 
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a high expression level stable throughout the entire microglia’s lifespan, 
suggesting that the dynamics of each marker should be considered. 
 
Studies specifically investigating the differential functions of microglia 
(including parenchymal and perivascular microglia) and PVMs are lacking due 
to the absence of steadfast experimental systems12,14. However the use of single-
cell RNA-seq analysis or mass cytometry have brought additional evidences 
confirming their differential roles. Gene expression analyzes and histological 
studies have reported cell-specific markers: TMEM119 (Transmembrane protein 
119), P2RY12 (P2Y purinoceptor 12), SALL1 (Sal-like protein 1), Siglec-H 
(Sialic acid-binding immunoglobulin-type lectins), Olfm3 (Olfactomedin 3) as 
microglia-specific markers; and CD163 and CD206 as CNS-macrophage-
specific markers (Table 1). Among the microglia-specific markers, none shows 
a high expression level stable throughout the entire microglia’s lifespan, 
suggesting that the dynamics of each marker should be considered. 
 
During development, microglia (including PMG) and PVM originate from yolk-
sac progenitors15-17. Recent work using a combination of fate mapping with 
single-cell RNA-seq and parabiosis experiments has shown that PVMs and MMs 
arise from yolk-sac hematopoietic precursors too, while CPMs have either an 
embryonic or adult hematopoietic origin18. This new insight on the common 
origin of microglia, PMG and PVM raises a new question on the exact time-point 
when microglia diverge from CNS-macrophages and which triggers mediate this 
differentiation. While the emergence of parenchymal microglia was evidenced 
between embryonic day 9.5 and 12.5 by using Cx3cr1GFP/WT mice18, PVMs 
emerge at embryonic day 14.5 at the time of BBB closure19,20. 
 
In adulthood, most functional markers are shared between microglia and 
macrophages, although their expression level may differ. Ionized calcium-
binding adapter molecule 1 (Iba-1) is a representative marker of both microglia 
and CNS-macrophages. While Iba-1 intensity can be used to discriminate PVMs 
from PMG by immunofluorescence: low vs high intensity respectively21,22, its 
combination with additional markers is valuable (Fig. 1). TMEM119 allows the 
specific identification of microglia from other immune cells23,24, however, its 
expression seems limited to mouse and human cells so far25. Siglec-H and 
Olfml3 are also highly expressed in microglia, whereas CPMs and MMs showed 
a very faint expression26,27. CD163 seems a rather selective marker for PVMs28. 
 
In addition, microglia have been also distinguished from CNS macrophages by 
their low CD45 and low CD206 expression levels although this constitutes a less 
accurate identification method.  
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Figure 1: Perivascular microglia and perivascular macrophages in their workplace. (A) Scheme 
illustrating the differential location of CNS-macrophages including Perivascular Macrophages (PVM), 
parenchymal microglia, and Perivascular microglia (PMG) around the cerebral small vessels. Representative 
cortical areas in rat (B) and mice (C) imaged by confocal microscopy after immunostaining to reveal the 
presence and location of PVM (filled arrow heads) and PMG (empty arrow heads) using a set of different 
markers. (B) Two CD206-positive PVMs (green) are located between astrocyte end-feet (GFAP, blue) and 
endothelial cells stained by the injection of lectin. The PVM shows a flatten-shape and a low-intensity Iba1 
staining compared to PMG that are located beyond the glia limitans. The location of the x,z view (bottom) and 
y,z view (right) are corresponding to yellow lines. (C) Elongated CD206-positive PVMs (blue) are located 
along two large penetrating arterioles and meningeal macrophages (MMs) are visible around a pial artery (in 
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white dotted circle). Vessels are stained by the injection of 70-kDa dextran-Texas Red in a transgenic 
Cx3Cr1gfp/wt mouse. PMG show a high Cx3Cr1 expression (green) compared to PVMs. The location of the y,z 
view (right) is corresponding to yellow lines.  

 
 
With aging or disease progression, both microglia and PVMs participate in 
inflammatory responses and their phenotypes are often assessed by the 
expression of specific cytokines or surface receptors. An increased expression of 
CD68, or a decreased expression of P2RY12/P2ry12, are for example associated 
with the acquisition of a pro-inflammatory phenotype29-31. As with other tissue-
resident macrophages, microglia can be polarized and traditionally categorized 
into M1 (pro-inflammatory) and M2 (anti-inflammatory, resolving) phenotypes. 
However, it is now admitted that no clear boundaries can be drawn to 
characterize microglia/macrophage function and that a more refined phenotypic 
characterization should be used in new studies32,33. Furthermore, one has to take 
into account that the expression of surface markers useful for the identification 
and distinction between microglia and PVMs can also vary due to their activation 
level. Indeed, while CD163 is normally specifically expressed by PVMs as 
described above, CD163-positive microglia have been observed in AD patients34. 
 
A list of markers to ease the distinction of microglia, including PMG, and CNS-
macrophages including PVMs, is summarized in Table 1. In addition, PVMs and 
PMG are displayed in representative confocal pictures from cortical areas from 
a rat (Fig. 1B) and from a mouse (Fig. 1C). Their identification is based on their 
location (vascular-associated and inside/outside the glia limitans), morphology 
(ramified vs flatten-shape) and the expression levels of different surface markers 
(Iba1; Cx3Cr1; CD206, CD163). Furthermore their differential position in 
respect to the glial limitans has been also confirmed by electron microscopy35,36. 
As indicated in a recent review, PVMs are only present in association with 
arterioles and venules, but not with capillaries, as PVMs are located in the 
perivascular space between the abluminal surface of the endothelial vessel 
basement membrane and the parenchymal basement membrane on the glia-
limitans side13. These two basement membranes are however combined in 
capillaries, leaving no space for PVMs while PMG are still present. This implies 
that the contribution of perivascular immune cells to cerebrovascular 
dysfunction may differ with the vessel size and that PVMs and PMG should be 
studied separately. 
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Table 1: Differentiation makers for microglia (MG), including perivascular microglia (PMG) and 
CNS-macrophages (MP) including perivascular macrophages (PVMs). 
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(Table 1 legend) 

*1: Astrocytes and neuronal progenitor cell in the CNS during embryogenesis have high expression of sall1. 

*2: Choroid plexus macrophages are negative, 5% of other CNS-associated macrophages were positive by flow 

cytometry. *3: Choroid plexus macrophages express Siglec-H in steady state. *4: Meningeal macrophages 

shows no or very faint Olfml3-positive. *5: Especially positive on perivascular and meningeal macrophages. 

*6: Infiltrating macrophages become positive. Abbreviations; MG: microglia; MP: macrophages; N.D.: not 

detected. 
 
Perivascular immune cells and cerebrovascular dysfunction 
 
While the contribution of microglia has been studied in various 
neurodegenerative disorders, their involvement in cerebrovascular diseases has 
been less studied. In particular, we aimed at summarizing the studies on 
perivascular immune cells (PMG, PVM) in the context of cerebrovascular 
dysfunction. 
 
Literature search method 
Studies on PMG or PVMs and their involvement in cerebrovascular dysfunction 
were identified from electronic searches exclusively done by using PubMed 
database. We used the following MeSH and free search terms to identify peer-
reviewed original articles in English; for PMG: microglia AND (blood-brain 
barrier OR cerebral small vessel) AND (cerebrovascular disorders OR cerebral 
small vessel disease OR neurodegenerative diseases OR multiple sclerosis OR 
stroke); and for PVMs: (perivascular macrophages OR CNS macrophages OR 
brain macrophages) AND (cerebrovascular disorders OR cerebral small vessel 
disease OR neurodegenerative diseases OR multiple sclerosis OR stroke). In 
both searches, we excluded studies matching the following terms: review; 
infection; epilepsy; hemorrhage. Furthermore, studies were excluded if they 
referred to microglia or macrophages in the context of brain tumor/metastasis, 
non-CNS diseases, infectious diseases, and drug- or alcohol-abuse. Screening 
and extraction of articles were done by TK under the guidance of SF. For each 
study, the following variables were recorded: (a) year of publication, (b) type of 
disease, (c) animal model, (d) microglia or macrophages markers and (e) results. 
The searches were performed on June 30th 2019 and the results are described in 
a flow diagram (Fig. 2). 
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Figure 2. Flow diagram illustrating the systematic search protocol and the identification of the corresponding 

publication records. 
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Perivascular macrophages in cerebrovascular dysfunction 
 
PVMs have been shown to contribute to an increased vascular permeability and 
an increased granulocyte recruitment in the acute phase of stroke using the 
transient Middle Cerebral Artery Occlusion (tMCAO) model. Their depletion by 
the administration of clodronate-containing liposomes (CCLs) was indeed able 
to attenuate the vascular permeability, as evidenced by the reduced Evans blue 
extravasation 24 h post-ischemia, and to reduce the granulocyte infiltration in 
the ischemic cortex37. In an acute hypertension model induced by Angiotensin II 
infusion (2 weeks), the increased BBB permeability was shown to result from 
the generation of reactive oxygen species (ROS) mediated by the Angiotensin II 
type 1 receptor (AT1R) and the subsequent activation of Nox2 in PVMs. Indeed, 
the depletion of PVMs or the deletion of AT1R or Nox2 from PVMs, using bone 
marrow chimeras, were able to prevent BBB dysfunction, restore the 
neurovascular coupling and prevent cognitive dysfunction21. In SHR-SP, a 
chronic hypertensive model, PVMs depletion with CCLs improved the 
endothelium-dependent dilation of the MCA, and prevented MCA structural 
remodeling induced by hypertension38. Post-mortem investigation of brains from 
CADASIL patients (cerebral autosomal dominant arteriopathy with subcortical 
infarcts and leukoencephalopathy), an hereditary cSVD form, has revealed the 
presence of PVMs-like cells with a phagocytic morphology around granular 
osmiophilic material-depositions in arteries, and arterioles suggesting a role for 
PVMs to clear abnormal depositions in the perivascular space to prevent vascular 
remodeling39. Furthermore, in TgCRND8 mice, a mouse model of cerebral 
amyloid angiopathy (CAA), PVM depletion using CCLs increased the number 
of amyloid depositions in cortical vessels. An increased content of Aβ42 in 
cerebral vessels from depleted mice was also evidenced by ELISA40. This 
highlights again the crucial phagocytic role of PVMs to preserve the 
cerebrovasculature. In the same study, repeated intracerebroventricular 
injections of chitin were performed to increase PVMs turn-over. This led to a 
reduction in the number of amyloid–positive cortical vessels40. This study 
reported for the first time that modulating PVMs density can influence the 
clearance of amyloid from the cerebral vasculature. Unfortunately, it is highly 
possible that an increased clearance capacity can be accompanied by an 
increased ROS production. Park et al. have shown that the selective depletion of 
PVMs using intracerebroventricular injection of CCLs reduced ROS production 
and cerebrovascular dysfunction induced by direct application of Aβ in the 
cerebral cortex, or by its intravenous administration or by Aβ overproduction in 
Tg2576 mice. By using bone marrow transplantation, the involvement of CD36 
and Nox2 from PVMs was demonstrated in the neurovascular dysfunction 
associated with the amyloid deposition41. These results indicate a crucial role for 
PVMs in clearing Aβ peptides from perivascular spaces and for preventing Aβ 
accumulation in cerebral vessels but it could be at the expense of a generation of 
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reactive oxygen species deleterious for the integrity of cerebral vessels in the 
long-term. 
 
In MS patients, CD163-positive PVMs accumulate around vessels in areas of 
active demyelination where they can act as antigen presenting cells42,43. While 
PVMs may be neuroprotective in early MS lesions by the release of leukemia 
inhibitory factor and brain-derived neurotrophic factor44, their increased density 
precedes the occurrence of clinical symptoms45. Single-cell profiling was 
performed in a MS mouse model and identified PVMs with a high expression of 
CD74 and CCL5 at the peak of the disease, suggesting PVMs play an antigen 
presentation role in the perivascular space30. Finally, PVMs depletion was 
associated with a decreased severity of the pathology in an experimental MS 
model46.  
 
In summary, while PVMs seem to exert protective effects at first to halt the 
progression of pathological events such as removal of harmful proteins, we 
suggest that their repeated activation and exposure to danger signals may lead 
over time to different brain disease-specific deleterious effects. The biology and 
pathobiology of PVMs in other brain diseases and in other tissues have been 
described in other recent reviews47,48. 
 
 
Microglia & Perivascular Microglia in cerebrovascular dysfunction 
 
While the activation of parenchymal microglia in the presence of BBB leakages 
in hypertensive cSVD models is well known49,50, evidences for the contribution 
of PMG to the initiation of cerebrovascular dysfunction remain limited. 
 
In the genetic hypertensive rat model rat (Cyp1a1-Ren2), the microglia density 
increased in 6 months old rats with a higher number of vascular-associated 
microglia (presumably PMG based on their shape, Iba1 immunoreactivity and 
location), prior to any cerebrovascular lesions. This study further indicated that 
a modest but chronic blood pressure elevation can induce the regulation of 
growth factors and inflammatory genes prior to vascular remodeling, suggesting 
a role for PMG in the progression of cerebrovascular dysfunction51. In DOCA-
salt rat, a sub-chronic hypertension model, while PVMs phenotype did not 
change, PMG exhibited dynamic phenotypic changes; proliferative parenchymal 
and perivascular microglia proliferated before switching to a pro-inflammatory 
state and before BBB impairment and the occurrence of cerebrovascular lesions22. 
In a post-mortem study on CAA, Carrano et al. revealed that major changes in 
tight-junction protein expressions (claudin-5, occluding, ZO-1) were observed in 
CAA-affected capillaries engulfed by NADPH oxidase-2 (NOX-2)-positive 
activated microglia and this was observed in association with BBB disruption. 
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In addition, Aβ induced ROS formation by binding RAGE (receptor of advanced 
glycogen product), an Aβ transporter. In vitro, blocking RAGE or inhibiting 
NOX-2 reduced the toxic effect of Aβ on endothelial cells52,53, supporting the 
evidence that the increased expression of NOX-2 in PMG could also affect the 
cerebral small vessels, similarly to the findings on PVMs. 
 
In transgenic AD mouse models, the presence of microglial activation was 
evidenced together with an increased expression of pro-inflammatory cytokines 
(TNF-alpha; MCP-1) at an early stage of AD pathology54. This finding supports 
the hypothesis that cerebrovascular inflammation may be involved in the 
initiation of Alzheimer’s disease (AD) before the start of plaque deposition55.  
 
In experimental MS models, there was an increased contact size of individual 
microglial processes around cerebral vessels in both acute and chronic EAE stage 
and the MHC-II expression was upregulated in microglia contacting the glial 
basement membrane (PMG), while it was limited in PVMs and absent in 
microglia from non-immunized controls36, pointing towards an important role 
for PMG in MS. Using in vivo two-photon microscopy, clusters of perivascular 
microglia were observed due to leaked blood fibrinogen before myelin loss and 
paralysis onset56. 
 
Following an artificial BBB leakage induced by focal laser-injury, the immediate 
accumulation of processes from PMG towards the laser-injured capillary was 
capable of closing the BBB. This highly migratory behavior of PMG relied on 
the function of P2RY12 receptors as their inhibition using clopidogrel or their 
genetic ablation, suppressed PMG motility and thereby led to a prolonged delay 
before BBB closure57. This highlights the importance of PMG for BBB repair. 
In fact, the ultrastructural analysis of the laser injury by electron microscopy 
revealed that the aggregation of densely packed processes completely sheathed 
the site of injury. Immuno-labeling revealed that PMG processes, extending 
towards the laser-injured site, exhibited high P2RY12 expression57. In this article, 
the authors used the term “juxtavascular microglia” to describe the vascular-
associated Cx3Cr1-positive microglia at the capillary level with extended and 
fine processes, i.e. PMG. However they wrongly defined juxtavascular microglia 
are being largely localized within the perivascular space which would 
correspond to the definition of PVMs. Another evidence has pointed towards a 
BBB repair role for PMG. 
 
In tMCAO mice, Iba-1-positive cells with ramified processes start to cluster 
around vessels in the penumbra area within one hour after the initiation of the 
ischemic insult. The attracted cells enwrap blood vessels in the penumbra 24 
hours post tMCAO and harbor an amoeboid shape and a high CD68 expression58. 
The hypoperfusion induced by tMCAO in the area surrounding the ischemic core 
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may continuously produce pro-inflammatory components, such as DAMPs, ROS, 
and inflammatory cytokines that may themselves, or after the leakage of plasma 
immunoglobulins or proteins, induce the infiltration of circulating monocytes or 
neutrophils into the brain parenchyma59,60. The rapid mobilization of microglia 
after the ischemic insult suggests that PMG could be the first to initiate the BBB 
repair in the early phase of the injury before the migration of other parenchymal 
or systemic macrophages in the following hours/days. 
 
In summary, parenchymal and perivascular microglia are quickly mobilized and 
accumulate around cerebral vessels following BBB dysfunction. In addition, 
they appear to be already present and activated in some conditions in absence of 
BBB dysfunction in the early phase of cerebrovascular diseases and could 
therefore be targeted to prevent disease’s progression. This will however only be 
achieved thanks to a refined molecular characterization of their activation 
dynamics. 
 
 
Conclusion 
 
Vessels-surroundings are the homeland of PVMs and PMG. While recent studies 
have started to differentiate these two cell populations, their respective role and 
dynamics in the pathogenesis of cerebrovascular diseases are still unclear. This 
review aimed at summarizing the current direct and indirect evidences linking 
PMG and PVMs to cerebrovascular dysfunction. Our current knowledge on their 
role in BBB damage and repair is limited and should further integrate their 
dynamic nature. The emergence of transcriptomic and single-cell RNA 
sequencing techniques will lead to a more complete characterization and 
understanding of PVMs and PMG. Altogether, clarifying the roles of PMG and 
PVMs in physiological and pathological conditions may offer new perspectives 
for the diagnosis, prevention and treatment of CNS diseases in which the 
perivascular environment is playing a crucial role.  
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Abstract 
 
Background: Microglia play crucial roles in the maintenance of brain 
homeostasis. Activated microglia show a biphasic influence, promoting 
beneficial repair and causing harmful damage via M2 and M1 microglia, 
respectively. It is well-known that microglia are initially activated to the M2-
state and subsequently switch to the M1-state, called M2-to-M1 class-switching 
in acute ischemic models. However, the activation process of microglia in 
chronic and sporadic hypertension remains poorly understood. We aimed to 
clarify the process using a chronic hypertension model, the deoxycorticosterone 
acetate (DOCA)-salt-treated Wistar rats.  
Methods: After unilateral nephrectomy, the rats were randomly divided into 
DOCA-salt, placebo, and control groups. DOCA-salt rats received a weekly 
subcutaneous injection of DOCA (40 mg/kg) and were continuously provided 
with 1% NaCl in drinking water. Placebo rats received a weekly subcutaneous 
injection of vehicle and were provided with tap water. Control rats received no 
administration of DOCA or NaCl. To investigate the temporal expression 
profiles of M1- and M2- specific markers for microglia, the animals were 
subjected to the immunohistochemical and biochemical studies after two, three, 
or four weeks DOCA-salt treatment.  
Results: Hypertension occurred after two weeks of DOCA and salt 
administration, when round-shaped microglia with slightly shortened processes 
were observed juxtaposed to the vessels, although the histopathological findings 
were normal. After three weeks of DOCA and salt administration, M1-state 
perivascular and parenchyma microglia significantly increased, when local 
histopathological findings began to be observed but cerebrovascular destruction 
did not occurred. On the other hand, M2-state microglia were never observed 
around the vessels at this period. Interestingly, prior to M1-activation, about 55% 
of perivascular microglia transiently expressed Ki-67, one of the cell 
proliferation markers. 
Conclusions: We concluded that the resting perivascular microglia directly 
switched to the pro-inflammatory M1-state via a transient proliferative state in 
DOCA-salt rats. Our results suggest that the activation machinery of microglia 
in chronic hypertension differs from acute ischemic models. Proliferative 
microglia are possible initial key players in the development of hypertension-
induced cerebral vessel damage. Fine-tuning of microglia proliferation and 
activation could constitute an innovative therapeutic strategy to prevent its 
development. 
 
Keywords: neuroinflammation, cerebral small vessel disease, chronic 
hypertension, perivascular microglia, proliferation. 
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Introduction  
 
Microglia are the resident immune cells in the brain and play pivotal roles in 
environmental surveillance to maintain brain homeostasis. Inflammation or 
cellular damage can stimulate microglia to increase the activity of immune 
functions1. In vivo two-photon microscopy studies showed that activated 
microglia rapidly migrate to and accumulate at sites of pathological lesions, such 
as ischemic lesions2 or newly formed amyloid-β plaques3.  
 
The activated microglia show a biphasic influence, promoting beneficial repair 
and causing harmful damage. Those responsible for the former are sometimes 
referred to as anti-inflammatory M2 microglia, and the latter as pro-
inflammatory M1 microglia4. These different types of activated microglia can be 
distinguished based on the expression of specific markers. These activated 
microglia are involved in various neurological disorders1,5, and also influence the 
function and integrity of the blood-brain barrier (BBB)6,7. In the present study, 
we focused on the interaction between microglia dynamics and cerebrovascular 
disease. 
 
According to previous studies, microglia are activated in the acute phase of 
ischemic stroke as shown in animal models of transient middle cerebral artery 
occlusion (tMCAO)8-10. In the tMCAO model, numbers of M2-state microglia 
rapidly increase around vessels in the penumbra after infarction, and, in a few 
days, M1-state microglia dominantly increase. This process is called "M2-to-M1 
phenotype-switching" or "shift in the M2-to-M1 phenotypes"11, 12. In addition to 
microglia activation, various molecules are involved in the acute phase of 
ischemic strokes, such as free radicals13, damage-associated molecular patterns 
(DAMPs)14, and T cells15. DAMPs include heat shock protein, high-mobility 
group box 1 (HMGB1), and Peroxiredoxin14. For example, HMGB1 is produced 
by ischemic neuronal cells about two to four hours after an ischemic event, and 
peaks at around six hours. HMGB1 affects vascular endothelial cells and induces 
BBB destruction, as well as microglia activation16. 
 
In contrast, in cerebral small vessel disease (cSVD), only a limited number of 
reports referred to M1and M2 microglia phenotyping and their molecular 
mechanisms. Chronic hypertension being the major risk factor of cSVD17,18, we 
focused on a hypertensive cSVD model.  
 
The aim of this study is to clarify microglia involvement in cSVD caused by 
chronic hypertension using deoxycorticosterone acetate (DOCA)-salt-treated 
Wistar rat (DOCA-salt rat) as a model mimicking sporadic and chronic 
hypertension.  
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Methods 
 
Animals  
Adult male Wistar rats (150 – 180 g) were purchased from SHIMIZU Laboratory 
Supplies Co, Ltd. (Kyoto, Japan). Protocols were approved by Animal Care and 
Use Committees of Kyoto Prefectural University of Medicine and Kyoto 
Pharmaceutical University. We studied Wistar rats fed standard chow and water 
ad libitum. Care and use of rodents met the standards set by the National 
Institutes of Health for experimental animals. The rats were housed under 
specific pathogen-free conditions and fed standard laboratory chow and water ad 
libitum before entering the study. They were maintained on a 12-h light/day 
cycle at 20-22°C and 40-50% humidity.  
 
Preparation of the chronic hypertension model 
Rats were anesthetized by combination anesthesia administered i.p. with 0.375 
mg/kg of medetomidine, 2.0 mg/kg of midazolam, and 2.5 mg/kg of butorphanol 
and underwent unilateral nephrectomy. After a recovery period of seven days, 
the rats were randomly divided into a deoxycorticosterone acetate (DOCA)-salt 
group, placebo group, and control (Fig. 1a). DOCA-salt group rats received a 
weekly subcutaneous injection of DOCA (40 mg/kg body weight (Nacalai 
Tesque, Kyoto, Japan)) suspended in carboxymethylcellulose and were provided 
with 1% NaCl in drinking water for two, three, or four weeks (DOCA2W, 
DOCA3W, and DOCA4W, respectively, n=3 for each).  Placebo group rats 
received a weekly subcutaneous injection of vehicle and were provided with tap 
water for two, three, or four weeks (n=3 for each period). Control rats (n=3) 
received no administration of DOCA or NaCl. The rat was placed in a restraint 
cage in a warm (38°C) condition for approximately two to three minutes, then 
systolic blood pressure and heart rate in a conscious state were measured by the 
tail-cuff method (BP-98A-L, Softron, Tokyo, Japan). The values were measured 
three times for each rat and the average value was calculated. After resting 
overnight under a light shield, the rats underwent magnetic resonance imaging 
(MRI) under anesthesia with the inhalation of isoflurane. Immediately after MRI, 
the rats were perfused transcardially with 4% paraformaldehyde in phosphate 
buffer, and their brains were removed. For immuno- or pathological staining, 
brains were post-fixed in the same fixative overnight at 4°C, and further 
cryoprotected sequentially in 5, 10, 15, and 25% sucrose. Brains embedded in 
Optimal Cutting Temperature compounds were stored at -20°C until 
examination. Frozen sections of a brain were cut into 20-μm-thick slices with a 
cryostat (CM1850, Leica, Germany).    

For biochemical analysis, fresh brain tissues rapidly frozen in liquid nitrogen 
were prepared from the control, DOCA2W, and DOCA3W (n=4, in each group) 
rats under anesthesia.  
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Evaluation items 
We evaluated time-course changes in the blood pressure (Fig. 1b), clinical 
features (Table 1), histopathology (Fig. 1c and Supplemental Fig. 2 and 
Supplemental Fig. 5c), glial fibrillary acidic protein (GFAP) immunostaining of 
astrocyte foot processes as the basic framework of BBB (Supplemental Fig. 1), 
and magnetic resonance imaging (MRI) (Supplemental Fig. 5a and 5b) of the 
rats. Histopathological analysis was performed by hematoxylin and eosin (HE) 
and Klüver Barrera (KB) staining. To examine the morphological dynamics of 
microglia in DOCA-salt rats, we visualized microglia by ionized calcium binding 
adapter molecule 1 (Iba-1) (Fig. 2, 3, 4, and 5), pro-inflammatory M1-state 
microglia by CD68 (Fig. 3), anti-inflammatory M2-state microglia by CD206 
(Fig. 4), and proliferative ability of microglia by Ki-67 (Fig. 5). We identified 
the vasculature by phalloidin or 4’, 6-diamino-2-phenylindole (DAPI) staining. 
 
Antibodies 
Primary antibodies were used against Iba-1 (mouse monoclonal IgG, 1:500 
(Millipore) or rabbit polyclonal IgG, 1:1000 (Wako)), inducible nitric oxide 
synthase (iNOS) (rabbit polyclonal IgG, 1:200 (Abcam)), CD68 (mouse 
monoclonal IgG, 1:500 (Bio-Rad)), Arginase-1 (rabbit polyclonal IgG, 1:2000 
(Gene Tex)), CD206 (goat polyclonal IgG, 1:400 (R &D systems)), Ki-67 (rabbit 
polyclonal IgG, 1:2000 (Novocas)), and GFAP (mouse monoclonal IgG, 
1:10000 (Millipore)). For detection of the primary antibodies, Alexa488 or 
Alexa594-conjugated secondary antibodies (anti-rabbit or mouse IgG, 1:2000 
(Thermo Fisher)) were used. Vessel walls were visualized by Alexa594-
conjugated phalloidin (1:500, (Thermo Fisher)). 
 
Immunohistochemistry 
Free-floating sections were permeabilized with phosphate-buffered saline 
containing 0.1% Tween 20 (PBST) for 30 minutes at room temperature, and then, 
antigen retrieval was performed with citrate buffer for 20 minutes at 75°C or for 
15 minutes at 95°C (anti-Ki-67 antibody). After blocking with 5% normal goat 
serum diluted in PBST overnight at 4°C, the sections were incubated with 
primary antibody diluted with PBST for two days at 4°C. For CD206 staining, 
donkey serum was used for blocking. Following washing with PBST, sections 
were incubated with appropriate secondary antibodies with DAPI for two hours 
at room temperature. After PBS washing, the sections were mounted on slides 
with FluorSave Reagent (Merck Millipore, Darmstadt, Germany). For confocal 
observation, images were acquired as Z stacks (10 – 20 z-sections, 1 μm apart, 
1,024 x 1,024 pixels) using a Plan-Apochromat 63x/1.40 Oil DIC objective (Carl 
Zeiss, Oberkochen, Germany) with an inverted laser-scanning confocal 
microscope, LSM510 META (Carl Zeiss). Image analysis was performed using 
Zeiss LSM Image Browser. The image acquisition region including the cortical 
blood vessels was randomly selected. Ten images per rat were acquired. We 
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identified the vasculature by phalloidin or DAPI staining. Microglia were 
distinguished from macrophages by the Iba-1 expression level and their 
morphology. The numbers of cells were manually counted in each image. 
 
Western blotting 
Frozen whole-brain tissue was minced and homogenized with a Polytron 
homogenizer in ice-cold PBS (five times the brain weight) containing 
phenylmethylsulfonyl fluoride. The samples were then sonicated. Before 
Western blot analysis, protein concentrations were determined using the Lowry 
method. We adjusted the protein concentration to 2 mg/mL and loaded 10 μg of 
the total protein in each well. Proteins were separated by NuPAGE Bis-Tris 10% 
gels (Thermo Fisher) and transferred onto PVDF membranes (Millipore). The 
membranes were blocked with Blocking One (Nacalai) for one hour, followed 
by overnight incubation at 4°C with primary antibodies in the blocking solution. 
Primary antibodies for iNOS (mouse monoclonal IgG (Pharmingen)), Arginase-
1 (rabbit polyclonal IgG (Gene Tex)), and α-Tubulin (mouse monoclonal (Novus 
Biologicals)) were used. After one-hour incubation in a horseradish peroxidase-
conjugated secondary antibody, immunoreactive bands were visualized by 
enhanced chemiluminescence (ECL prime, GE Healthcare) and ImageQuant 
LAS4000 mini (GE Healthcare). Intensities of the bands of interest were 
quantified using Image J software.  
 
MRI 
Isoflurane-anesthetized rats underwent MRI in a prone position. The head was 
kept in a fixed position during the scanning. The breathing rate was monitored 
throughout the experiment. MRI was performed using a 7.04 Tesla (Agilent 
Technologies, Palo Alto, CA, USA). T2-weighted contrast images were obtained 
using the following parameters: echo time = 50 ms, repetition time = 2,000 ms, 
field of view = 2.5×2.5 cm2, matrix = 512×512, and slice thickness = 1 mm. To 
select the imaging position, proton density-weighted images were obtained using 
the following parameters: echo time = 11 ms, repetition time = 2,000 ms, field 
of view = 2.5×2.5 cm2, matrix = 512×512, and slice thickness = 1 mm.  

 
Hematoxylin and eosin (HE) or Klüver-Barrera (KB) staining 
HE staining was performed to observe the tissue and vascular changes according 
to the standard procedure. Briefly, sections were stained with Mayer's 
hematoxylin for 3 minutes and then washed in running tap water for 10 minutes. 
Thereafter, the sections were stained with eosin for 90 seconds. These sections 
were subsequently dehydrated and cleared using alcohol and xylene, respectively. 
The vascular remodeling structure in HE staining was observed using 
microscopy (IX73, Olympus, Tokyo, Japan). We identified vascular remodeling 
as perivascular enlargement and vessel wall thickening19. The image acquisition 
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region was randomly selected so that a cortical blood vessel was always included 
in the image. Ten vessels per rat, that is, 30 vessels per group, were acquired. All 
images within an experiment were acquired under the same microscope settings. 
 
KB staining was performed to observe the demyelination according to the 
standard procedure. Briefly, sections were stained with Luxol Fast Blue solution 
in a 56°C oven overnight and then washed in 95% alcohol and distilled water. 
Thereafter, the sections were stained with Lithium Carbonate solution for 30 
seconds. Then, sections continued to undergo differentiation in 70% alcohol until 
the gray matter was clear and white matter sharply defined. Next, they were 
counterstained with Cresyl Violet Acetate. These sections were subsequently 
dehydrated and cleared using alcohol and xylene, respectively. The severity of 
the white matter lesions was graded as reported previously20. We also confirmed 
the presence of a white matter lesion as the formation of marked vacuoles or 
disappearance of myelinated fibers. We observed images of every slide by 
microscopy (IX73, Olympus, Tokyo, Japan)  
 
Statistical analysis 
All statistical analyses were performed with JMP12 (SAS Institute, Cary, NC, 
USA). We used Student’s t-test, Dunnett’s test, or Tukey-Kramer test. Error bars 
represent the means ± SEM in all Supplemental Fig. A P- value of <0.05 was 
considered significant.   
 
 
Results 
 
DOCA-salt-mediated hypertension induces abnormal parenchymal and 
cerebrovascular morphologies.  
 
Compared with control, placebo groups remained normotensive (Fig. 1b) and did 
not show any abnormal findings in histology or MR images (Supplemental Fig. 
2c and 5). DOCA2W showed a marked elevation of the blood pressure in the 
absence of any clinical, histopathological and MRI features of cSVD (Fig. 1b, 
1c, Supplemental Fig. 5, and Table 1). DOCA3W demonstrated several changes 
in addition to the sustained blood pressure elevation. First, DOCA3W showed 
clinical symptoms including hemiparesis, a decreased food intake, and bleeding 
from the tail vein (Table 1). Second, vascular remodeling in the cortex and the 
formation of vacuoles in the white matter were apparent (Fig. 1c). Third, focal 
high- and low-intensity areas were seen on T2-weighted on MR images 
(Supplemental Fig.5a and 5b). In DOCA4W, we observed shrinkage of the 
astrocyte foot processes (Supplemental Fig.1), a marked decrease in movement, 
myelin degeneration, and diffuse high-intensity areas on MR images, in addition 
to hypertension. 
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Figure 1. Progression of hypertension and histological damage in Deoxycorticosterone acetate (DOCA)-
salt rats. (a) Experimental grouping for histological analysis of the model animals. (b) Systolic blood pressure 
in DOCA2W, DOCA3W, and DOCA4W was compared with that in the control. Values are expressed as the 
means ± SEM (n=3 in each group, *P<0.05). (c) Hematoxylin and eosin or Klüver-Barrera staining of brain 
tissues. In DOCA3W, focal vascular remodeling including the perivascular space enlargements (open 
arrowheads), and the formation of vacuoles in the white matter (closed arrowheads) appeared. In DOCA4W, 
cerebral hemorrhage (dotted area) and myelinoclasis lesions were found. Scale bars: 500 μm (1-4), 20 μm (5-
12), and 40 μm (13-16). 
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Table 1: Physical profiles of control, placebo-group, and DOCA-salt group rats. 

Group 
Body Weight 

(g) 

Systolic blood 
pressure 
(mmHg) 

Heart rate 
(/min) 

Symptoms 

Control 0W 165±4.3 113.0±2.8 427.3±38 none 

Placebo 

2W 261±3.9* 116.3±3.4 414.3±31 none 

3W 295±16* 125.0±3.7 412.3±33 none 

4W 330±11* 130.0±7.3 413.0±12 none 

DOCA 

2W 250.3±8.3* 183.3±24* 416.0±50 none 

3W 253.0±30* 204.3±18* 407.3±9.5 
Hemiparesis, bleeding 
from the tail vein, and 

loss of appetite 

4W 225.0±14* 207.0±30* 450.0±29 Severe inactive state 

Rats administrated with DOCA-salt or placebo for 2 weeks (DOCA2W or Placebo2W), 3 weeks (DOCA3W 
or Placebo3W) and 4 weeks (DOCA4W or Placebo4W) were analyzed. Values are expressed as means ± SEM 
(n=3 in each group). Statistical significance was expressed as *p <0.05 relative to the control by using t-test.  
 
 
Morphological changes of microglia precede the appearance of 
histopathological abnormalities.  
 
In the control and placebo groups, resting microglia, morphologically 
characterized by their fine processes, were observed sparsely in the cerebral 
parenchyma (Fig. 2a, left column). In DOCA2W, round-shaped microglia with 
shortened processes were observed juxtaposing vessels in the cerebral 
parenchyma (Fig. 2a, middle column), in the absence of histopathological 
abnormalities (Fig. 1c). Thereafter, morphological changes of microglia further 
progressed. In DOCA3W, more amoeboid microglia accumulated around 
structurally altered vessels (Fig. 2a, right column). In DOCA4W, amoeboid 
microglia were widespread across the cortex and white matter (Supplemental Fig. 
3a). The number of microglia juxtaposing vessels in the cortex was significantly 
increased in DOCA2W and DOCA3W (Fig. 2c). 
 
We distinguished microglia from perivascular macrophages (PVM) by their Iba-
1 intensity and morphology, based on a previous report that the expression of 
Iba-1 is weak in macrophages21. We confirmed this using a macrophage-specific 
marker, CD16322. CD163-negative microglia showed intense Iba-1 
immunoreactivity and processes. On the other hand, CD163-positive PVM 
showed faint Iba-1 immunoreactivity and a flattened shape (Fig. 2b). Moreover, 
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Figure 2. Dynamic morphological changes of microglia in DOCA-salt rats. (a) Microglia and the cerebral 
vasculature were visualized by Iba-1(green) and phalloidin (actin, red), respectively, in the control (left 
column), DOCA2W (middle column), and DOCA3W (right column). The white dotted square in upper row 
was magnified in lower row. (b) Perivascular macrophages (CD163-positive cells, green) showed a flattened 
shape and low expression of Iba-1 (open arrowheads). In contrast, microglia had fine processes and showed 
high expression of Iba-1 (closed arrowheads). (c) Perivascular microglia increased in number after DOCA and 
salt treatments. Significance is expressed as **P<0.01 using Tukey-Kramer test. Scale bars: 50 μm. 
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the distribution of microglia was different from that of the PVM. CD 163-
positive macrophages were never observed to be accumulated in the 
inflammatory lesion (Supplemental Fig.3a). 
 
 
Activated perivascular microglia express a pro-inflammatory pattern  
 
For characterization of the morphologically activated perivascular microglia, we 
first studied the expression of CD68 as a pro-inflammatory M1 marker. In the 
control group, microglia were CD68-negative (Fig. 3a, left column). While most 
of the microglia were CD68-negative in DOCA2W (Fig. 3a, middle column), 
CD68-positive, Iba1-positive microglia significantly increased around vessel 
walls and parenchyma in DOCA3W (Fig. 3a, right column). Quantitative 
analysis showed that the percentage of CD68-positive microglia increased 
significantly in DOCA3W compared with the control (Fig. 3b). As for the PVM, 
a sparse distribution pattern of CD68 positive PVMs was similar among the 
control, placebo, and DOCA groups (Fig. 3a). Biochemical analysis indicated 
that the expression level of inducible nitric oxide synthase (iNOS) as another 
pro-inflammatory M1 marker was increased in DOCA3W (Fig. 3c and 3d).  
 
Next, we studied the expression of CD206 as an anti-inflammatory M2 marker. 
Perivascular microglia did not express CD206 in rat brains of any groups (Fig. 
4a), except for a few CD206-positive microglia around hemorrhage sites 
(Supplemental Fig. 3b). As for the PVM, a sparse distribution pattern of CD206 
positive PVMs was similar among in the control, placebo, and DOCA groups 
(Fig. 4a). Biochemical analysis also indicated that the expression level of 
arginase-1, another anti-inflammatory M2 marker, was not changed in the rat 
brains of any groups (Fig. 4b and 4c). Taken together, direct M1-activation, but 
not the M2-state, was identified in our DOCA-salt model. 
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Figure 3. M1-switching of microglia in DOCA3W-rats. (a) Microglia and macrophages were visualized by 
Iba-1(red) and CD68 (M1 marker, green), respectively, in the control (left column), DOCA2W (middle 
column), and DOCA3W (right column). The white dotted square in the upper row is magnified in the lower 
row. CD68-positive microglia were observed in DOCA3W (closed arrowheads), but not in DOCA2W (open 
arrowheads). In the white square, only Iba-1 staining was noted. Through the periods, CD68-positive 
perivascular macrophages existed (arrows). (b) CD68-positive microglia increased in number in DOCA3W. (c, 
d) The expression level of iNOS protein (M1 microglia marker) was increased after DOCA and salt treatment. 
Significant differences are expressed as *P <0.05 and **P<0.01 relative to the control rats and #P<0.05 relative 
to DOCA2W using Tukey-Kramer test. The values represent the means ± SEM. Scale bars: 50 μm. 
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Figure 4. Absence of M2–switching in DOCA-salt rats. (a) Microglia and macrophages were visualized by 
Iba-1(red) and CD206 (M2 marker, green) in the control (left column), DOCA2W (middle column), and 
DOCA3W (right column). The white dotted square in upper row is magnified in lower row. CD206-positive 
microglia were not observed in DOCA-salt rats (open arrowheads). In the white square, only Iba-1 staining 
was noted. CD206-positive perivascular macrophages were present in all periods (arrows). (b, c) No significant 
increase in the expression level of arginase-1 protein was observed after DOCA and salt treatment. Scale bars: 
50 μm. 
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Activated microglia transiently expressed a cell proliferation marker, Ki-67, 
prior to M1-switching 
 
The total number of microglia did not change between the control and placebo 
groups, whereas it significantly increased in the DOCA group (Supplemental Fig. 
4a). In the control and placebo groups, no microglia expressed Ki-67 (Fig. 5a, 
5c, and Supplemental Fig. 4c). The rate of Ki-67-positive microglia significantly 
increased to 22% of the total microglia in DOCA2W, peaked to 54% in 
DOCA3W, and then decreased to the baseline level in DOCA4W (Fig. 5a and 
5c). A similar increase in the number of Ki-67-positive microglia was also 
observed (Supplemental Fig. 4b). The rate of Ki-67-positive perivascular 
microglia peaked to 55% of the total perivascular microglia in DOCA2W and 
remain at the same level in DOCA3W (Fig. 5d). Rates of both Ki-67-positive 
and M1-state microglia were highest in DOCA3W (Fig. 5e and 5f). In DOCA4W, 
proliferative M1-state microglia markedly decreased (Fig. 5c and 5d). In contrast, 
PVM did not express Ki-67 in any group (Fig. 5b). 
 
Discussion 
 
The dynamics of microglia activation in chronic hypertension model to date have 
been poorly understood. In the present study, we showed microglia undergo 
dynamic morphological changes in the early stages of chronic hypertension 
using DOCA-salt-induced hypertension Wistar rats. At first, proliferative 
microglia juxtaposed to the cerebral vessels. Next, they switch to the pro-
inflammatory M1-state, but not to the anti-inflammatory M2-state (Fig. 6). On 
the other hand, dynamic pathological changes of macrophages were not observed 
in the DOCA-salt rats. In the tMCAO model, the PVM infiltrating from vessels 
plays crucial roles in the enhancement of ischemic damage23,24. However, this 
was not observed in our model (Fig. 3a, 4a, and Supplemental Fig. 3a). These 
results suggest that microglia, rather than PVM, are the key initial players in the 
process of cerebral vessel damage in the chronic hypertension model.    
 
Another chronic hypertension model, angiotensin II (AngII)-induced 
hypertension model mice, showed that PVMs play important roles in 
neurovascular regulation25. Administration of AngII reaches the perivascular 
space and acts on AngII type 1 receptors on PVMs, which results in the activation 
of NADPH oxidase 2 and reactive oxygen species production. These oxidative 
stresses lead to neurovascular dysfunction within two weeks of AngII 
administration. However, in human, blood-AngII levels are usually normal in 
benign and uncomplicated essential hypertension26. DOCA-salt rat is 
characterized by low renin-AngII levels27,28, and BBB permeability is sustained 
in the early stage (at least three weeks after DOCA-salt administration) of 
hypertension in DOCA-salt rat27,29. The present study aimed to evaluate the  
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Figure 5. Transient increase of proliferative microglia before M1-switching. (a) Microglia were visualized 

by Iba-1 (red) and proliferative cells by Ki-67 (green). Ki-67-positive microglia were increased in DOCA2W 

and more markedly increased in DOCA3W (closed arrowheads). In DOCA4W, Ki-67-positive microglia were 
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markedly decreased. (b) CD163-positive perivascular macrophages (red, arrows) were not merged with Ki-67 

(green, open white arrowheads) in all stages. (c) The rate of Ki-67-positive microglia started to increase in 

DOCA2W. (d) The rate of Ki-67-positive perivascular microglia became significantly higher in DOCA2W. (e) 

In some microglia of DOCA3W, Ki-67 was co-expressed with CD68 but not with CD206. (f) The rate of 

proliferative M1-state microglia was significantly higher in DOCA3W. Significant differences are expressed 

as * P<0.05 and **P<0.01 relative to control rats, ##P<0.01 relative to DOCA2W, and †P<0.05 and ††P<0.01 

relative to DOCA3W using Tukey-Kramer test. The values represent the means ± SEM. Scale bars: 50 μm. 

 
 

 
Figure 6. Summary of the dynamics of microglia in the process of the chronic hypertensive cerebrovascular 
disorder. 
 
 

impact of the progression of chronic hypertension induced experimentally, in 
order to exclude from our study the potential influence of genetic factors on 
microglia density and/or phenotypes around cerebral vessels. We have therefore 
selected the Wistar DOCA-salt hypertension rat model instead of the more 
popular spontaneously hypertension rat (SHR) or stroke-prone spontaneous 
hypertension rat (SHR-SP) that carry strong differential genetic backgrounds30,31.  
We, therefore, consider that DOCA-salt-induced hypertension Wistar rat model 
is suitable for the study of chronic hypertension in cerebrovascular diseases. 
 



87 
 

Microglia activation with a transient proliferative state and pro-inflammatory 
M1-state was observed earlier than cerebral vessel damage in our model. 
Regarding abnormal findings of the cerebral vasculature, perivascular space 
enlargement was observed in DOCA3W, and apparent BBB breakdown 
identified by astrocyte foot shrinkage was noted in DOCA4W (Supplemental Fig. 
1). These results are consistent with a previous study indicating that BBB 
permeability remained unchanged in DOCA3W mice using the Evans Blue 
extravasation method27.  
 
Regarding microglia dynamics, our findings differed from those of previous 
reports using acute cerebrovascular disease models, such as tMCAO. In the 
tMCAO model, microglia were activated to an anti-inflammatory M2-state 
followed by a transition to a pro-inflammatory M1-state11. The variation in 
microglia dynamics between chronic hypertension and acute ischemic models 
may be due to the difference of microglia-activating factors. In the tMCAO 
model, various factors were produced in the ischemic brain several hours or days 
after reperfusion. Interferon regulatory factor 4, known as an M2-switching 
factor, was rapidly upregulated within two hours after ischemic insult32. HMGB1, 
one of DAMPs, was produced several hours after ischemic events, and HMGB1 
was able to activate microglia16. ATP or excessive glutamate was immediately 
released from necrotizing neuronal cells and could activate microglia33. In a 
chronic hypertension model, other than the DOCA-model, a previous study using 
partial renal artery occlusion model showed that microglia were activated to an 
inflammatory state within five weeks after the operation34. In this model, chronic 
hypertension increased the expression of adhesion molecules such as JAM-1, 
ICAM-1, and VCAM-1 on the cerebral endothelium and this led to deposition of 
platelets. Deposited platelets produced CD40L, which mediated the activation of 
pro-inflammatory microglia and activated NFκB and mitogen-activated protein 
kinase signaling in microglia.  
 
A previous report showed that extracellular signal-regulated kinase (ERK)-
activated microglia acquired a proliferative ability and produced mainly pro-
inflammatory cytokines, which cause synaptic and neuronal losses in the brain 
and result in lethal neurodegenerative disease in adult mice35. This suggests that 
microglia proliferate prior to activation of the M1-state. We, therefore, analyzed 
the expression of Ki-67, as a cell proliferation marker, in microglia by applying 
immunostaining to our model. In our model, proliferative microglia had a close 
relationship with M1-state activation. Interestingly, such relationship was 
recently demonstrated using transgenic mice harboring somatic BRAF mutation, 
p.V600E. Activation of the MEK-ERK pathway induces microglia proliferation 
and is associated with an upregulation of pro-inflammatory cytokines from the 
proliferative microglia35. The rate of Ki-67-positive microglia significantly 
increased in DOCA2W, peaked in DOCA3W, and then decreased to the baseline 
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in DOCA4W (Fig. 5a and 5c). On the other hand, the rate of Ki-67-positive 
perivascular microglia peaked in DOCA2W and DOCA3W (Fig. 5d) and 
similarly decreased to the baseline in DOCA4W. These results indicate that 
resting microglia were preferentially activated around the vessels and those 
perivascular microglia acquired the ability to proliferate earlier than other 
microglia apart from the vessels. Our results suggest that specific cytokines 
released from the vessels induced perivascular microglia to enter a proliferative 
state. Further studies are required to clarify the molecular signaling involved in 
this phenomenon. 
 
According to our immunohistochemical study, we concluded that perivascular 
microglia were from residential microglia. We distinguished microglia from 
macrophages by Iba-1 intensity and cell morphology. In the present study, we 
did not employ flow cytometry, lineage-specific markers or other reporter 
methods. Flow cytometry succeeded to detect infiltration of macrophages in 
ischemic brain by using tMCAO mice in which ischemic changes were observed 
globally in re-perfusion area15. However, in DOCA-salt rats, localization of 
vascular damages was sparse, and hence, we performed immunohistochemical 
analysis rather than flow cytometry analysis of brain homogenate. According to 
a previous study, TMEM119 antigen is expressed specifically in residential 
microglia in brain, but not in macrophages36. Unfortunately, we failed to detect 
TMEM119 in rat brain using antibody raised against mouse TMEM11937. This 
may be due to the difference of amino acid sequence in the epitope region 
between mouse and rat. Finally, reporter method will be a powerful strategy and 
may be possible if DOCA-salt model is prepared by transgenic mice expressing 
reporter gene such as EGFP under TMEM promoter. We like to leave this 
strategy for our future plan to explore the process of microglia activation under 
hypertension. 
 
Conclusion 
 
The present study demonstrates that perivascular microglia proliferate 
transiently and subsequently underwent direct M1-switching, prior to cerebral 
vessel destruction. Our findings raise the intriguing possibility of a link between 
perivascular microglia activation and initiation of cerebrovascular diseases 
induced by chronic hypertension, and that both anti-hypertensive therapy and the 
fine-tuning of microglia proliferation might generate a synergistic effect. 
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Supplemental Figure 1.Morphological changes of astrocyte foot processes making up the small vessel wall 
in DOCA-salt rats. Shrinkage of astrocyte foot processes was observed in DOCA4W. Scale bars: 50 µm. 

 
Supplemental Figure 2.Quantitative analysis of vessel wall thickening (a) and perivascular space 
enlargement (b) in Figure 1C. Significance is expressed as **P<0.01 relative to the control and ##P<0.01 
relative to DOCA2W using the Tukey-Kramer test. (c) Hematoxylin and eosin of brain tissues. Scale bars: 
50μm. 
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Supplemental Figure 3 (a) Distribution of perivascular macrophages and microglia in DOCA4W. CD163-
positive macrophages were never observed to have infiltrated the amoeboid microglia accumulating in the 
inflammatory lesion, indicated by the white dotted area. Scale bars: 150 µm. (b) Presence of CD206-positive 
M2-state microglia (closed white arrowheads) around a site of hemorrhage (white dotted area). The white 
dotted rectangle in the left column is magnified in the middle and right column. CD206 expression was noted 
in the microglia cytosol.  
 

 
Supplemental Figure 4. Quantitative analysis of microglia. (a) The time-course changes of the total number 
of microglia. Significance is expressed as *P<0.05 and **P<0.01 relative to the control using the Dunnett test. 
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(b) The number of Ki-67-positive microglia. Significance is expressed as **P<0.01 relative to the control rats, 
#P<0.05 relative to DOCA2W, and ††P<0.01 relative to DOCA3W using the Tukey-Kramer test. (c, d) 
Numbers of Ki-67-positive microglia as a percentage of the total microglia or perivascular microglia in the 
control and placebo groups. 
 

 
 
Supplemental Figure 5. Sequential MRI analysis of rat brains. (a) T2-weighted images of brains in the 
control, the placebo groups, and DOCA groups. (b) The image of the white dotted square (Supplemental Fig3A, 
DOCA3W rat) is magnified. (c) Eosin-positive cells accumulated in the region corresponding to the high-
intensity area in the MR image shown by closed arrowheads in Supplemental Fig3B. Scale bars: 5 mm (a), 1 
mm (b), and 250 µm (c).  
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Cerebral small vessel disease (cSVD) is commonly observed among elderly 
individuals and is recognized as a major vascular contributor to dementia, 
cognitive decline, gait disturbance, mood disturbance and stroke. 
Neuropathological studies of cSVD patients show a number of abnormalities in 
the small perforating arteries or capillaries in the brain. Thanks to technological 
progression, especially in neuroimaging, we can detect those cSVD burdens 
during lifetime of the patient. Numerous clinical studies have revealed that aging, 
genetic factors, and vascular risk factors, such as hypertension, diabetes, 
hyperlipidemia, smoking and alcohol, were related to cSVD formation. Despite 
of intensive research efforts to decipher the interaction between microcirculation 
and brain, the mechanism underlying cSVD remained unclear. In this thesis, our 
studies were divided into two parts. In the first part, we performed a clinical 
study involving CADASIL-suspected patients. We aimed to adapt a scale to 
prioritize the genetic testing of subjects suspected to have CADASIL by 
investigating crucial factors associated with the formation of hereditary and 
sporadic cSVD (Chapter 2). In the second part, we performed experimental 
studies focused on the pathophysiological changes taking place in sporadic 
cSVD (Chapters 3, 4 and 5). Dysfunction of the neurovascular unit (NVU) and 
CBF impairment are being largely investigated as factor involved in the 
development of cSVD1,2,3. Beyond the functional and structural changes of the 
cerebral small vessels, the contribution of perivascular immune cells, 
perivascular microglia and perivascular macrophages, has often been omitted. 
The second part of my thesis was therefore dedicated to those perivascular 
immune cells and their possible association with cSVD.  
 
Establishment of CADASIL-J score: reconfirmation of hypertension and 
diabetes as crucial risk factors for sporadic cSVD 
 
Hereditary cSVD helps to understand the mechanisms of cSVD, through the 
discovery of single genes involving in structural changes of cerebral small 
vessels. CADASIL (Cerebral Autosomal Dominant Arteriopathy with 
Subcortical Infarction and Leukoencephalopathy) is the most prevalent 
hereditary cSVD, and our laboratory has been doing a large number of 
CADASIL patients’ genetic testing in Japan. That was why we chose CADASIL 
as a hereditary subject of this study. In Chapter 2, we explored the crucial factors 
for cSVD mechanisms by comparing hereditary cSVD and sporadic cSVD while 
we established the scale to prioritize the genetic testing for CADASIL-suspected 
patients. By analyzing factors between similar-feature groups, we identified 
crucial factors to distinguish between sporadic and hereditary cSVD. Candidate 
factors were selected by referring to the previous report which established 
screening tool to be applied in the clinical setting4; age at disease onset, age at 
first stroke/TIA, gender, migraine, TIA/Stroke, psychiatric disturbance, 
cognitive deficits, family history, leukoencephalopathy at temporal pole or 
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external capsule, and subcortical infarcts. In addition, we selected several major 
vascular risk factors: hypertension, diabetes, hyperlipidemia, smoking and 
alcohol overconsumption and other MRI features including microbleeds and 
cerebral artery stenosis on MRA. As a result, we established the CADASIL 
scale-J to prioritize the genetic testing for CADASIL-suspected patients with 
high sensitivity and specificity. Considering the contents of CADASIL scale-J, 
we identified hypertension as an important vascular risk factor for sporadic 
cSVD. In addition, diabetes was identified as the second most important vascular 
risk factor. This result was compatible with previous reports5,6. Subcortical 
infarctions showed the most significant difference, which CADASIL patients 
showed with high rate. This might be because NOTCH3 mutation induced 
smooth muscle cell dysfunction7,8 in earlier phase than sporadic causes. White 
matter lesions, which were the essential part for the inclusion criteria of 
CADASIL9, showed a significant difference at the temporal lobe. Other 
important MRI features of cSVD: microbleeds did not show any significant 
difference between two groups.  
 
The conventional position of perivascular immune cells in cSVD 
 
When considering cSVD mechanisms, many researchers have been mainly 
discussing the role of the NVU components. Microglia, including perivascular 
microglia (PMG), are located in the parenchyma outside the glia-limitans and 
the vascular walls. Owing to those established barriers, the CNS was believed to 
be isolated from the systemic environment and to be immune privilege10. This 
might be why microglia were thought to not participate in cSVD initiation and 
they could play active roles only in cSVD progression once the NVU is 
dysfunctional. Microglia/PMG dynamics has been investigated in acute ischemic 
stroke as shown in animal models of transient middle cerebral artery occlusion 
(tMCAO) in recent years11,12. Microglia/PMG activation is triggered by signals 
or cytokines, such as ATP from dying cells13 or DAMPs (damaged-associated 
molecular patterns) from damaged cells14, after ischemic insults occurred. In the 
tMCAO model, numbers of M2-state microglia rapidly increase around vessels 
in the penumbra after infarction, and, in a few days, M1-state microglia 
dominantly increase. This process is called "M2-to-M1 phenotype-switching" or 
"shift in the M2-to-M1 phenotypes"15,16. However, in chronic vascular diseases, 
such as cSVD, roles of microglia/PMG have remained unclear. 
 
Perivascular macrophages (PVMs) are located in perivascular spaces which exist 
around large penetrating arterioles and disappear at the capillary level17. This 
might suggest that PVMs are not involved in BBB dysfunction. Hence, PVMs 
might have not been taken into consideration for cSVD formation. 
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It was revealed recently that the brain parenchyma is not completely immune 
privileged. Indeed, activated circulating T cells can cross the BBB in absence of 
neuroinflammation18. This could imply that perivascular microglia could sense 
signals originating from the vessels or the vascular lumen and get activated at an 
early stage, before than expected. Moreover, by state-of-the-art live-cell 
imaging technologies, a system of lymphatic drainage, so-called glymphatic 
pathway, has been recently discovered in the perivascular space19. Although 
controversies exist on this subject, it suggests that PVMs could constantly sense 
brain parenchymal and systemic changes. Therefore, we hypothesized that 
perivascular immune cells―PVMs and PMG― can detect signals and can get 
activated before the apparent disruption of the BBB. Unfortunately, it is still 
difficult to distinguish clearly the function of PVMs and PMG due to the absence 
of a proper experimental system20,21. However, while earlier studies were not 
differentiating these two cell types, multiplexed immunohistochemistry 
combined with confocal imaging has now revealed differential marker 
expressions and morphological features for those immune cells surrounding the 
cerebral vasculature. Although key supporting evidences are still missing, new 
techniques, such as single cell RNAseq analysis or mass cytometry, have 
elucidated some of their important features. Goldmenn et al.22 indicated that 
PVMs and microglia were transcriptionally closely related but PVMs were 
distinguishable from microglia on the basis of their expression of Mrc1, CD36, 
Hexb, and P2ry12 by using the single cell RNAseq analysis. Keren-Shaul et al.23 
could also distinguish PVMs and microglia precisely by Single cell RNA-seq in 
an Alzheimer’s model. These techniques could give a chance to explore precisely 
PVMs and PMG in the future. Chapter 3 was therefore meant to review the 
current literature on PMG and PVMs in the context of cSVD and to recognize 
the knowledge gaps on PMG and PVMs . 
 
Are perivascular microglia/macrophages activities associated with vascular 
changes in the initiation of sporadic cSVD? 
 
To address this issue, we evaluated the dynamics of PMG and PVMs by using a 
hypertension model animal i.e. the deoxycorticosterone acetate (DOCA)-salt 
Wistar rat (Chapter 4). Young Wistar rats, percutaneously injected DOCA and 
daily salt intake, showed hypertension in 2 weeks. Apparent clinical symptoms 
and MRI abnormality were shown after 3 weeks. These changes would resemble 
human hypertensive patients’ history. In DOCA-salt rats’ brain with 2 weeks of 
treatment by DOCA-salt, we found that perivascular microglia started 
juxtaposing to cerebral small vascular at the only hypertensive phase earlier than 
apparent BBB disruption or clinical symptoms. In addition, we found that those 
juxtaposed microglia were Ki-67 (proliferation marker)-positive and they were 
neither CD206 (M2 marker)- nor CD68 (M1 marker)-positive. As hypertension 
is progressing in DOCA 3W and 4W, those microglia harbored M1-state not via 
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M2-state. Further studies are required to clarify the molecular signaling involved 
in this phenomenon. 
 
In Chapter 5, we evaluated the dynamics of PMG and PVMs using an animal 
model of metabolic syndrome (MetS): the ZSF-1 rat. We found juxtaposed PMG 
in ZSF-1 rats both in Lean (single hypertension) and Obese (metabolic 
syndrome) rats. We noticed that PMG showed earlier changes than parenchymal 
microglia (MG). This observation fits our previous observation in DOCA2W rats 
when the rate of proliferative PMG was higher than that of MG. Furthermore, 
the rate of CD68-positive PMG showed a significant increase in Obese ZSF-1 
rats at 18w whereas the rates of CD68-positive MG in parenchyma significantly 
increased in Obese only at 21weeks. These results suggested that PMG could 
sense earlier vascular injuries than MG. Contrary to the DOCA-rat study, 
CD206-positive PMG were observed. Although there were not significant 
differences, a higher rate of CD206-positive PMG in Lean groups were observed 
than that in Obese groups. Both DOCA-salt and Lean ZSF-1 rats were 
hypertensive. Beyond its differential hypertensive etiology, a major difference 
between these two hypertensive rat models was the degree of blood pressure 
elevation. DOCA-salt rats had an extremely high systolic blood pressure, beyond 
200 mmHg. Such hypertension severity (over 180mmHg) is classified into grade 
324. On the other hand, Lean ZSF-1 rats had a mild hypertension, with a systolic 
blood pressure close from 160 mmHg and would correspond to a grade 2 
hypertension24. The 2018 ESC/ESH Guidelines have indicated a high risk of 
cardiovascular disease (CV) for grade 3 hypertension and moderate risk of CV 
for grade 2 hypertension in patients25. Moreover, the blood pressure increased 
rapidly in DOCA-salt rats and reached grade 3 in only 2 weeks, whereas ZSF-1 
rats increased their blood pressure gradually and remained stable at grade 2 for 
more than 7 weeks. These differences in blood pressure elevation and elevation 
span could result in different activation dynamics of microglia. A mild and 
chronic hypertension could favor anti-inflammatory M2-state microglia for a 
prolonged period before switching to a M1-state due to the presence of additional 
risk factor such as diabetes. In the ZSF-1 study, we did not evaluate rats at a 
younger age (before 18 weeks) nor their proliferative ability using the Ki-67 
marker. In DOCA-rats, Ki-67 positive microglia did not express CD206. We 
speculate that microglia activation would vary based on the degree and the 
rapidity of the blood pressure elevation, with a stepwise activation from 
proliferation to M2-state, and to M1-state.  
On the other hand, PVMs did not show dynamic changes like PMG. PMG 
expressed M1-state or M2-state marker in any stages. In DOCA study, even in 
wild control groups, CD68 or CD206 positive PVMs were existed. PVMs might 
be constantly activated to maintain the balance of perivascular environments. For 
PVMs, we might have to be considered different treatment than PMG. 
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In the next step, the best possible therapeutic window should be considered to 
assess the efficacy of several pharmacological interventions, such as the use of 
specific anti-hypertensive drugs, hypoglycemic agents, or drugs modulating 
microglia activity. Anti-inflammatory treatments aiming to counteract or prevent 
neuroinflammation by blocking microglial activation have been tested as a 
possible therapeutic option against ischemic stroke26 and neurodegenerative 
diseases27. In many cases, those anti-inflammatory treatments have failed, due to 
the small therapeutic window in the case of ischemic stroke. However, cSVD 
can progress slowly and be stoppable if their causes could be eliminated before 
reaching an irreversible state.  
  
Perivascular space enlargement might have important implications 
 
The current literature consensus is that PVS, known as Virchow-Robin spaces, 
form a network of spaces around cerebral microvessels that act as a conduit for 
fluid transport, exchange between cerebrospinal fluid (CSF) and interstitial fluid 
(ISF) and clearance of waste products from the brain. Perivascular enlargement 
is one of the important hallmark features of cSVD19, 28. While the mechanisms 
leading to PVS enlargement in cSVD and the downstream effects are unclear, 
clinical studies have revealed that perivascular spaces enlargements were 
associated with several small vessel disease-related contents — hypertension29, 
white matter lesion30, and cognitive decline31. Furthermore, PVS enlargements 
are associated with systemic inflammation32. We also observed PVS 
enlargements around penetrating arterioles. Interestingly, we found extra spaces 
at abluminal site of astrocyte endfeet around cortical perforating arterioles 
(Figure 1). These spaces might be made by the brain parenchyma shrinkage due 
to brain fixation, however, perivascular microglia indeed existed in these extra 
spaces. Brown et al.31 proposed that widening of PVS suggested presence of 
perivascular cell debris and other waste products that form part of a vicious cycle 
involving impaired cerebrovascular reactivity, blood-brain barrier dysfunction, 
perivascular inflammation and ultimately impaired clearance of waste proteins 
from the interstitial fluid space, leading to accumulation of toxins, hypoxia, and 
tissue damage. These extra spaces outside of astrocyte endfeet might also be 
caused by impaired clearance of waste proteins from the interstitial fluid space 
or fluid oozing out through APQ4 channel on astrocyte endfeet. In line of the 
observations, we hypothesize that PMG could more easily detected signals which 
indicated vascular dysfunction via fluid ingredients. This result could support 
our result that PMG activation would occur earlier than BBB deformation. 
Clinically, MRI images of PVS enlargement might reflect both PVS per se and 
extra space outward astrocyte endfeet.  
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Conclusion 
 
cSVD can result from several origins: either hereditary or sporadic with the 
exposure to vascular risk factors. Since some of their features can be similar, 
genetic testing should be considered as an important step for the proper diagnosis 
of cSVD. To ease the access to genetic testing for CADASIL-suspected patients, 
we established the CADASIL scale-J, which showed high sensitivity and 
specificity. This clinical study reconfirmed that hypertension and diabetes are 
important contributors to vascular-related cSVD. From this clinical insights, we 
have studied the impact of hypertension alone or in combination with diabetes 
on the activation dynamics of perivascular immune cells. We found that the 
perivascular microglia showed dynamical activation during hypertension and/or 
hyperglycemia, while PVMs showed constantly mixed anti- and pro-
inflammatory activation through resting state to disease state.  
Our experimental work should further stimulate pharmacological studies to 
assess the relevance of PMG and/or PMVs as possible cellular target(s) to 
prevent cSVD progression or to allow its resolution. 
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Figure 1. Perivascular spaces and extra space at abluminal astrocyte endfeet site. A representative figure 
around a cortical penetrating artery in Lean 18w (A) and Obese 18w (B). Two-way arrows indicate perivascular 
spaces. White bar with an arrow indicates extra space between astrocyte endfeet and brain parenchyma. 
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Summary  
 
cSVD is the most prevalent cause of vascular dementia which is itself the second 
most prevalent form of dementia after Alzheimer’s Disease. Many studies have 
investigated the pathophysiological mechanisms of cSVD from a 
cerebrovascular point of view by focusing on endothelial cells, smooth muscle 
cells, extracellular matrix, and astrocytes. The aim of this thesis was to assess 
the genetic and neuroinflammatory components of cerebral small vessel disease 
(cSVD) (Chapter 1).  
 
Genetic contribution to cSVD  
 
cSVD can be either hereditary or sporadic, implying that an accurate diagnosis 
is required to distinguish both forms. Genetic testing is an important tool that 
does not allow however the screening of large number of patients for economic 
reasons. In chapter 2, we elaborated the CADASIL scale-J as an effective tool to 
access the genetic test for CADASIL-suspected patients with high sensitivity and 
specificity. This scale allows to set priorities for the genetic testing of suspected 
patients and to avoid unnecessary testing for patients not at risk. While setting 
up this scale, the comparison of similar populations of CADASIL and non-
NOTCH3 patients, led us to reconfirm hypertension and diabetes as crucial 
factors in the characterization of sporadic cSVD (Chapter 2).  
 
Neuroinflammatory contribution to cSVD  
 
Neuroinflammation has gained importance in the mechanistic hypothesis of 
cSVD development. In this thesis, we focused on the involvement of CNS 
immune cells－microglia and perivascular macrophages－during cSVD. In 
particular, we have differentiated perivascular microglia from parenchymal 
microglia in our studies to gain more insights into the potential specific roles of 
vascular-associated immune cells. We initiated experimental studies to analyze 
the dynamics of CNS immune cells in hypertensive- and/or diabetes–induced 
cSVD. First of all, to understand the differential roles of perivascular microglia 
and perivascular macrophages, we reviewed the literature associated with those 
cells and their involvement in neurological diseases. We explored the knowledge 
regarding their ontogeny, their expression of surface markers, and their 
involvement in neurological diseases (Chapter 3). In our first experimental study 
with a hypertensive rat model, we observed that the phenotype of perivascular 
microglia was changed with the progression of hypertension. Importantly, 
perivascular microglia were proliferating prior to the occurrence of 
cerebrovascular lesions and associated signs without harboring a pro-
inflammatory (M1-state) or anti-inflammatory (M2-state) phenotype. This was 
followed by a pro-inflammatory state with no transition by the anti-inflammatory 
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phenotype. Once the cerebrovascular lesions were visible, non-proliferative M1-
state microglia were massively present (Chapter 4).  
 
While studies focused on the single contribution of hypertension and type 2 
diabetes respectively have been performed to elucidate their contribution 
towards neuroinflammation, their combined effect remains understudied. In 
chapter 5, we describe the dynamics of CNS immune cells during hypertension 
and/or type 2 diabetes by using ZSF-1 rats. Type 2 diabetes did accelerate the 
M1-state activation of perivascular microglia earlier than for parenchymal 
microglia, while perivascular macrophages were always highly activated 
towards an anti-inflammatory M2-state or a pro-inflammatory M1-state 
(Chapter 5).  
 
Finally, chapter 6 includes a general discussion and a summary of the main 
findings obtained in this thesis (Chapter 6). In summary, we established the 
CADASIL scale-J to prioritize the genetic testing for CADASIL-suspected 
patients. In experimental sporadic cSVD models, we identified that perivascular 
microglia were dynamically activated during cSVD formation and that their 
activation dynamics can be influenced by the combination of vascular risk 
factors. This activation dynamics differed from perivascular macrophages, 
highlighting the need to study the function of the different perivascular immune 
cell populations.  
 
 
 
Nederlandse Samenvatting  
 
cSVD is de meest voorkomende oorzaak van vasculaire dementie en daarnaast 
de tweede meest voorkomende vorm van dementie na de Ziekte van Alzheimer. 
Vele studies hebben onderzoek gedaan naar de pathofysiologische mechanismen 
van cSVD vanuit een cerebrovasculaire standpunt door te focussen op de 
endotheliale cellen, gladde spiercellen, extracellulaire matrix en astrocyten. Het 
doel van deze proefschrift was een beter inzicht te geven in de genetische en 
neuro-inflammatoire componenten van cerebral small vessel disease (cSVD) 
(Hoofdstuk 1).  
 
Genetische bijdrage aan cSVD  
 
cSVD kennen zowel een erfelijke als een sporadische oorsprong. Hetgeen 
impliceert dat een accurate diagnose vereist is om beide vormen te onderscheiden. 
Genetisch testen is een belangrijke tool, echter om economische redenen is 
screening van een groot aantal patiënten niet doenlijk. In hoofdstuk 2, hebben 
wij de CADASIL schaal-J uitgewerkt als een doeltreffend instrument om 
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toegang te krijgen tot de genetische test voor CADASIL-verdachte patiënten met 
hoge gevoeligheid en specificiteit. Met behulp van deze schaal kunnen 
prioriteiten voor de genetische tests van verdachte patiënten worden gesteld om 
daarmee te voorkomen dat onnodige proeven voor patiënten worden 
doorgevoerd. Tijdens het opzetten van deze schaal, m.n. de vergelijking van 
soortgelijke populaties van CADASIL en niet-NOTCH3 patiënten, werd 
duidelijk dat hypertensie en diabetes als cruciale factoren gezien kunnen worden 
in de karakterisering van sporadische cSVD (hoofdstuk 2).  
 
Neuroinflammatoire bijdrage aan cSVD  
 
Neuroinflammatie is van belang in de mechanistische hypothese van cSVD 
ontwikkeling. In dit proefschrift hebben we onze aandacht gericht op de 
betrokkenheid van de CNS immuun cellen, microglia en gerelateerde 
macrofagen tijdens cSVD. We hebben getracht in het bijzonder gerelateerde 
microglia te onderscheiden van parenchymale microglia om daarmee meer 
inzicht te verkrijgen in de potentiële specifieke rollen van vasculaire-
geassocieerde immuun cellen. Wij zijn begonnen met experimentele studies voor 
het analyseren van de dynamiek van de CNS immuun cellen in Hypertensieve - 
en/of diabetes-geïnduceerde cSVD. Eerst en vooral, om meer inzicht te krijgen 
in de differentiële rollen van gerelateerde microglia en gerelateerde macrofagen, 
hebben we de literatuur bestudeerd die de betrokkenheid aangaf van deze cellen 
bij verschillende neurologische ziekten. We hebben in ons review samengevat 
de kennis over hun ontogenie, hun uitdrukking van oppervlakte markers en hun 
betrokkenheid bij neurologische aandoeningen (hoofdstuk 3).         
 
In onze eerste experimentele studie met een hypertensief rat model hebben we 
vastgesteld dat het fenotype van gerelateerde microglia veranderd naarmate er is 
een progressie van hypertensie. Bovendien, gerelateerde microglia waren 
prolifererend voorafgaand aan het optreden van cerebrovasculaire laesies en 
bijbehorende tekenen zoals een pro-inflammatoire (M1-state) of anti-
inflammatoire (M2-state) fenotype. Dit werd gevolgd door een pro-
inflammatoire status zonder transitie door het anti-inflammatoire fenotype. 
Zodra de cerebrovasculaire letsels zichtbaar waren, bleken ook niet-
proliferatieve M1 statuswaarden microglia massaal aanwezig te zijn (Hoofdstuk 
4).  
 
Hoewel onze studies op de bijdrage van hypertensie en diabetes type 2 
respectievelijk gericht waren, hebben we onderzoek verricht om een beter beeld 
te krijgen in hun bijdrage aan de neuroinflammatie. Hun gecombineerde effect 
blijft niet goed onderzocht. In hoofdstuk 5, hebben we beschreven de dynamiek 
van de CNS immuun cellen tijdens hypertensie en/of diabetes type 2 met behulp 
van ZSF-1 transgene ratten. Diabetes type 2 versnelt de M1-state activering van 
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gerelateerde microglia eerder dan voor parenchymale microglia, terwijl 
gerelateerde macrofagen altijd zeer geactiveerd werden naar een anti-
inflammatoire M2-status of een pro-inflammatoire M1-status (Hoofdstuk 5).  
 
Hoofdstuk 6 bevat ten slotte een oriënterend discussie en een samenvatting van 
de belangrijkste bevindingen in mijn proefschrift. Resumerend, met de 
CADASIL schaal-J kunnen we een prioriteit stellen bij het genetische testen voor 
CADASIL verdachte patiënten. In experimentele sporadische cSVD modellen, 
hebben we vastgesteld dat gerelateerde microglia dynamisch waren geactiveerd 
tijdens de vorming van de cSVD en dat hun dynamiek van activering kan worden 
beïnvloed door de combinatie van vasculaire risicofactoren. Deze dynamiek van 
activering verschilt van gerelateerde macrofagen, daarbij kan worden gewezen 
op de noodzaak de functie van de verschillende gerelateerde immuun cel 
populaties te bestuderen.  
 
Samenvatting  
 
Het doel van dit proefschrift was om de genetische, m.n. de neuro-inflammatoire 
mechanismen of van cerebrale Small Vessel Diseases (cSVD) te bestuderen. De 
cSVD is de belangrijkste oorzaak van vasculaire dementia, de op een na meest 
voorkomende vorm van dementia.  
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Valorization 
 
Relevance for Society 
 
Dementia is a major cause of progressive cognitive and functional decline in 
elderly people. Worldwide, around 50 million people have dementia. With the 
increasing life expectancy of populations all over the world, the total number of 
people with dementia is projected to reach 82 million in 2030 and 152 in 20501. 
Vascular dementia which is the second most prevalent form of dementia after 
Alzheimer’s disease, accounts for at least 20% of cases. Both Alzheimer’s 
disease and vascular dementia are still very strongly related to age2. The 
prevalence of Alzheimer disease doubles every 4.3 years, whereas the prevalence 
of vascular dementia (VaD) doubles every 5.3 years3. Moreover, the prevalence 
of vascular cognitive impairment (VCI), which includes mild cognitive 
impairment (MCI), is also strongly age related. Rates of conversion from MCI 
to dementia are significantly increased in these VCI patients, therefore, 
identifying patients with VCI is important for prevention4. Hereditary cSVD are 
important to understand the pathogenesis of sporadic cSVD, and of these 
diseases, CADASIL (cerebral autosomal dominant arteriopathy with subcortical 
infarction and leukoencephalopathy) are among the most prominent5. At a 
minimum, the prevalence of CADASIL has been estimated at approximately 
between 2 and 5 in 100,0006. The gold standard for diagnosing CADASIL is 
genetic testing or skin biopsy, however, actual prevalence is likely higher due to 
under-diagnosis. In fact, our laboratory in KPUM have been performing an 
increasing number of NOTCH3 gene testing more than 100 cases in a year and 
we have detected approximately 30 CADASIL patients newly every year. 
 
 
Target Groups, Implementation, and Future Direction 
 
The CADASIL-scale J may benefit cSVD patients suspected to have a hereditary 
cSVD form. The clinical course is highly variable in CADASIL patients7, 
making the clinical diagnosis difficult without genetic testing. Applying the 
CADASIL scale proposed by Pescini8 to Japanese patients resulted in a lower 
sensitivity and specificity since this scale was established with Caucasian 
patients. The lack of sensitivity was also revealed in a Chinese study on a similar 
CADASIL patient cohort9. While our findings on the relevance of our adapted 
CADASIL-J scale are promising, further studies should be performed with other 
Asiatic cohorts of patients. Ultimately our new scale can be used in the clinical 
routine to optimize the diagnosis of cSVD. 
 
Our findings on microglial dynamics may be of interest to researchers exploring 
cSVD.  
As for now, BBB leakages or small vessel arteriopathy are considered as a 
valuable marker of cSVD. As the presence of subtle BBB leakages or vascular 



135 
 

wall remodeling may be difficult to detect, the activation of PMG at an early 
disease’s state may constitute a useful biomarker. In addition, the microglial 
phenotype (M1 / M2 / proliferative) could also be used to assess the extent of the 
exposure to the vascular risk factors (hypertension, diabetes,…) and could serve 
a as biomarker of cSVD stage. While our studies were limited to two phenotypic 
markers, it would be valuable to explore the complete molecular signaling 
associated with this activation dynamics. The use of selective pharmacological 
depletion or genetic knock-out models could also be performed in the future to 
gain additional insights into this activation dynamics. Furthermore, the impact 
of conventional therapies, such as anti-hypertensive drugs, oral hypoglycemic 
drugs, and insulin, should be explored to identify therapies able to maintain CNS 
immune cells in their resting state or to prevent their activation. Anti-
inflammatory drugs should also be studied in the context of cSVD. Minocycline, 
a second-generation tetracycline which can pass through the blood brain-barrier, 
is a known anti-inflammatory and neuroprotective agent. In a clinical study, 
patients administrated with minocycline 5 days after ischemic stroke onset 
showed better outcome on NIH stroke scale and modified Rankin Scale at 90 
days10. Contrary to ischemic stroke however, cSVD is a chronic disease that 
implies that the best therapeutic window, as well as the treatment duration and 
dosage would have to be explored to optimally allow the prevention/regression 
of cSVD.  

 
 
 
Nederlandse Valorisatie 
 
Relevantie voor de samenleving 
 
Dementie is een belangrijke oorzaak van progressieve cognitieve en functionele 
achteruitgang bij ouderen. Wereldwijd hebben ongeveer 50 miljoen mensen 
dementie. Met de toenemende levensverwachting van de bevolking over de hele 
wereld, zal het totale aantal mensen met dementie oplopen van 82 miljoen in 
2030 tot 152 miljoen in 2050. Vasculaire dementie is de tweede meest 
voorkomende vorm van dementie na de ziekte van Alzheimer, met een totale 
bijdrage van ten minste 20% van alle gevallen. Zowel de ziekte van Alzheimer 
en de vasculaire dementie zijn nog steeds zeer sterk gerelateerd aan veroudering. 
De prevalentie van de ziekte van Alzheimer verdubbelt elke 4,3 jaren, terwijl de 
prevalentie van vasculaire dementie (VaD) elke 5,3 years verdubbelt. Bovendien 
is de prevalentie van vasculaire cognitieve stoornissen (VCI), waaronder milde 
cognitieve stoornissen (MCI) behoort, ook sterk leeftijd gerelateerd. 
Omrekeningskoersen van MCI aan dementie zijn aanzienlijk verhoogd in deze 
VCI-patiënten, patiënten met VCI te identificeren is daarom belangrijk voor 
verdere preventie. Erfelijke cSVD ’s zijn belangrijk om de pathogenese van 
sporadische cSVD te doorgronden. Deze ziekten, CADASIL (cerebraal 
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autosomaal dominante artropathie met subcorticale infarct en leuk 
encefalopathie) behoren tot de meeste prominente. De prevalentie van 
CADASIL wordt geraamd op ongeveer tussen de 2 en 5 op 100.000 patiënten. 
De gouden standaard voor de diagnose van CADASIL is het genetische testen 
middels een huidbiopt, echter werkelijke prevalentie is waarschijnlijk hoger als 
gevolg van geringe diagnose. In feite, ons laboratorium in KPUM heeft de 
mogelijkheid tot het uitvoeren van een toenemend aantal NOTCH3 gen testen, 
m.n. het testen van meer dan 100 gevallen in een jaar en we hebben gedetecteerd 
ongeveer 30 nieuwe CADASIL-patiënten elk jaar. 
 
 
Doelgroepen, implementatie en toekomstige richting 
 
De J-CADASIL-schaal is vooral toepasbaar en dus van profijt voor cSVD 
patiënten die verdacht worden een vorm te hebben van erfelijke cSVD. Het 
klinisch profiel is zeer variabel in CADASIL-patiënten, de klinische diagnose is 
moeilijker te stellen zonder de genetische testen. Toepassing van de CADASIL 
schaal, voorgesteld door Pescini aan Japanse patiënten, resulteerde in een matige 
gevoeligheid en specificiteit omdat deze schaal is gebaseerd op Kaukasische 
patiënten. Het gebrek aan gevoeligheid bleek ook in een Chinese studie over een 
soortgelijke CADASIL-patiënten cohort9. Terwijl onze bevindingen over de 
relevantie van onze aangepast CADASIL-J schaal veelbelovend zijn, moeten 
verdere studies worden verricht met andere Aziatische patiënt cohorten. 
Uiteindelijk is onze nieuwe schaal inzetbaar in de dagelijkse klinische routine 
voor het optimaliseren van de diagnose van genetische en sporadische cSVD 
patiënten. 
 
Onze bevindingen met de dynamiek van de microglia kunnen van belang zijn 
voor onderzoekers die cSVD aan het onderzoeken zijn.  
Terwijl onze studies zich beperkten tot de fenotypische markeringen, zou het 
waardevol zijn om ook te verkennen de moleculaire signaalroutes die 
plaatsvinden langs deze dynamiek van activering. Door gebruik te maken van 
selectieve farmacologische uitputting of genetische knock-out modellen moet 
het in de toekomst mogelijk zijn extra inzicht te krijgen in deze dynamiek van 
activering. Bovendien, het effect van conventionele therapieën, zoals anti-
hypertensieve drugs, orale hypoglycemische geneesmiddelen en insuline, moet 
worden onderzocht om te identificeren hoe de verschillende therapieën staat zijn 
CNS immuun cellen te handhaven in hun rusttoestand of hun activering te 
voorkomen. Anti-inflammatoire geneesmiddelen moeten ook worden bestudeerd 
in het kader van cSVD. Minocycline, een tweede generatie tetracycline die de 
bloed-hersenbarrière passeren kan, is een bekende anti-inflammatoire en 
neuroprotectieve drug. In een klinische studie, waarbij patiënten werden 
behandeld met minocycline 5 dagen na begin van ischemische beroerte, bleek er 
een beter resultaat op schaal van de lijn van de NIH en gemodificeerde Rankin 
Scale bij 90 days10. In tegenstelling tot ischemische beroerte is cSVD een 
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chronische ziekte. Hoewel wij de beste timing en beste therapeutische dosering 
verkennen moeten, kan minocycline therapie belangrijk zijn in het bestuderen 
van de voorkoming van cSVD. Microglia activering zou een mogelijkheid 
kunnen zijn om als biomarker te worden gezien voor cSVD ontwikkeling bij de 
mens. 
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