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Abstract

Cerebral microvascular disease (MVD) is an important cause of vascular cognitive impair-

ment. MVD is heterogeneous in aetiology, ranging from universal ageing to the sporadic

(hypertension, sporadic cerebral amyloid angiopathy [CAA] and chronic kidney disease)

and the genetic (e.g., familial CAA, cerebral autosomal dominant arteriopathy with sub-

cortical infarcts and leukoencephalopathy [CADASIL] and cerebral autosomal recessive

arteriopathy with subcortical infarcts and leukoencephalopathy [CARASIL]). The brain

parenchymal consequences of MVD predominantly consist of lacunar infarcts (lacunes),

microinfarcts, white matter disease of ageing and microhaemorrhages. MVD is charac-

terised by substantial arteriolar neuropathology involving ubiquitous vascular smooth

muscle cell (SMC) abnormalities. Cerebral MVD is characterised by a wide variety of

arteriolar injuries but only a limited number of parenchymal manifestations. We reason

that the cerebral arteriole plays a dominant role in the pathogenesis of each type of

MVD. Perturbations in signalling and function (i.e., changes in proliferation, apoptosis,

phenotypic switch and migration of SMC) are prominent in the pathogenesis of cerebral

MVD, making ‘cerebral angiomyopathy’ an appropriate term to describe the spectrum of

pathologic abnormalities. The evidence suggests that the cerebral arteriole acts as both

source and mediator of parenchymal injury in MVD.

K E YWORD S

cerebral angiomyopathy, cerebral arterioles, cerebral microvascular disease, neuropathology,
smooth muscle cells

INTRODUCTION

Cerebral microvascular disease (MVD) refers to a group of conditions

that affect small vessels of the brain; they are heterogeneous in their

aetiology, and with variable, though often profound, consequences

for brain function. MVD is a major public health issue and is an impor-

tant cause of vascular cognitive impairment [1, 2]. Despite its high

prevalence, there remain critical unanswered questions regarding its

pathogenesis that have resulted in suboptimal treatment efforts and

preventive strategies.

The range of MVD entities is well-described. It is encountered

universally in ageing and arises sporadically such as in hypertension,

sporadic cerebral amyloid angiopathy (CAA) and chronic kidney dis-

ease (CKD); it also occurs in genetic forms including familial CAA,

cerebral autosomal dominant arteriopathy with subcortical infarcts

and leukoencephalopathy (CADASIL), cerebral autosomal recessive

Received: 15 June 2022 Revised: 14 November 2022 Accepted: 13 December 2022

DOI: 10.1111/nan.12875

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd on behalf of British Neuropathological Society.

Neuropathol Appl Neurobiol. 2023;49:e12875. wileyonlinelibrary.com/journal/nan 1 of 18
https://doi.org/10.1111/nan.12875

https://orcid.org/0000-0001-7907-4923
https://orcid.org/0000-0002-2965-1240
mailto:mfisher@hs.uci.edu
https://doi.org/10.1111/nan.12875
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/nan
https://doi.org/10.1111/nan.12875


arteriopathy with subcortical infarcts and leukoencephalopathy

(CARASIL), Fabry disease, cerebroretinal vasculopathy (CRV, or retinal

vasculopathy with cerebral leukodystrophy [RVCL]), collagen IV

(COL4) mutations and cathepsin A-related arteriopathy with stroke

and leukoencephalopathy (CARASAL). While this range is substantial,

the parenchymal consequences of MVD are limited and consist of

lacunar infarcts (lacunes), variably defined as grossly visible cystic

lesions less than 1 to 2 cm in greatest diameter [2]; microinfarcts,

ischaemic lesions visible only on microscopic examination [2]; white

matter disease of ageing [2, 3]; and microhaemorrhages [4, 5]. Our

review addresses the incongruity of MVD, given the wide range of

provoking factors versus the relatively limited range of neuropatho-

logic manifestations that affect the brain. It is argued that the cerebral

arteriole plays a dominant role in MVD pathogenesis. On one hand,

there exists a range of arteriolar pathologic changes that are relatively

distinct for each entity. At the same time, these distinctive changes

substantially reflect abnormalities of the arteriolar wall characterised

by alterations of arteriolar smooth muscle cells (SMC) and lead to

occlusion or rupture of cerebral blood vessels. The term cerebral

angiomyopathy has been proposed to describe this phenomenon [6].

The parenchymal consequences of these heterogeneous arteriolar

changes are limited, suggesting that the abnormalities of cerebral arte-

rioles function as a final common pathway for these structural

changes.

CEREBRAL ARTERIOLAR NETWORK AND
COMPOSITION

The arteriolar alterations in MVD may lead to common parenchymal

consequences, including lacunar infarcts (lacunes), microinfarcts, white

matter disease/demyelination and microhaemorrhages. Cerebral arte-

rioles are particularly important given their role as the major site of

vascular resistance and primary regulators of cerebral blood flow [7].

The cerebral arteriolar network is divided into three major compo-

nents: (1) pial arterioles on the surface of the brain; (2) parenchymal/

penetrating arterioles that branch out from pial arterioles to enter the

brain parenchyma or arise from deep penetrating arteries in the basal

ganglia, thalamus and brainstem; and (3) downstream pre-capillary

arterioles [8, 9]. The walls of cerebral arterioles, which typically have a

diameter in the range of 10–100 μm [10], consist of three layers:

tunica intima, tunica media and tunica adventitia [11]. The tunica

intima is composed of a single layer of endothelial cells and the basal

lamina surrounding endothelium. Endothelial cells in the intima are

vital in the regulation of vascular tone by releasing vasoactive factors

such as nitric oxide, prostacyclin, thromboxane and endothelin-1 [12],

which regulate the contractile state of SMC and ultimately vascular

diameter. The tunica media in arterioles consists of one or two com-

plete layers of square- or rectangular-shaped SMC with surrounding

elastin and collagen fibres [13]. In larger arterioles with a diameter less

than 100 μm, but larger than 40 μm [14], the media may be separated

from the innermost intima by the internal elastic lamina. The SMC in

the media contract to change the vascular diameter and regulate

blood flow between the arteries and capillaries. The tunica adventitia

is comprised primarily of collagen fibres and fibroblasts; it provides

structural support for the vascular wall and is involved in repair of the

vessel wall following injury [15].

Given the complex structure of arterioles and the critical role of

each component, the correct identification of cerebral arterioles is of

great importance in understanding the pathology of MVD and the

development of targeted preventative and treatment strategies. Tradi-

tionally, arterioles are distinguished from veins/venules on the basis

of smooth muscle content, the shape of the vessel and the presence/

absence of internal elastic lamina. Unlike arteries/arterioles, veins and

venules normally have minimal SMC and do not have an elastic lamina

[16]. However, small arterioles and venules in the brain parenchyma

have similar intramural cell types, that is, SMC and pericytes in the

media; both SMC and pericytes contain variable amounts of smooth

muscle actin. Pericytes are embedded within the basement membrane

of capillaries and play a vital role in blood–brain barrier (BBB) mainte-

nance and cerebral blood flow control. Increase in pericyte numbers in

the walls of arterioles of patients with CADASIL is linked to SMC

degeneration and vessel wall thickening [17]. Beyond that, the sub-

stantial overlap in lumen diameter to wall thickness ratio between

arterioles and venules challenges traditional methods that use light

microscopy to distinguish arterioles from venules; the sclerotic index

is a quantified assessment that may assist with this distinction

[18–20].

SMOOTH MUSCLE CELLS (SMC) IN
VASCULAR REMODELLING

Current understanding of the pathogenic mechanisms underlying

MVD is limited due to the challenges in visualising the diseased small

vessels via radiographic imaging in vivo. SMC integrity is necessary for

cerebrovascular health owing to their principal role in vascular wall

contraction and remodelling, involving the phenotypic switch of SMC

Key points

• Cerebral microvascular disease (MVD) has a wide range

of aetiologies ranging from universal (ageing) to sporadic

and genetic.

• Brain parenchymal consequences of MVD consist of

lacunar infarcts (lacunes), microinfarcts, white matter dis-

ease/demyelination and microhaemorrhages.

• Abnormalities in arterioles are the final common pathway

in producing the observable brain parenchymal

consequences.

• The term cerebral angiomyopathy describes this spectrum

of pathologic abnormalities of the arteriolar wall.
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from the quiescent, contractile phenotype to the proliferative, migra-

tory phenotype. Perturbations in SMC signalling and function are sug-

gested to underlie the pathogenesis of cerebral microangiopathies, in

particular hypertensive microangiopathy, CAA, CADASIL [21], Fabry

Disease [22] and CRV/RVCL [23]. The function of other vascular cell

components, for example, endothelial cells, can also be compromised

with ageing, hypertension and other risk factors [24]. Important func-

tions of SMC in diseased conditions include apoptosis, phenotypic

switch, extracellular matrix degradation, proliferation and contractility.

Inflammatory cell infiltration and genetic changes may modulate SMC

functions and involve changes in growth factor signalling and regula-

tion of RNA expression. One of the key factors that has been

highlighted recurrently in recent years is transforming growth factor-β

(TGF-β), with particular reference to hereditary MVD of the brain

[25]. TGF-β isoforms are upregulated and activated in vascular dis-

eases and have an important role in muscle repair and remodelling, as

well as regulation and function of myocytes, fibroblasts, immune cells

and other vascular cells. Although dysregulation of TGF-β is not pri-

mary in all MVD, nor is it the only molecular mechanism underlying

MVD arteriolosclerosis, the contribution of TGF-β and vascular base-

ment membrane disruption in the pathogenesis of MVD is clear [25].

The morphologic changes in the vasculature, such as vessel wall

disruption and fibrosis, may be highlighted using special stains and

immunohistochemistry. These include Verhoeff-Van Gieson staining

(for elastin), Masson’s trichrome staining (for collagen) [26], α-smooth

muscle actin immunohistochemistry (for SMC), Prussian blue (for iron,

including haemosiderin) [18], periodic acid-Schiff (PAS) stain (suggest-

ing the presence of granular material within vessel walls and highlight-

ing basement membrane components) [27] and Richardson’s staining

(for globotriaosylceramide-3) [28]. These histologic and classical tinc-

torial stains such as PAS and Oil-Red-O enable one to identify some

common features of the changes occurring in arterial walls in MVD.

AGEING

Ageing is associated with brain atrophy and lesions such as lacunes,

white matter hyperintensities (WMH) and cerebral microbleeds (CMB)

as evident on magnetic resonance imaging (MRI) [29]. Ageing is con-

sidered an independent risk factor for vascular dysfunction. The best-

described arteriolar changes with ageing, primarily in pial arterioles,

include a significant decrease in arteriolar number [7] and increase in

arteriolar diameter [30]. Increasing age is associated with medial elas-

tin loss with replacement by collagen, gradual intimal thickening evi-

dent by a decrease in lumen diameter and an increase in intima-to-

media thickness and adventitial fibrosis. These age-related structural

changes contribute to mechanical alterations such as reduced compli-

ance and elasticity and increased arterial stiffness [24, 30]. Recent

studies in mice suggest ageing is associated with increased wall thick-

ness but reduced wall stress in parenchymal arterioles, which is a

potential mechanism to protect these arterioles from vascular injury.

Loss of myogenic tone in large arteries with age may increase the risk

of rupture of parenchymal arterioles with blood pressure fluctuations

[31]. However, ageing is not associated with changes in distensibility

or lumen diameter in parenchymal arterioles [31, 32].

Impairment of vascular structure and function with ageing is

largely driven by multiple mechanisms involving changes in SMC num-

ber, either by affecting their proliferation or by cell death, predomi-

nantly by apoptosis. A large number of in vitro [33–39] and in vivo

[34] studies have demonstrated that ageing is associated with

increased SMC proliferation, as evidenced by increased expression of

stem cell markers [33] and cell cycle activation markers [34] in SMC

from humans and rodents. However, conflicting results have shown a

loss of proliferation of SMC isolated from aged human donors [40, 41]

and rodent models [42, 43]. The proliferation rate of SMC in each pas-

sage in culture is dependent on donor age, with SMC from aged

donors more likely to be senescent with impaired proliferative capac-

ity [40]. Decrease in SMC number with advanced age can also be a

result of increased apoptosis [34, 43].

Vascular SMC have extended life expectancy, and the effect of

age on SMC is complex. SMC may initially undergo hyperproliferation

early in the ageing process. With advanced age, SMC gradually exhibit

cellular senescence, characterised by impaired proliferative capacity,

irreversible growth arrest and apoptosis; this contributes to vascular

inflammation, loss of arterial function and development of age-related

disease [44]. In addition, differences in animal models, experimental

conditions and patient comorbidities (among other factors) are likely

to underlie the conflicting results in studies of age-related changes

in SMC.

Another underlying mechanism relates to phenotypic alterations

of SMC. SMC are normally quiescent and contractile to maintain vas-

cular tone. With ageing, they adopt a stiff and pro-migratory pheno-

type. Aged SMC have an accelerated cell cycle and increased reactive

oxygen species (ROS) production compared with their younger coun-

terparts. Aged SMC produce more matrix metalloproteinases (MMP)

that promote SMC migration from the media to the intima by detach-

ing cells from the extracellular matrix (ECM); this process contributes

to elastin fragmentation and loss with replacement by collagen and

resultant arteriolar wall stiffening [24].

Together, these changes in SMC (increase or decrease in prolifer-

ation and migration) are key events in ageing that lead to vessel wall

thickening and stiffening and to vascular dysfunction that may con-

tribute to age-related MVD. It should be noted that age-related CAA

may lead to increased fragility of the vessel wall rather than stiffening,

making the vessels prone to bleeding [45]. Animal models allow us to

study ageing as an independent risk factor; in humans, age-related

vascular remodelling increases the risk of MVD when other risk fac-

tors are present, in particular hypertension. Hence, it is very difficult

to isolate the effects of ageing from hypertension on the cerebral

arterioles.

HYPERTENSION

Hypertension is a major risk factor for the development of ischaemic

stroke, intracerebral haemorrhage (ICH) and dementia. It is
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associated with brain atrophy, microinfarcts and microhaemorrhages

(Figure 1A), which are important factors in the degree and temporal

evolution of cognitive impairment. Hypertension has an especially

profound effect on parenchymal/penetrating arterioles and pial arte-

rioles [9]. Parenchymal/penetrating arterioles are particularly signifi-

cant in hypertension because of their limited collateral circulation,

and their dysfunction is likely to cause insufficient blood supply and

damage to the deep white matter and grey nuclei [9].

The hallmark of the vascular pathology of hypertension is

arteriolosclerosis, which causes thickening of the arteriolar wall

with SMC degeneration and loss [19, 46]. Obstruction of the

lumen may cause impaired blood flow leading to oligaemia (hypo-

perfusive state), lacunar infarcts, microinfarcts and WMH. The

adventitial layer undergoes ECM remodelling, leading to collagen

deposition and thus arteriolar fibrosis [11]. The severity of arter-

iolosclerosis is closely related to age and can be exacerbated by

hypertension [47]. In hypertension, the affected vessel wall (typi-

cally less than 150 μm in diameter) can develop a ‘glassy’ hyali-
nized and/or an ‘onion-skinning’ hyperplastic appearance as a

result of degenerated SMC and elastin in the media and proliferated

fibroblasts in the adventitia [2] (Figure 1B–E). Fibrinoid necrosis, due to

the infiltration of fibrin and fibrin degradation products in the vessel

wall, is more common in malignant hypertension and may be seen with

severe CAA. Fibrinoid necrosis in subcortical penetrating arterioles

causing weakening of the arteriolar wall is likely an underlying cause of

ICH in patients with severe hypertension. In patients with severe CAA,

it is probably a major contributing factor to cerebral haemorrhage. Hya-

linosis and fibrinoid necrosis can be distinguished from each other as

hyaline material contains only degenerated SMC and collagen and no

fibrin is present [48]. (To avoid confusion, we do not use the term ‘lipo-
hyalinosis’ [48].) While the exact cellular rearrangements are unclear,

gradual hypertension-related changes in the arteriolar wall lie within a

spectrum and depend on the severity of other perivascular influences.

Other pathological consequences of hypertension include microather-

oma (distal manifestations of atherosclerosis involving larger arterioles)

and microaneurysms (segmental dilatation of vessels) [9, 49]. The prolif-

eration of mural cells may exert secondary effects that raise vascular

pressure and promote SMC degeneration in the upstream feeding arte-

rioles, thereby inducing arteriolar wall rupture and subsequent haemor-

rhage [50].

F I G UR E 1 Arteriolar neuropathology
in hypertension. (A) Lacunar infarcts
(arrows) in the basal ganglia and thalamus
of an autopsy specimen. (B, C) Hyalinosis
with a ‘glassy’ or hyalinised appearance
of the arteriolar wall associated with

infarcts in these sections (hematoxylin &
eosin [H&E]) and characterised by vessel
wall thickening. (D, E) Profound collagen
replacement (blue) and smooth muscle
cell (SMC) loss and degeneration in the
arteriolar wall with hypertension
(Masson’s trichrome). A normal arteriole
would stain red by Masson’s trichrome
due to the presence of SMC. (B, D) Scale
bar 600 μm. (C, E) Scale bar 200 μm
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CEREBRAL AMYLOID ANGIOPATHY (CAA)

CAA is a common MVD associated with Alzheimer’s disease [51, 52] and

is often observed in the brains of the elderly even in the absence of Alz-

heimer’s disease. CAA is characterised by the accumulation of amyloid-β

(Aβ) in the walls of small-to-medium-sized arteries and arterioles predomi-

nantly located in the leptomeninges and cerebral cortex; these are prone

to bleeding due to the replacement of the medial SMC with Aβ and fragil-

ity of the affected arteries/arterioles [53]. CAA is an important cause of

spontaneous primary lobar haemorrhage in elderly individuals and is also

associated with microinfarcts [53, 54], microhaemorrhages and superficial

siderosis [55]. The spatial distribution of cerebral microhaemorrhages in

the brain correlates well with the anatomic distribution of affected small

vessels. CMB located in cortical and subcortical regions is considered a

surrogate marker of CAA on imaging, and cortical CMB are particularly

associated with severe CAA [56]. Figure 2 demonstrates an amyloid-

laden penetrating arteriole with surrounding haemosiderin-laden macro-

phages in the parenchyma, consistent with prior haemorrhage. CAA pref-

erentially affects arterioles as they are postulated to be the main routes

for perivascular Aβ clearance [57].

Post-mortem examination of human tissue [58] and several trans-

genic mouse models [59, 60] of CAA overexpressing mutant human

Aβ precursor protein (APP) have shown sequential arteriolar wall

changes. The endothelial layer is relatively preserved, whereas the

SMC layer is increasingly disrupted with progressing CAA severity.

Soluble Aβ-induced functional abnormalities such as failure to respond

to vasoactive stimuli are early manifestations despite little or no CAA

vascular pathology [61]. In the early stages or mild CAA, Aβ is depos-

ited in the external basal lamina in close proximity to the SMC layer

and in the adventitia, but with no SMC replacement or disruption

[62]. As the disease progresses, Aβ is deposited in the SMC layer,

which is disrupted, and the internal basal lamina appears thinner and

irregular [61, 62]; this is followed by SMC loss and complete replace-

ment by Aβ [59, 60]. Advanced CAA is also associated with the forma-

tion of microaneurysms and fibrinoid necrosis in Aβ-laden vessels;

these are often associated with cerebral lobar haemorrhage [62].

The vascular origin of microhaemorrhages in the context of CAA is

complex and remains poorly understood. There are fewer arterioles with

Aβ deposition immediately surrounding microhaemorrhages, compared

with areas with microinfarcts [63]. Aβ is more frequently observed

upstream or downstream from the site of rupture, indicating that micro-

haemorrhages may occur at a later time point of the disease [63]. Arteri-

oles associated with microhaemorrhages are more likely to be

degenerated, allowing extravasation of red blood cells. In regions of micro-

infarcts, the arterioles appear to be more intact, suggestive of a perfusion-

mediated phenomenon resulting in infarcts [63]. The spatial relationship

between microhaemorrhages and vascular Aβ deposition has been

assessed in CAA mice and their wild-type littermates. Rather than originat-

ing from CAA-laden vessels, vascular segments without Aβ deposition

appeared vulnerable to progressive vessel wall weakening and more prone

to bleeding. Leakage sites were most likely to be branch points of pene-

trating arterioles, but capillaries (BBB leakage) could not be excluded [64].

Familial CAA is rare, generally more severe than sporadic CAA

and associated with an earlier age of onset and/or death. Familial

CAA is commonly present in the form of autosomal dominant disor-

ders, characterised by mutations in the APP [52], cystatin C3 (CST3)

[65] or integral membrane protein 2B [66] genes, leading to the aggre-

gation of Aβ in blood vessel walls. It has been demonstrated that the

pathology of familial CAA is age-related and results in both cerebral

infarcts and ICH. Beyond leptomeningeal and cortical arteries and

arterioles, the affected brain regions in familial CAA are thought to be

more extensive and involve the cerebellum and brainstem. In rare

cases of patients with severe CAA, profound Aβ deposition is seen in

the walls of leptomeningeal vessels but less prominent in parenchymal

vessels. The associated neuropathological change features cerebral

infarcts rather than lobar haemorrhage as a result of wall thickening

and occlusion of large-sized leptomeningeal arteries [53].

CHRONIC KIDNEY DISEASE (CKD)

The kidney and brain share some anatomical and functional similarities;

both are characterised by high blood flow rates and dependence on

local autoregulation through short, small perforating arterioles. There-

fore, the mechanisms underlying the microvascular damage are thought

to be similar. Deterioration of these arterioles may markedly accelerate

the progression of both renal and cerebral dysfunction. In the kidney,

these arterioles, primarily juxtamedullary afferent arterioles, are particu-

larly susceptible to hypertensive injury characterised by hyaline arterio-

losclerosis with the replacement of arteriolar SMC by hyaline material.

Hyalinosis of deep penetrating arterioles in the brain is associated with

lacunar infarction and deep white matter changes and can cause

F I GU R E 2 Arteriolar cerebral amyloid angiopathy (CAA).
Arachnoid membrane and subarachnoid space above superficial right
parieto-occipital cortex, with amyloid-laden arterioles associated with
haemosiderin-laden macrophages (arrow) (hematoxylin & eosin
[H&E]). Scale bar 1200 μm
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F I G UR E 3 Arteriolar thickening in
chronic kidney disease (CKD) I. (A, B)
Arteriolosclerotic changes with luminal
narrowing, intimal thickening and
degeneration of smooth muscle cells
(SMC) and elastin in the media in
arterioles of the basal ganglia and (C) the
white matter. Arrows indicate (A) internal
elastic lamina, (B) smooth muscle, and
(C) adventitia. (D) Vessel with no/minimal
arteriolosclerosis. (E) Kidney from the
same patient as panels (A) and
(B) showing arteriosclerosis with intimal
hyperplasia (arrow) and
glomerulosclerosis (arrowhead). (A–C)
Scale bar 300 μm. (D, E) Scale bar 200 μm

F I G UR E 4 Arteriolar neuropathology
in chronic kidney disease (CKD) II. (A, B)
Cerebral microhaemorrhages with
haemosiderin-laden macrophages (arrows)
adjacent to white matter vessels.
(C) Microvascular adventitial fibrosis with
marked vessel wall thickening in the
subcortical white matter (hematoxylin &
eosin [H&E]). (D) Kidney from the same
patient as panels (A) and (B) showing
hypertensive nephrosclerosis with intimal
hyperplasia (arrow) and arteriolar
hyalinosis (arrowhead). (A–C) Scale bar
300 μm. (D) Scale bar 200 μm
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impaired brain function [67] (Figure 3). Another pathological feature of

CKD is the presence of haemosiderin-laden macrophages adjacent to

cerebral arterioles, indicating cerebral microhaemorrhages (Figure 4)

[68]. However, the co-occurrence of multiple and heterogenous neuro-

pathologic findings is frequent in CKD patients. Defining the neuro-

pathologic features of CKD is difficult as patients with CKD often have

comorbidities such as hypertension that affect the microvasculature.

The relationship between poor kidney function and the develop-

ment of MVD is not well understood due to the complexity and het-

erogeneity of the risk factors associated with CKD. A recent

investigation has shown that ischaemic infarcts (55%) are the most

common neuropathologic change in CKD patients and are associated

with arterio/arteriolosclerosis. Less frequently observed were microa-

neurysms (7.5%) and cerebral haemorrhages (5%). Arteriolosclerotic

changes included hyalinization and arterial/arteriolar wall thickening

as a result of the deposition of collagen and connective tissues, SMC

proliferation and adventitial fibrosis [69].

Two underlying mechanisms leading to MVD in CKD are apoptosis

and a shift toward a SMC osteogenic phenotype. In CKD, hyperphospha-

taemia results from reduced urinary phosphate excretion and continuous

intestinal absorption. Initially, exposure of SMC to elevated serum phos-

phate levels induces apoptosis in SMC, possibly via interrupting energy

metabolism in mitochondria [70]. As CKD progresses to late stages,

hyperphosphataemia causes further weakening of the vessel wall and

arterial calcification by inducing an osteogenic phenotype shift of SMC

and elastin degradation in the medial layer [67, 70]. Elevated levels of

other minerals in CKD (e.g., calcium) also have synergistic effects on

inducing arterial calcification via distinct mechanisms affecting SMC [71].

Arterial (intimal and medial) calcification has been associated with

CKD in ischaemic stroke patients [72], as well as in young adults

undergoing dialysis [73]. Of note, brain microvascular calcification is

frequently seen in CKD patients lacking neurologic deficits, for exam-

ple, in the basal ganglia (arterioles and capillaries) and hippocampal

endplate region (capillaries), and (in a rare case) deep cerebellar white

matter (arterioles) [69]. However, the prevalence of CKD-related

microvascular calcification is likely to be underestimated in routine

brain sections. Other studies using thorough sampling and examina-

tion of basal ganglia and hippocampal regions have shown that micro-

vascular calcification is commonly seen in the brains of aged

individuals [74] as well as patients with familial CAA [75, 76]; these

findings indicate that microvascular calcification is common in MVD

and may be clinically significant. One study proposed that adventitial

mesenchymal stem cell-like cells are progenitors of SMC and responsi-

ble for driving arterial calcification in CKD [77]. The evidence suggests

that calcium and phosphorus metabolism within microvessels plays a

key role in vascular abnormalities in CKD-related MVD, which war-

rants further investigation in both preclinical and clinical studies.

CADASIL

CADASIL is an MVD caused by mutations in the NOTCH3 gene on

chromosome 19. CADASIL is the most common genetic cause of

stroke. It affects a wide range of age groups, with an early onset in

the late 30s [78]. Neuropathological features of CADASIL consist of

lacunar infarcts within subcortical white matter, deposition of granular

osmiophilic material (GOM) in the media and adventitia of arterioles in

both white and grey matter (but especially in the white matter), fibro-

sis and stenosis of small penetrating arterioles and cerebral microhae-

morrhages [79–82]. GOM can also be found in cutaneous arterioles, a

finding which has been used as a diagnostic test for CADASIL; this

has largely been superseded by genetic testing [83]. The major com-

ponents of GOM include the NOTCH3 ectodomain and extracellular

matrix proteins. GOM deposition can progress over time, exhibiting

alterations in number, size and morphology [84].

NOTCH3 encodes a transmembrane receptor highly expressed by

SMC and pericytes in blood vessels. Over 280 distinct NOTCH3 muta-

tions cause CADASIL and result in the extracellular domain of

NOTCH3 accumulating in the walls of arterioles, with the diagnostic

pathological feature of GOM in blood vessel walls seen on electron

microscopy [79, 81]. This leads to degeneration and loss of SMC and

fibrosis and stenosis of the small penetrating arterioles [79, 85, 86]. In

addition, arteriolar and capillary pericyte degeneration or deficiency

appears to contribute to general mural cell loss in the disease [17].

Post-mortem examination of CADASIL human brain demonstrates dis-

ruption of proteolipids in arterial vessel walls (Figure 5A). Other histo-

logic features include vessel wall thickening, concentric lamination or

onion-skinning and hyalinization of vessel walls accompanied by SMC

loss and collagen replacement in the media (Figure 5B–D). Perivascu-

lar haemosiderin-laden macrophages are highlighted by Prussian blue

staining (Figure 6A–C) adjacent to arterioles, which are characterised

by thickened vessel walls and SMC loss in the white matter

(Figure 6D–E). Previous studies have demonstrated that SMC from

CADASIL patients exhibit reduced proliferation and increased apopto-

sis compared with those from healthy controls [87, 88]. Mouse

models of CADASIL, including NOTCH3 knock-out and mutant mice,

have been developed to investigate the pathogenic mechanisms

underlying CADASIL and test novel therapeutic approaches. These

mouse models display various levels of structural abnormalities in

cerebral arteries/arterioles and functional impairment in cerebral

autoregulation, and may provide essential evidence of the clinical het-

erogeneity and therapeutic challenges in CADASIL [89].

CARASIL

CARASIL is a rare, recessively inherited MVD that shares a number of

clinical and pathological features with CADASIL, but CARASIL has an

earlier onset of cognitive decline with more severe memory impair-

ment. Mutations in high-temperature requirement A serine peptidase

1 (HTRA1) have been linked to the pathogenesis of CARASIL, likely via

interfering with TGF-β signalling [82]. In patients carrying HTRA1

mutations, abnormal hyperintensities are seen in deep white matter

extending from the periventricular to the juxtacortical region with

preservation of U-fibres on brain MRI. Multiple lacunar infarcts pri-

marily detected in the basal ganglia and thalamus are another typical

ARTERIOLAR NEUROPATHOLOGY 7 of 18



F I G UR E 5 Arteriolar neuropathology
in cerebral autosomal dominant
arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL)
I. (A) Disruption of proteolipids in arterial
vessel walls in CADASIL, with abnormal
fat globules (arrow, Oil-Red-O).
(B) Concentric lamination or onionskin-
type thickening of the arteriolar wall in
the basal ganglia of a 30-year-old
CADASIL subject (hematoxylin & eosin
[H&E]). Onionskin-type thickening of
vessel walls is also characteristic of severe
hypertensive states often referred to as
hyperplastic arteriolosclerosis.
(C) Profound vessel wall thickening and
glycogen-cerebroside derangement in
CADASIL (H&E). (D) Loss of smooth
muscle cells in the media and calcification
of arterial walls in the adventitia (arrow) in
the basal ganglia in CADASIL (H&E). (A, C)
Scale bar 50 μm. (B, D) Scale bar 100 μm

F I G UR E 6 Arteriolar changes in
cerebral autosomal dominant arteriopathy
with subcortical infarcts and
leukoencephalopathy (CADASIL) II. Post-
mortem CADASIL brain shows
perivascular haemosiderin-laden
macrophages (arrows), highlighted by
Prussian blue staining, adjacent to
arterioles in (A) the basal ganglia and (B,
C) thalamus. (D) Haemosiderin-laden
macrophages (arrow) adjacent to a basal
ganglia vessel with prominent vessel wall
thickening. (E) Profound loss of smooth
muscle cells in the media, demonstrated
by immunohistochemistry for α-smooth
muscle actin, and adventitial thickening in
white matter vessels. (A) Magnification
�100. (B) Magnification �40.
(C) Magnification �200. (D) Magnification
�40. (E) Scale bar 20 μm
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MRI finding. Recent evidence indicates multiple CMB are present in

the cortex and white matter of CARASIL patients. The ‘arc sign’ (arc-
shaped hyperintense lesions of the pons and cerebellar peduncles),

which may represent pontocerebellar tract involvement, is a charac-

teristic MRI finding in patients with advanced CARASIL [90, 91].

Compared with CADASIL, which is also characterised by affected

vessels in a number of organs outside the central nervous system

(CNS), vascular pathologic changes in CARASIL are relatively

restricted to cerebral arteries and do not show GOM deposition; in

addition, non-vascular extra-CNS disease may be present [92]. Post-

mortem examination of CARASIL brains revealed arteriolosclerotic

changes of small penetrating arteries/arterioles, primarily in the cere-

bral white matter and basal ganglia, including marked medial and

adventitial thinning and degeneration with medial SMC loss. This pre-

cedes the development of intimal thickening and fibrosis along with

fragmentation of internal elastic lamina (SMC in the thickened intima

are also known as ‘myointimal cells’). Due to the loss of SMC and con-

nective tissue in the media (shown by Weigert’s elastin and α-smooth

muscle actin immunostaining), the internal elastic lamina seems to be in

direct contact with the adventitia and causes a ‘double-barrelling’ appear-
ance in the vessel wall. As a result, luminal dilatation rather than narrow-

ing is the most frequent finding, especially in the arteries/arterioles

located in the leptomeninges and subcortical white matter. In contrast,

intimal thickening and narrowing are more frequently seen in the basal

ganglia and are associated with stenosis and occlusion [82, 93].

Medial SMC loss is suggested to be the primary mechanism

underlying the pathogenesis of CARASIL. First, medial SMC loss is

widespread in affected cerebral arteries/arterioles of CARASIL

patients, regardless of the presence of sclerotic changes [86, 93]. Sec-

ond, medial SMC loss may cause myelin damage and ischaemic

changes via impaired autoregulation rather than luminal stenosis and

adventitial fibrosis [93, 94]. A study combining a mouse model expres-

sing the L364P mutant of the human HTRA1 gene and primary cell

culture suggests that CARASIL induces SMC loss by activating apo-

ptosis signalling [95].

FABRY DISEASE

Fabry disease is an X-linked hereditary disorder characterised by the

accumulation of globotriaosylceramide-3 (GL-3) in lysosomes, as a

result of a mutation in the GLA gene leading to absent or deficient

α-galactosidase A enzyme activity [22]. Ischaemic stroke and transient

ischaemic attacks are the most common CNS manifestations in affected

patients [96, 97]. Growing evidence suggests that cerebral MVD is the

predominant neuropathology in patients with Fabry disease; WMH are

the primary feature, followed by CMB and lacunes [98]. Cerebrovascu-

lar changes seen in neuroimaging studies include multifocal lesions in

the subcortical, deep and/or periventricular white matter and the sub-

cortical, deep grey matter symmetrically in both cerebral hemispheres.

Ageing is the primary risk factor that affects the lesion load and pattern

of distribution; these lesions may precede the onset of neurological

symptoms. A higher white matter lesion load is associated with progres-

sion of other cerebrovascular abnormalities. Vascular changes include

medial thickening and intimal and adventitial fibrosis [99]. Histological

examination reveals extensive lysosomal GL-3 storage in vascular cells

(SMC and endothelial cells) in Fabry patients (Figure 7) [28].

The pathogenic mechanisms of vasculopathy in Fabry disease

involve an increase in vessel wall thickness associated with SMC pathol-

ogy that is distinct from other disease entities. SMC proliferation is con-

sidered the major mechanism of increased intima-media (IM) thickness

in Fabry disease and occurs as a result of GL-3 accumulation in the

SMC. Concomitant left ventricular hypertrophy and increased common

carotid artery IM thickness in Fabry patients suggest a circulating prolif-

erative factor involved in the vascular pathogenesis. Moreover, SMC

proliferation is positively correlated with carotid IM thickness in Fabry

patients [100]. In vitro studies show that exposure of SMC to GL-3 at

concentrations observed in the plasma of Fabry patients induce SMC

proliferation [101]. A potent proliferative factor sphingosine-1 phos-

phate (S1P) in plasma has been identified to be partially responsible for

vascular remodelling in this disease. Specifically, higher plasma levels of

S1P are seen in Fabry patients compared with healthy controls.

F I GU R E 7 Arteriolar neuropathology in Fabry disease. Lysosomal globotriaosylceramide-3 (GL-3) accumulation in vascular cells (arrow:
smooth muscle cell [SMC]; arrowhead: endothelial cells) of a 41-year-old patient with Fabry disease, with a section taken from a resected
meningioma. (A) High-resolution light microscopy (Richardson’s staining). (B) Electron microscopy demonstrates GL-3 accumulation in SMC (red
arrows) and endothelial cells (white arrow). (A, B) Scale bar 1 μm. Source: Reprinted from Thurberg et al. Mol Genet Metab Rep 2016;11:75–80,
with permission from Elsevier
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Treatment with S1P increase IM thickness in murine aortas and induce

SMC proliferation in a dose-dependent manner [102]. SMC changes in

Fabry disease are also associated with increased levels of oxidative

stress [103], which may further exacerbate endothelial dysfunction.

High circulating levels of MMP (especially MMP-9) in Fabry disease

[104] are linked to deleterious effects on the cerebral arterioles, poten-

tially causing internal elastic lamina degradation and migration of SMC

from the media to the intimal layer [105].

CEREBRORETINAL VASCULOPATHY (CRV)
OR RETINAL VASCULOPATHY WITH
CEREBRAL LEUKODYSTROPHY (RVCL)

CRV or RVCL is an autosomal-dominant MVD caused by mutations in

the carboxyl-terminus of three prime exonuclease-1 (TREX1), produc-

ing visual impairment and other neurological symptoms. Neuropatho-

logic manifestations include microinfarcts in the white matter and

periventricular deep grey nuclei. Granular calcification in the vascular

wall is an important characteristic of CRV/RVCL brains with advanced

lesions [23, 106, 107].

Ultrastructural examination reveals a thick, multi-laminated base-

ment membrane within larger vessels, or a single lamina densa within

arterioles and capillaries [23]. Other histopathological features include

vascular wall thickening and hyalinization, luminal narrowing, adventi-

tial fibrosis and in some cases fibrinoid necrosis [23, 107, 108]. Occa-

sionally, inflammatory cells (CD68+ and CD45+) can be seen

surrounding vessels with intact SMC and endothelium and less fibro-

sis, whereas fewer SMC and inflammatory cells are observed in the

regions bordering ischaemia [23]. A progressive loss of small blood

vessels has been seen, but the exact effect of TREX1 mutation on

SMC, and the role of SMC in CRV/RVCL-related vasculopathy,

remains largely unknown. One study identified microRNA (miR)-103

as a potent regulator of vascular apoptosis, oxidative stress and angio-

genesis via targeting TREX1 in vitro, and its expression was also upre-

gulated in stressed human SMC [109]. This evidence suggests a

possible alteration in SMC number in the presence of TREX1, which

needs to be confirmed in both preclinical and clinical investigations.

COLLAGEN 4 (COL4) MUTATIONS

Mutations in COL4, an essential component of the vascular basement

membrane, have been increasingly recognised as risk factors for both

sporadic and hereditary forms of MVD. Common variation in the

genomic region of COL4A1/COL4A2, which encodes the collagen IV

chains α1 and α2, is believed to be associated with the sporadic form

of deep ICH [110]. Pontine autosomal dominant microangiopathy

with leukoencephalopathy (PADMAL) and Swedish multi-infarct

dementia (MID) were previously described as CADASIL-like disorders

but in recent years have been identified to be COL4 disorders

[111–114]. PADMAL can be caused by two types of COL4A1 muta-

tion leading to different neurological events. Glycine missense

mutations in COL4A1 may predispose to cerebral haemorrhage,

whereas mutations upregulating COL4A1 gene expression are associ-

ated with ischaemic strokes [114]. Patients exhibit recurrent ischae-

mic and haemorrhagic strokes between age 35 and 45 years that are

F I G U R E 8 Arteriolar neuropathology in collagen IV (COL4)
mutations. (A) Differential changes in arteriolar walls in COL4
arteriopathy with COL4A1 c.*32G>A mutation in the 30 untranslated
region. (B) Cortical vessel with severe smooth muscle cell (SMC) loss
and fibrosis in the adventitia in a 60-year-old patient. Periodic acid-
Schiff (PAS)-positive arteriolar walls also found in COL4A1
arteriopathy in the cortex. (C) White matter vessel with mild–
moderate loss of SMC in a 30-year-old patient with intracerebral
haemorrhage. (A–C) Scale bar 100 μm
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associated with progressive imbalance and cognitive impairment but

generally no additional neurological impairment. Dominant mutations

in COL4A1/COL4A2 occur within the conserved glycine-X-Y motifs in

the triple-helical collagenous domain involving glycine substitutions,

whereas those in PADMAL and MID disorders occur in the 30 untrans-

lated region of COL4A1. Dominant mutations in COL4A1/COL4A2 can

cause a monogenic form of MVD, manifesting as lacunar infarction,

WMH and haemorrhagic lesions ranging from asymptomatic CMB to

life-threatening large deep haemorrhages [115, 116]. In COL4-related

MVD, cerebral microhaemorrhages and macrohaemorrhages are age-

related and believed to originate from different vascular sources that

reflect distinct stages of the vascular disease; this may affect subse-

quent therapeutic interventions. In a mouse model expressing the

COL4A1 Gly498Val mutation, numerous microhaemorrhages were

detected early in life and were associated with BBB disruption.

Changes in the vessel wall surrounding macrohaemorrhages included

focal loss and fragmentation of SMC and elastin in the medial layer,

leaving endothelial cells in direct contact with the parenchyma; the

remaining SMC exhibited an abnormally thin, discontinuous morphol-

ogy without dense plaques [117].

Accumulating evidence suggests the central role of SMC in the

pathogenic mechanisms underlying COL4-related MVD [117–120].

Our histological examinations of COL4 arteriopathy in patients with

COL4A1 mutation (c.*32G>A) reveal differential changes in arteriolar

walls with prominent SMC loss (Figure 8). Vascular basement mem-

brane composed of collagen IV, laminin and heparan sulphate proteo-

glycans forms a three-dimensional protein network to support

interactions between SMC with other cellular components [121].

COL4A1/COL4A2 mutations exert effects on SMC behaviour via mul-

tiple mechanisms, including inducing SMC apoptosis [117, 119],

impairing SMC differentiation and maintenance via disruption of vas-

cular basement membrane [118] and promoting the production of a

pathogenic, synthetic phenotype of SMC via binding to cellular recep-

tors [120]; these can all cause detrimental effects on vessel wall integ-

rity and function.

CARASAL

In addition to the classic genetic factors (i.e., NOTCH 3, HTRA1, GLA,

TREX1 and COLA1/A2), it has been shown that mutations in the CTSA

gene encoding cathepsin A can cause a novel MVD, namely CARA-

SAL. This can present clinically with ischaemic stroke, cognitive

impairment and therapy-resistant hypertension [122, 123]. Neuro-

pathological examination shows mild white matter atrophy and small

infarcts dispersed widely in the brain, including white matter, deep

grey matter, brainstem and cerebellum. This is accompanied by

changes in cerebral arterioles including asymmetric fibrous thickening,

loss and degeneration of medial SMC, varying degrees of luminal nar-

rowing from stenosis in small arterioles to total occlusion in large arte-

rioles and enlarged adventitia with deposition of collagen fibrils [124].

Homozygous CTSA mutation is thought to cause CARASAL by inter-

fering with the function of cathepsin A, which protects against a sys-

temic lysosomal storage disorder by stabilising the lysosomal enzymes

β-galactosidase and neuraminidase [124]. Heterozygous CTSA muta-

tion might alter cathepsin A activity in inactivating endothelin-1,

therefore impairing blood pressure regulation [124].

CONCLUSIONS

There are many cerebral MVD entities but only a limited range of

parenchymal consequences of these disorders. Cerebral MVD has

both ischaemic and haemorrhagic components with neuropathology

that ranges from lacunar infarcts, microinfarcts and white matter dis-

ease to microhaemorrhages. MVD is consistently characterised by

substantial arteriolar remodelling (cerebral angiomyopathy) involving

alterations in SMC via proliferation, apoptosis, phenotypic switch

and/or migration with resultant changes in vessel wall components,

diameter and thickness (Table 1). Taken together, these elements

strongly support the arteriole acting as both source and mediator of

parenchymal injury. Thus, it is the arteriole that is the critical compo-

nent and final common pathway of cerebral MVD.
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14. Sakadži�c S, Mandeville ET, Gagnon L, et al. Large arteriolar component

of oxygen delivery implies a safe margin of oxygen supply to cerebral

tissue. Nat Commun. 2014;5(1):5734. doi:10.1038/ncomms6734

15. Rhodin JAG. Architecture of the vessel wall. In: Terjung R,

ed. Comprehensive Physiology. John Wiley & Sons, Inc.; 2014:1-31.

16. Dalton SR, Fillman EP, Ferringer T, Tyler W, Elston DM. Smooth

muscle pattern is more reliable than the presence or absence of an

internal elastic lamina in distinguishing an artery from a vein. J Cutan

Pathol. 2006;33(3):216-219. doi:10.1111/j.0303-6987.2006.

00419.x

17. Ruchoux M-M, Kalaria RN, Román GC. The pericyte: a critical cell in

the pathogenesis of CADASIL. Cereb Circ Cogn Behav. 2021;2:

100031. doi:10.1016/j.cccb.2021.100031

18. Wadi LC, Grigoryan MM, Kim RC, et al. Mechanisms of cerebral

microbleeds. J Neuropathol Exp Neurol. 2020;79(10):1093-1099. doi:

10.1093/jnen/nlaa082

19. Norton EJ, Bridges LR, Kenyon LC, Esiri MM, Bennett DC,

Hainsworth AH. Cell senescence and cerebral small vessel disease in

the brains of people aged 80 years and older. J Neuropathol Exp Neu-

rol. 2019;78(11):1066-1072. doi:10.1093/jnen/nlz088

20. Lammie GA, Brannan F, Slattery J, Warlow C. Nonhypertensive cere-

bral small-vessel disease. An autopsy study. Stroke. 1997;28(11):

2222-2229. doi:10.1161/01.STR.28.11.2222

21. Fisher M. Cerebral microbleeds and thrombolysis: clinical conse-

quences and mechanistic implications. JAMA Neurol. 2016;73(6):632-

635. doi:10.1001/jamaneurol.2016.0576

22. Kolodny E, Fellgiebel A, Hilz MJ, et al. Cerebrovascular involvement

in Fabry disease: current status of knowledge. Stroke. 2015;46(1):

302-313. doi:10.1161/STROKEAHA.114.006283

23. Kolar GR, Kothari PH, Khanlou N, Jen JC, Schmidt RE, Vinters HV.

Neuropathology and genetics of cerebroretinal vasculopathies. Brain

Pathol. 2014;24(5):510-518. doi:10.1111/bpa.12178

24. Harvey A, Montezano AC, Touyz RM. Vascular biology of ageing—
implications in hypertension. J Mol Cell Cardiol. 2015;83:112-121.

doi:10.1016/j.yjmcc.2015.04.011

25. Yamamoto Y, Ihara M. Disruption of transforming growth factor-β
superfamily signaling: a shared mechanism underlying hereditary

cerebral small vessel disease. Neurochem Int. 2017;107:211-218. doi:

10.1016/j.neuint.2016.12.003

26. Terry CM, Blumenthal DK, Sikharam S, et al. Evaluation of histologi-

cal techniques for quantifying haemodialysis arteriovenous (AV) graft

hyperplasia. Nephrol Dial Transplant. 2006;21(11):3172-3179. doi:10.

1093/ndt/gfl366

27. Pettersen JA, Keith J, Gao F, Spence JD, Black SE. CADASIL acceler-

ated by acute hypotension: arterial and venous contribution to leu-

koaraiosis. Neurology. 2017;88(11):1077-1080.

28. Thurberg BL, Germain DP, Perretta F, Jurca-Simina IE, Politei JM.

Fabry disease: four case reports of meningioma and a review of the

literature on other malignancies. Mol Genetics Metab Rep. 2016;11:

75-80. doi:10.1016/j.ymgmr.2016.09.005

29. Guo H, Siu W, D’Arcy RC, et al. MRI assessment of whole-brain

structural changes in aging. Clin Interv Aging. 2017;12:1251-1270.

doi:10.2147/CIA.S139515

30. Xu X, Wang B, Ren C, et al. Age-related impairment of vascular struc-

ture and functions. Aging Dis. 2017;8(5):590-610. doi:10.14336/AD.

2017.0430

31. Diaz-Otero JM, Garver H, Fink GD, Jackson WF, Dorrance AM.

Aging is associated with changes to the biomechanical properties of

the posterior cerebral artery and parenchymal arterioles.

Am J Physiol-Heart Circulatory Physiol. 2016;310(3):H365-H375.

32. De Silva TM, Modrick ML, Dabertrand F, Faraci FM. Changes in cere-

bral arteries and parenchymal arterioles with aging: role of rho kinase

2 and impact of genetic background. Hypertension. 2018;71(5):921-

927. doi:10.1161/HYPERTENSIONAHA.118.10865

33. Ferlosio A, Arcuri G, Doldo E, et al. Age-related increase of stem

marker expression influences vascular smooth muscle cell properties.

Atherosclerosis. 2012;224(1):51-57. doi:10.1016/j.atherosclerosis.

2012.07.016

34. Wang M, Fu Z, Wu J, et al. MFG-E8 activates proliferation of vascu-

lar smooth muscle cells via integrin signaling. Aging Cell. 2012;11(3):

500-508. doi:10.1111/j.1474-9726.2012.00813.x

35. Spinetti G, Wang M, Monticone R, Zhang J, Zhao D, Lakatta EG. Rat

aortic MCP-1 and its receptor CCR2 increase with age and alter vas-

cular smooth muscle cell function. Arterioscler Thromb Vasc Biol.

2004;24(8):1397-1402. doi:10.1161/01.ATV.0000134529.65173.08

36. McCaffrey TA, Nicholson AC, Szabo PE, Weksler ME, Weksler BB.

Aging and arteriosclerosis. The increased proliferation of arterial

smooth muscle cells isolated from old rats is associated with

increased platelet-derived growth factor-like activity. J Exp Med.

1988;167(1):163-174. doi:10.1084/jem.167.1.163

37. Bochaton-Piallat ML, Gabbiani F, Ropraz P, Gabbiani G. Age influ-

ences the replicative activity and the differentiation features of cul-

tured rat aortic smooth muscle cell populations and clones.

ARTERIOLAR NEUROPATHOLOGY 15 of 18

https://orcid.org/0000-0001-7907-4923
https://orcid.org/0000-0001-7907-4923
https://orcid.org/0000-0002-2965-1240
https://orcid.org/0000-0002-2965-1240
info:doi/10.1093/ndt/gfq635
info:doi/10.1093/brain/aww214
info:doi/10.1159/000091536
info:doi/10.1159/000091536
info:doi/10.1136/svn-2016-000035
info:doi/10.1111/j.1468-1331.2011.03466.x
info:doi/10.1111/j.1468-1331.2011.03466.x
info:doi/10.1146/annurev-physiol-021119-034338
info:doi/10.1146/annurev-physiol-021119-034338
info:doi/10.1161/CIRCRESAHA.118.313260
info:doi/10.4199/C00005ED1V01Y200912ISP002
info:doi/10.1007/s00401-020-02235-6
info:doi/10.2174/1874192401004010302
info:doi/10.1038/ncomms6734
info:doi/10.1111/j.0303-6987.2006.00419.x
info:doi/10.1111/j.0303-6987.2006.00419.x
info:doi/10.1016/j.cccb.2021.100031
info:doi/10.1093/jnen/nlaa082
info:doi/10.1093/jnen/nlz088
info:doi/10.1161/01.STR.28.11.2222
info:doi/10.1001/jamaneurol.2016.0576
info:doi/10.1161/STROKEAHA.114.006283
info:doi/10.1111/bpa.12178
info:doi/10.1016/j.yjmcc.2015.04.011
info:doi/10.1016/j.neuint.2016.12.003
info:doi/10.1093/ndt/gfl366
info:doi/10.1093/ndt/gfl366
info:doi/10.1016/j.ymgmr.2016.09.005
info:doi/10.2147/CIA.S139515
info:doi/10.14336/AD.2017.0430
info:doi/10.14336/AD.2017.0430
info:doi/10.1161/HYPERTENSIONAHA.118.10865
info:doi/10.1016/j.atherosclerosis.2012.07.016
info:doi/10.1016/j.atherosclerosis.2012.07.016
info:doi/10.1111/j.1474-9726.2012.00813.x
info:doi/10.1161/01.ATV.0000134529.65173.08
info:doi/10.1084/jem.167.1.163


Arterioscler Thromb. 1993;13(10):1449-1455. doi:10.1161/01.ATV.

13.10.1449

38. Vazquez-Padron RI, Lasko D, Li S, et al. Aging exacerbates neointimal

formation, and increases proliferation and reduces susceptibility to

apoptosis of vascular smooth muscle cells in mice. J Vasc Surg. 2004;

40(6):1199-1207.

39. Rivard A, Principe N, Andrés V. Age-dependent increase in c-fos

activity and cyclin A expression in vascular smooth muscle cells. A

potential link between aging, smooth muscle cell proliferation and

atherosclerosis. Cardiovasc Res. 2000;45(4):1026-1034. doi:10.1016/

S0008-6363(99)00385-5

40. Ruiz-Torres A, Gimeno A, Mel�on J, Mendez L, Muñoz FJ, Macía M.

Age-related loss of proliferative activity of human vascular smooth

muscle cells in culture. Mech Ageing Dev. 1999;110(1–2):49-55.
41. Guntani A, Matsumoto T, Kyuragi R, et al. Reduced proliferation of

aged human vascular smooth muscle cells—role of oxygen-derived

free radicals and BubR1 expression. J Surg Res. 2011;170(1):143-

149. doi:10.1016/j.jss.2011.03.024

42. Moon SK, Thompson LJ, Madamanchi N, et al. Aging, oxidative

responses, and proliferative capacity in cultured mouse aortic

smooth muscle cells. Am J Physiol Heart Circ Physiol. 2001;280(6):

H2779-H2788. doi:10.1152/ajpheart.2001.280.6.H2779

43. Torella D, Leosco D, Indolfi C, et al. Aging exacerbates negative

remodeling and impairs endothelial regeneration after balloon injury.

Am J Physiol Heart Circ Physiol. 2004;287(6):H2850-H2860. doi:10.

1152/ajpheart.01119.2003

44. Riches-Suman K, Hussain A. Identifying and targeting the molecular

signature of smooth muscle cells undergoing early vascular ageing.

Biochim Biophys Acta Mol Basis Dis. 2022;1868(7):166403. doi:10.

1016/j.bbadis.2022.166403

45. Gatti L, Tinelli F, Scelzo E, et al. Understanding the pathophysiology

of cerebral amyloid angiopathy. Int J Mol Sci. 2020;21(10):3435. doi:

10.3390/ijms21103435

46. Miao Q, Paloneva T, Tuisku S, et al. Arterioles of the lenticular

nucleus in CADASIL. Stroke. 2006;37(9):2242-2247.

47. Li Q, Yang Y, Reis C, et al. Cerebral small vessel disease. Cell Trans-

plant. 2018;27(12):1711-1722.

48. Rosenblum WI. Fibrinoid necrosis of small brain arteries and arteri-

oles and miliary aneurysms as causes of hypertensive hemorrhage: a

critical reappraisal. Acta Neuropathol. 2008;116(4):361-369. doi:10.

1007/s00401-008-0416-9

49. Magaki S, Chen Z, Haeri M, et al. Charcot–Bouchard aneurysms

revisited: clinicopathologic correlations. Mod Pathol. 2021;34(12):

2109-2121. doi:10.1038/s41379-021-00847-1

50. Ratelade J, Klug NR, Lombardi D, et al. Reducing hypermusculariza-

tion of the transitional segment between arterioles and capillaries

protects against spontaneous intracerebral hemorrhage. Circulation.

2020;141(25):2078-2094. doi:10.1161/CIRCULATIONAHA.119.

040963

51. Kalaria RN. The pathology and pathophysiology of vascular demen-

tia. Neuropharmacology. 2018;134:226-239. doi:10.1016/j.

neuropharm.2017.12.030

52. Kalaria RN, Sepulveda-Falla D. Cerebral small vessel disease in spo-

radic and familial Alzheimer disease. Am J Pathol. 2021;191(11):

1888-1905. doi:10.1016/j.ajpath.2021.07.004

53. Vinters HV. Cerebral amyloid angiopathy. A critical review. Stroke.

1987;18(2):311-324.

54. Soontornniyomkij V, Lynch MD, Mermash S, et al. Cerebral microin-

farcts associated with severe cerebral beta-amyloid angiopathy. Brain

Pathol. 2010;20(2):459-467. doi:10.1111/j.1750-3639.2009.

00322.x

55. Linn J, Halpin A, Demaerel P, et al. Prevalence of superficial siderosis

in patients with cerebral amyloid angiopathy. Neurology. 2010;

74(17):1346-1350.

56. Charidimou A, Werring DJ. Cerebral microbleeds: detection, mecha-

nisms and clinical challenges. Future Neurol. 2011;6(5):587-611. doi:

10.2217/fnl.11.42

57. Bouvy WH, van Veluw SJ, Kuijf HJ, et al. Microbleeds colocalize with

enlarged juxtacortical perivascular spaces in amnestic mild cognitive

impairment and early Alzheimer’s disease: a 7 Tesla MRI study.

J Cereb Blood Flow Metab. 2020;40(4):739-746. doi:10.1177/

0271678X19838087

58. Soontornniyomkij V, Choi C, Pomakian J, Vinters HV. High-definition

characterization of cerebral β-amyloid angiopathy in Alzheimer’s dis-
ease. Hum Pathol. 2010;41(11):1601-1608. doi:10.1016/j.humpath.

2010.04.011

59. Van Dorpe J, Smeijers L, Dewachter I, et al. Prominent cerebral amy-

loid angiopathy in transgenic mice overexpressing the London

mutant of human APP in neurons. Am J Pathol. 2000;157(4):1283-

1298.

60. Christie R, Yamada M, Moskowitz M, Hyman B. Structural and func-

tional disruption of vascular smooth muscle cells in a transgenic

mouse model of amyloid angiopathy. Am J Pathol. 2001;158(3):1065-

1071. doi:10.1016/S0002-9440(10)64053-9

61. Zipfel GJ, Han H, Ford AL, Lee J-M. Cerebral amyloid angiopathy:

progressive disruption of the neurovascular unit. Stroke. 2009;40-

(3_suppl_1):S16-S19.

62. Mendel TA, Wierzba-Bobrowicz T, Lewandowska E, Stępie�n T,

Szpak GM. The development of cerebral amyloid angiopathy in cere-

bral vessels. A review with illustrations based upon own investigated

post mortem cases. Pol J Pathol. 2013;64(4):260-267.

63. van Veluw SJ, Scherlek AA, Freeze WM, et al. Different microvascu-

lar alterations underlie microbleeds and microinfarcts. Ann Neurol.

2019;86(2):279-292. doi:10.1002/ana.25512

64. van Veluw SJ, Frosch MP, Scherlek AA, Lee D, Greenberg SM,

Bacskai BJ. In vivo characterization of spontaneous microhemor-

rhage formation in mice with cerebral amyloid angiopathy. J Cereb

Blood Flow Metab. 2021;41(1):82-91. doi:10.1177/

0271678X19899377

65. Kaur G, Levy E. Cystatin C in Alzheimer’s disease. Front Mol Neurosci.

2012;5:79. doi:10.3389/fnmol.2012.00079

66. Tamayev R, Matsuda S, Giliberto L, Arancio O, D’Adamio L. APP het-

erozygosity averts memory deficit in knockin mice expressing the

Danish dementia BRI2 mutant. EMBO j. 2011;30(12):2501-2509. doi:

10.1038/emboj.2011.161

67. Lau WL, Huisa BN, Fisher M. The cerebrovascular-chronic kidney

disease connection: perspectives and mechanisms. Transl Stroke Res.

2017;8(1):67-76. doi:10.1007/s12975-016-0499-x

68. Lau WL, Nunes AC, Vasilevko V, et al. Chronic kidney disease

increases cerebral microbleeds in mouse and man. Transl Stroke Res.

2020;11(1):122-134. doi:10.1007/s12975-019-00698-8

69. Vinters HV, Magaki SD, Williams CK. Neuropathologic findings in

chronic kidney disease (CKD). J Stroke Cerebrovasc Dis. 2021;

105657.

70. Palit S, Kendrick J. Vascular calcification in chronic kidney disease:

role of disordered mineral metabolism. Curr Pharm des. 2014;20(37):

5829-5833. doi:10.2174/1381612820666140212194926

71. Ewence AE, Bootman M, Roderick HL, et al. Calcium phosphate crys-

tals induce cell death in human vascular smooth muscle cells: a

potential mechanism in atherosclerotic plaque destabilization. Circ

Res. 2008;103(5):e28-e34. doi:10.1161/CIRCRESAHA.108.181305

72. Bugnicourt J-M, Chillon J-M, Massy ZA, et al. High prevalence of

intracranial artery calcification in stroke patients with CKD: a retro-

spective study. Clin J am Soc Nephrol. 2009;4(2):284-290. doi:10.

2215/CJN.02140508

73. Goodman WG, Goldin J, Kuizon BD, et al. Coronary-artery calcifica-

tion in young adults with end-stage renal disease who are undergo-

ing dialysis. N Engl J Med. 2000;342(20):1478-1483.

16 of 18 FANG ET AL.

info:doi/10.1161/01.ATV.13.10.1449
info:doi/10.1161/01.ATV.13.10.1449
info:doi/10.1016/S0008-6363(99)00385-5
info:doi/10.1016/S0008-6363(99)00385-5
info:doi/10.1016/j.jss.2011.03.024
info:doi/10.1152/ajpheart.2001.280.6.H2779
info:doi/10.1152/ajpheart.01119.2003
info:doi/10.1152/ajpheart.01119.2003
info:doi/10.1016/j.bbadis.2022.166403
info:doi/10.1016/j.bbadis.2022.166403
info:doi/10.3390/ijms21103435
info:doi/10.1007/s00401-008-0416-9
info:doi/10.1007/s00401-008-0416-9
info:doi/10.1038/s41379-021-00847-1
info:doi/10.1161/CIRCULATIONAHA.119.040963
info:doi/10.1161/CIRCULATIONAHA.119.040963
info:doi/10.1016/j.neuropharm.2017.12.030
info:doi/10.1016/j.neuropharm.2017.12.030
info:doi/10.1016/j.ajpath.2021.07.004
info:doi/10.1111/j.1750-3639.2009.00322.x
info:doi/10.1111/j.1750-3639.2009.00322.x
info:doi/10.2217/fnl.11.42
info:doi/10.1177/0271678X19838087
info:doi/10.1177/0271678X19838087
info:doi/10.1016/j.humpath.2010.04.011
info:doi/10.1016/j.humpath.2010.04.011
info:doi/10.1016/S0002-9440(10)64053-9
info:doi/10.1002/ana.25512
info:doi/10.1177/0271678X19899377
info:doi/10.1177/0271678X19899377
info:doi/10.3389/fnmol.2012.00079
info:doi/10.1038/emboj.2011.161
info:doi/10.1007/s12975-016-0499-x
info:doi/10.1007/s12975-019-00698-8
info:doi/10.2174/1381612820666140212194926
info:doi/10.1161/CIRCRESAHA.108.181305
info:doi/10.2215/CJN.02140508
info:doi/10.2215/CJN.02140508


74. Wegiel J, Kuchna I, Wisniewski T, et al. Vascular fibrosis and calcifi-

cation in the hippocampus in aging, Alzheimer disease, and Down

syndrome. Acta Neuropathol. 2002;103(4):333-343. doi:10.1007/

s00401-001-0471-y

75. Vinters HV, Natté R, Maat-Schieman ML, et al. Secondary microvas-

cular degeneration in amyloid angiopathy of patients with hereditary

cerebral hemorrhage with amyloidosis, Dutch type (HCHWA-D).

Acta Neuropathol. 1998;95(3):235-244.

76. Grand Moursel L, van der Graaf LM, Bulk M, van Roon-Mom WM,

van der Weerd L. Osteopontin and phospho-SMAD2/3 are associ-

ated with calcification of vessels in D-CAA, an hereditary cerebral

amyloid angiopathy. Brain Pathol. 2019;29(6):793-802.

77. Kramann R, Goettsch C, Wongboonsin J, et al. Adventitial MSC-like

cells are progenitors of vascular smooth muscle cells and drive vascu-

lar calcification in chronic kidney disease. Cell Stem Cell. 2016;19(5):

628-642. doi:10.1016/j.stem.2016.08.001

78. Liem MK, Oberstein SAJL, Haan J, et al. Cerebral autosomal domi-

nant arteriopathy with subcortical infarcts and leukoencephalopa-

thy: progression of MR abnormalities in prospective 7-year follow-

up study. Radiology. 2008;249(3):964-971. doi:10.1148/radiol.

2492080357

79. Miao Q, Paloneva T, Tuominen S, et al. Fibrosis and stenosis of the

long penetrating cerebral arteries: the cause of the white matter

pathology in cerebral autosomal dominant arteriopathy with subcor-

tical infarcts and leukoencephalopathy. Brain Pathol. 2004;14(4):358-

364. doi:10.1111/j.1750-3639.2004.tb00078.x

80. Vinters HV, Zarow C, Borys E, et al. Review: vascular dementia: clini-

copathologic and genetic considerations. Neuropathol Appl Neurobiol.

2018;44(3):247-266. doi:10.1111/nan.12472

81. Rubio A, Rifkin D, Powers JM, et al. Phenotypic variability of CADA-

SIL and novel morphologic findings. Acta Neuropathol. 1997;94(3):

247-254. doi:10.1007/s004010050700

82. Tikka S, Baumann M, Siitonen M, et al. CADASIL and CARASIL. Brain

Pathol. 2014;24(5):525-544. doi:10.1111/bpa.12181

83. Brulin P, Godfraind C, Leteurtre E, Ruchoux M-M. Morphometric

analysis of ultrastructural vascular changes in CADASIL: analysis of

50 skin biopsy specimens and pathogenic implications. Acta Neuro-

pathol. 2002;104(3):241-248. doi:10.1007/s00401-002-0530-z

84. Gravesteijn G, Munting LP, Overzier M, et al. Progression and classi-

fication of granular osmiophilic material (GOM) deposits in function-

ally characterized human NOTCH3 transgenic mice. Transl Stroke

Res. 2020;11(3):517-527. doi:10.1007/s12975-019-00742-7

85. Kalimo H, Ruchoux MM, Viitanen M, Kalaria RN. CADASIL: a com-

mon form of hereditary arteriopathy causing brain infarcts and

dementia. Brain Pathol. 2002;12(3):371-384. doi:10.1111/j.1750-

3639.2002.tb00451.x

86. Arima K, Yanagawa S, Ito N, Si I. Cerebral arterial pathology of

CADASIL and CARASIL (Maeda syndrome). Neuropathology. 2003;

23(4):327-334. doi:10.1046/j.1440-1789.2003.00519.x

87. Panahi M, Yousefi Mesri N, Samuelsson EB, et al. Differences in pro-

liferation rate between CADASIL and control vascular smooth mus-

cle cells are related to increased TGF β expression. J Cell Mol Med.

2018;22(6):3016-3024.

88. Gray F, Polivka M, Viswanathan A, Baudrimont M, Bousser M-G,

Chabriat H. Apoptosis in cerebral autosomal-dominant arteriopathy

with subcortical infarcts and leukoencephalopathy. J Neuropathol Exp

Neurol. 2007;66(7):597-607. doi:10.1097/nen.0b013e318093e574

89. Manini A, Pantoni L. CADASIL from bench to bedside: disease

models and novel therapeutic approaches. Mol Neurobiol. 2021;58(6):

2558-2573. doi:10.1007/s12035-021-02282-4

90. Nozaki H, Sekine Y, Fukutake T, et al. Characteristic features and

progression of abnormalities on MRI for CARASIL. Neurology. 2015;

85(5):459-463. doi:10.1212/WNL.0000000000001803

91. Müller SJ, Khadhraoui E, Allam I, et al. CARASIL with coronary artery

disease and distinct cerebral microhemorrhage: a case report and

literature review. Clin Transl Neurosci. 2020;4(1):2514183X2091418.

doi:10.1177/2514183X20914182

92. Uemura M, Nozaki H, Kato T, et al. HTRA1-related cerebral small

vessel disease: a review of the literature. Front Neurol. 2020;11:545.

doi:10.3389/fneur.2020.00545

93. Oide T, Nakayama H, Yanagawa S, Ito N, Si I, Arima K. Extensive loss of

arterial medial smooth muscle cells and mural extracellular matrix in

cerebral autosomal recessive arteriopathy with subcortical infarcts and

leukoencephalopathy (CARASIL). Neuropathology. 2008;28(2):132-142.

94. Tanoi Y, Okeda R, Budka H. Binswanger’s encephalopathy: serial sec-
tions and morphometry of the cerebral arteries. Acta Neuropathol.

2000;100(4):347-355. doi:10.1007/s004010000203

95. Li C, Jin W, Wang X, Li T, Wang M, Cao B. Establishment and identi-

fication of a novel HTRA1 mutation mice model. Rev Cardiovasc Med.

2019;20(3):179-186. doi:10.31083/j.rcm.2019.03.31813

96. Sims K, Politei J, Banikazemi M, Lee P. Stroke in Fabry disease fre-

quently occurs before diagnosis and in the absence of other clinical

events. Stroke. 2009;40(3):788-794. doi:10.1161/STROKEAHA.108.

526293

97. Schermuly I, Müller MJ, Müller K-M, et al. Neuropsychiatric symp-

toms and brain structural alterations in Fabry disease. Eur J Neurol.

2011;18(2):347-353. doi:10.1111/j.1468-1331.2010.03155.x

98. Tapia D, Floriolli D, Han E, et al. Prevalence of cerebral small vessel

disease in a Fabry disease cohort. Mol Genet Metab Rep. 2021;29:

100815. doi:10.1016/j.ymgmr.2021.100815

99. Okeda R, Nisihara M. An autopsy case of Fabry disease with neuro-

pathological investigation of the pathogenesis of associated demen-

tia. Neuropathology. 2008;28(5):532-540. doi:10.1111/j.1440-1789.

2008.00883.x

100. Barbey F, Brakch N, Linhart A, et al. Cardiac and vascular hypertro-

phy in Fabry disease. Arterioscler Thromb Vasc Biol. 2006;26(4):839-

844. doi:10.1161/01.ATV.0000209649.60409.38

101. Aerts JM, Groener JE, Kuiper S, et al. Elevated globotriaosylsphingo-

sine is a hallmark of Fabry disease. Proc Natl Acad Sci. 2008;105(8):

2812-2817. doi:10.1073/pnas.0712309105

102. Brakch N, Dormond O, Bekri S, et al. Evidence for a role of

sphingosine-1 phosphate in cardiovascular remodelling in Fabry dis-

ease. Eur Heart J. 2010;31(1):67-76. doi:10.1093/eurheartj/ehp387

103. Ravarotto V, Carraro G, Pagnin E, et al. Oxidative stress and the

altered reaction to it in Fabry disease: a possible target for

cardiovascular-renal remodeling? PLoS ONE. 2018;13(9):e0204618.

doi:10.1371/journal.pone.0204618

104. Shah JS, Hughes DA, Tayebjee MH, MacFadyen RJ, Mehta AB,

Elliott PM. Extracellular matrix turnover and disease severity in

Anderson–Fabry disease. J Inherit Metab Dis. 2007;30(1):88-95. doi:

10.1007/s10545-006-0360-6

105. Lehoux S. Molecular mechanisms of the vascular responses to hemo-

dynamic forces. In: Biomechanics of coronary atherosclerotic plaque.

Elsevier; 2020:51-88. doi:10.1016/B978-0-12-817195-0.00002-0

106. Stam AH, Kothari PH, Shaikh A, et al. Retinal vasculopathy with cere-

bral leukoencephalopathy and systemic manifestations. Brain. 2016;

139(11):2909-2922. doi:10.1093/brain/aww217

107. Saito R, Nozaki H, Kato T, et al. Retinal vasculopathy with cerebral

leukodystrophy: clinicopathologic features of an autopsied patient

with a heterozygous TREX 1 mutation. J Neuropathol Exp Neurol.

2019;78(2):181-186. doi:10.1093/jnen/nly115

108. Vodopivec I, Oakley DH, Perugino CA, Venna N, Hedley-Whyte ET,

Stone JH. A 44-year-old man with eye, kidney, and brain dysfunc-

tion. Ann Neurol. 2016;79(4):507-519. doi:10.1002/ana.24583

109. Wilson R, Espinosa-Diez C, Kanner N, et al. MicroRNA regulation of

endothelial TREX1 reprograms the tumour microenvironment. Nat

Commun. 2016;7(1):1-10, 13597. doi:10.1038/ncomms13597

110. Rannikmäe K, Davies G, Thomson PA, et al. Common variation in

COL4A1/COL4A2 is associated with sporadic cerebral small vessel

disease. Neurology. 2015;84(9):918-926.

ARTERIOLAR NEUROPATHOLOGY 17 of 18

info:doi/10.1007/s00401-001-0471-y
info:doi/10.1007/s00401-001-0471-y
info:doi/10.1016/j.stem.2016.08.001
info:doi/10.1148/radiol.2492080357
info:doi/10.1148/radiol.2492080357
info:doi/10.1111/j.1750-3639.2004.tb00078.x
info:doi/10.1111/nan.12472
info:doi/10.1007/s004010050700
info:doi/10.1111/bpa.12181
info:doi/10.1007/s00401-002-0530-z
info:doi/10.1007/s12975-019-00742-7
info:doi/10.1111/j.1750-3639.2002.tb00451.x
info:doi/10.1111/j.1750-3639.2002.tb00451.x
info:doi/10.1046/j.1440-1789.2003.00519.x
info:doi/10.1097/nen.0b013e318093e574
info:doi/10.1007/s12035-021-02282-4
info:doi/10.1212/WNL.0000000000001803
info:doi/10.1177/2514183X20914182
info:doi/10.3389/fneur.2020.00545
info:doi/10.1007/s004010000203
info:doi/10.31083/j.rcm.2019.03.31813
info:doi/10.1161/STROKEAHA.108.526293
info:doi/10.1161/STROKEAHA.108.526293
info:doi/10.1111/j.1468-1331.2010.03155.x
info:doi/10.1016/j.ymgmr.2021.100815
info:doi/10.1111/j.1440-1789.2008.00883.x
info:doi/10.1111/j.1440-1789.2008.00883.x
info:doi/10.1161/01.ATV.0000209649.60409.38
info:doi/10.1073/pnas.0712309105
info:doi/10.1093/eurheartj/ehp387
info:doi/10.1371/journal.pone.0204618
info:doi/10.1007/s10545-006-0360-6
info:doi/10.1016/B978-0-12-817195-0.00002-0
info:doi/10.1093/brain/aww217
info:doi/10.1093/jnen/nly115
info:doi/10.1002/ana.24583
info:doi/10.1038/ncomms13597


111. Siitonen M, Börjesson-Hanson A, Pöyhönen M, et al. Multi-infarct

dementia of Swedish type is caused by a 3’UTR mutation of

COL4A1. Brain. 2017;140(5):e29. doi:10.1093/brain/awx062

112. Craggs LJ, Yamamoto Y, Deramecourt V, Kalaria RN. Microvascular

pathology and morphometrics of sporadic and hereditary small vessel

diseases of the brain. Brain Pathol. 2014;24(5):495-509. doi:10.

1111/bpa.12177

113. Low WC, Junna M, Börjesson-Hanson A, et al. Hereditary multi-

infarct dementia of the Swedish type is a novel disorder different

from NOTCH3 causing CADASIL. Brain. 2007;130(Pt 2):357-367.

doi:10.1093/brain/awl360

114. Verdura E, Hervé D, Bergametti F, et al. Disruption of a miR-29 bind-

ing site leading to COL4A1 upregulation causes pontine autosomal

dominant microangiopathy with leukoencephalopathy. Ann Neurol.

2016;80(5):741-753. doi:10.1002/ana.24782

115. Lanfranconi S, Markus HS. COL4A1 mutations as a monogenic cause

of cerebral small vessel disease: a systematic review. Stroke. 2010;

41(8):e513-e518. doi:10.1161/STROKEAHA.110.581918

116. Jeanne M, Labelle-Dumais C, Jorgensen J, et al. COL4A2 mutations

impair COL4A1 and COL4A2 secretion and cause hemorrhagic

stroke. Am J Human Genetics. 2012;90(1):91-101. doi:10.1016/j.ajhg.

2011.11.022

117. Ratelade J, Mezouar N, Domenga-Denier V, Rochey A, Plaisier E,

Joutel A. Severity of arterial defects in the retina correlates with the

burden of intracerebral haemorrhage in COL4A1-related stroke.

J Pathol. 2018;244(4):408-420. doi:10.1002/path.5023

118. Chen Z-L, Yao Y, Norris EH, et al. Ablation of astrocytic laminin

impairs vascular smooth muscle cell function and leads to hemor-

rhagic stroke. J Cell Biol. 2013;202(2):381-395. doi:10.1083/jcb.

201212032

119. Yang W, Ng FL, Chan K, et al. Coronary-heart-disease-associated

genetic variant at the COL4A1/COL4A2 locus affects COL4A1/-

COL4A2 expression, vascular cell survival, atherosclerotic plaque sta-

bility and risk of myocardial infarction. PLoS Genet. 2016;12(7):

e1006127. doi:10.1371/journal.pgen.1006127

120. Abraham S, Kogata N, Fässler R, Adams RH. Integrin β1 subunit con-

trols mural cell adhesion, spreading, and blood vessel wall stability.

Circ Res. 2008;102(5):562-570.

121. Thomsen MS, Routhe LJ, Moos T. The vascular basement membrane

in the healthy and pathological brain. J Cereb Blood Flow Metab.

2017;37(10):3300-3317. doi:10.1177/0271678X17722436

122. Haffner C, Vinters HV. CADASIL, CARASIL, CARASAL: The linguistic

subtleties of cerebral small vessel disease. Neurology. 2016;87:1752-

1753. doi:10.1212/WNL.0000000000003271

123. Finsterer J, Scorza CA, Scorza FA, Wakil SM. Update on hereditary,

autosomal dominant cathepsin-A-related arteriopathy with strokes

and leukoencephalopathy (CARASAL). Acta Neurol Belg. 2019;119(3):

299-303. doi:10.1007/s13760-019-01158-8

124. Bugiani M, Kevelam SH, Bakels HS, et al. Cathepsin A-related arterio-

pathy with strokes and leukoencephalopathy (CARASAL). Neurology.

2016;87(17):1777-1786.

How to cite this article: Fang C, Magaki SD, Kim RC,

Kalaria RN, Vinters HV, Fisher M. Arteriolar neuropathology in

cerebral microvascular disease. Neuropathol Appl Neurobiol.

2023;49(1):e12875. doi:10.1111/nan.12875

18 of 18 FANG ET AL.

info:doi/10.1093/brain/awx062
info:doi/10.1111/bpa.12177
info:doi/10.1111/bpa.12177
info:doi/10.1093/brain/awl360
info:doi/10.1002/ana.24782
info:doi/10.1161/STROKEAHA.110.581918
info:doi/10.1016/j.ajhg.2011.11.022
info:doi/10.1016/j.ajhg.2011.11.022
info:doi/10.1002/path.5023
info:doi/10.1083/jcb.201212032
info:doi/10.1083/jcb.201212032
info:doi/10.1371/journal.pgen.1006127
info:doi/10.1177/0271678X17722436
info:doi/10.1212/WNL.0000000000003271
info:doi/10.1007/s13760-019-01158-8
info:doi/10.1111/nan.12875

	Arteriolar neuropathology in cerebral microvascular disease
	INTRODUCTION
	CEREBRAL ARTERIOLAR NETWORK AND COMPOSITION
	SMOOTH MUSCLE CELLS (SMC) IN VASCULAR REMODELLING
	AGEING
	HYPERTENSION
	CEREBRAL AMYLOID ANGIOPATHY (CAA)
	CHRONIC KIDNEY DISEASE (CKD)
	CADASIL
	CARASIL
	FABRY DISEASE
	CEREBRORETINAL VASCULOPATHY (CRV) OR RETINAL VASCULOPATHY WITH CEREBRAL LEUKODYSTROPHY (RVCL)
	COLLAGEN 4 (COL4) MUTATIONS
	CARASAL
	CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES




