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Cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL), is a hereditary small-vessels angiopathy caused by
mutations in the NOTCH 3 gene, located on chromosome 19, usually affecting middle-
ages adults, whose clinical manifestations include migraine with aura, recurrent strokes,
mood disorders, and cognitive impairment leading to dementia and disability. In this
review, we provide an overview of the current knowledge on the pathogenic mechanisms
underlying the disease, focus on the corresponding therapeutic targets, and discuss the
most promising treatment strategies currently under investigations. The hypothesis that
CADASIL is an appropriate model to explore the pathogenesis of sporadic cerebral small
vessel disease is also reviewed.
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INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL), is a hereditary small-vessels angiopathy that usually affects middle-ages adults
(Opherk et al., 2004). Typical clinical manifestations include migraine with aura, recurrent
strokes, mood disorders, and cognitive impairment leading to dementia and disability (Chabriat
et al,, 2009). CADASIL is caused by mutations in the NOTCH3 gene, involved in vascular smooth
muscle cells maturation and homeostasis, located on chromosome 19 (Joutel et al., 1996). Despite
the well-established etiology, uncertainties regarding pathogenesis have delayed development of
effective treatment, and specific therapy is still unavailable.

In this review, we provide an overview of the current knowledge on the pathogenic mechanisms
underlying the disease, focus on the corresponding therapeutic targets, and discuss the most
promising treatment strategies currently under investigations. Whether an increased understanding
of the pathophysiology and innovations in the therapeutic approach to CADASIL will also benefit
patients with sporadic cerebral small-vessel disease (SVD) is also discussed.
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Epidemiology

With a prevalence of mutation carriers estimated between 0.8 to
5 per 100,000 individuals, CADASIL is considered, according to
the European definition for rare disease (a disease affecting less
than 1 person per 2,000), a rare disease (Razvi et al, 2005;
Chabriat et al., 2009; Narayan et al., 2012; Moreton et al., 2014).
However, recent data suggest a higher prevalence of NOTCH3
pathogenic variants in the general population worldwide, with
the highest frequency in Asiatic descendant, suggesting that
CADASIL may manifest with milder clinical variants that
currently remain undiagnosed (Rutten et al., 2016; Rutten
et al, 2019). Accordingly, an extensive retrospective Italian
study found a minimum prevalence of CADASIL of 4.1 per
100.000 adult inhabitants, significantly higher compared to that
observed in two previous epidemiologic studies conducted in the
northeast England and west of Scotland which reported a
prevalence of 1.3 and 1.9 per 100.000, respectively (Razvi et al.,
2005; Narayan et al., 2012; Bianchi et al.,, 2015). Similarly, as
opposed to a median age at diagnosis which varies between 45-
50 years, without substantial gender differences (Dichgans et al.,
1998), Bianchi et al. found a higher mean age at diagnosis (57.8
years), with no differences in the latency from disease onset
compared to other studies (from 3 to 14 years) (Bianchi et al,
2015). Despite huge variability in the clinical manifestations
between subjects, all CADASIL patients inevitably progress
until dementia and disability. More than half of CADASIL
patients older than 58 years are unable to walk, and, by the age
of 65, close to 65% are unable to attend their own bodily needs or
require constant nursing care (modified Rankin Scale, 4-5) (Van
Swieten et al., 1988; Dichgans et al., 1998; Moreton et al., 2014).
Moreover, CADASIL reduces life expectancy, with mean age at
death of 64,4 years in men and 70,7 years in women (Di Donato
et al,, 2017).

Clinical Features

Although the clinical presentation may vary between patients,
CADASIL is essentially characterized by four key symptoms:
migraine with aura, recurrent ischemic strokes, psychiatric
disturbances, and cognitive decline (Davous, 1998; Chabriat
et al., 2009). Migraine with aura occurs in 20-40% of affected
subjects and is usually the presenting symptom of the disease.
Notably, one-half of patients complain of at least one atypical
aura, and attacks frequency varies among individuals (Chabriat
etal,, 2009; Guey et al., 2016). Cerebral transient ischemic attacks
and infarctions are the most frequent manifestations of the
disease, occurring in 60-85% of symptomatic individuals
(Chabriat et al., 2009; Drazyk et al., 2019). Age at onset ranges
between 20 to 70 years and patients generally experience two to
five ischemic events during lifetime, which over years result in
motor and cognitive decline, gait disturbances, urinary
incontinence, and pseudobulbar palsy (Chabriat et al., 2009;
Opherk et al., 2004). Ischemic lesions are generally lacunar
infarcts involving the subcortical white matter, clinically
presenting as a classic lacunar syndrome. The second most
frequent manifestation of CADASIL is cognitive impairment,
occurring in 60% of patients. It becomes clinically detectable at

35-50 and progressively worsens with ageing and recurrent
strokes, leading to alterations in verbal or visual memory,
language, reasoning, and visuospatial abilities (Buffon
et al., 2006).

Psychiatric disturbances occur in about 25-30% of patients,
usually in the form of moderate/major depression, bipolar
disorders, panic disorders, schizophrenia, and apathy (Lagas
and Juvonen, 2001; Chabriat et al., 2009; Reyes et al., 2009).
Less common clinical features of CADASIL include seizures,
intracerebral hemorrhages, spinal cord signs, and parkinsonism
(Baudrimont et al., 1993; Hutchinson et al., 1995; Choi et al.,
2006). Although recent reports have suggested increased
incidence of myocardial infarction, evidence of cardiac
involvement in CADASIL is still conflicting (Lesnik Oberstein,
S. A.J. et al, 2003).

Diagnosis

Recurrent cerebral ischemic events in a middle-aged adult with
family history of strokes or dementia, especially if associated with
migraine, mood or cognitive disorders, should raise the suspicion
of CADASIL. Brain Magnetic Resonance Imaging (MRI) is the
most useful imaging method to address the diagnosis. White-
matters hyperintensities on T2-weighted or fluid-attenuated
inversion recovery (FLAIR) sequences are the earliest and most
frequent alterations, present in almost 90% of patients. Notably,
the involvement of temporal poles is highly suggestive of
CADASIL (Auer et al., 2001; Markus et al., 2001; O'Sullivan
et al., 2001). Although white-matters hyperintensities are
generally considered the consequence of hypoperfusion, recent
evidence suggested a more peculiar underlying mechanism. In
their study, De Guio and coworkers proposed that alterations of
the temporal pole are the end result of an impairment of fluid
drainage from the white matter, with consequent edema and
variation in tissue water content (De Guio et al.,, 2018).
Subcortical lacunar infarcts appear as punctiform areas of
decreased signal at the gray-white matter junction and are
usually detectable later in life (Chabriat et al, 1998; Herve
et al., 2009). Other typical MRI findings include dilated
perivascular spaces, especially in the basal ganglia,
microhemorrages (also known as microbleeds), detected on
gradient echo sequences in 31-69% of patients, and brain
atrophy (Lesnik Oberstein et al., 2001; Dichgans et al., 2002;
Cumurciuc et al.,, 2006; Peters et al., 2006; Jouvent et al., 2007)
(Figure 1).

Although these MRI signs are, taken together, highly
suggestive of CADASIL, demonstration of NOTCH3 causative
mutation at molecular analysis or characteristic ultrastructural
abnormalities at skin biopsy are necessary to establish
a diagnosis.

Genetic analysis is the gold standard, with 100% specificity
and almost 100% sensitivity. Missense mutations are found in
approximately 95% of patients, but in up to 5% patients genetic
screening fails to give a diagnosis (Peters et al., 2005). Skin
ultrastructural examination should be restricted to patients with
negative molecular testing but a high level of suspicion based on
clinical evaluation and brain imaging, or when a gene variant of
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external capsule (B).

unknown significance is detected (Chabriat et al., 2009).
Ultrastructural analysis encompasses electron-microscopic and
immunostaining techniques. Typical electron-microscopic
findings consist of non-amyloid granular osmiophilic materials
(GOMs) within the media of the skin arteries, while
immunostaining is based on the use of NOTCH3 protein-
targeted monoclonal antibodies to detect the accumulation of
NOTCHS3 protein in the vessel wall. While immunostaining is
considered both sensitive (85-95%) and specific (95-100%),
electron-microscopic testing has variable sensitivity and
specificity (Joutel et al., 2001; Lesnik Oberstein, S. A. et al,
2003; Markus et al., 2001). However, the presence of GOM:s is the
pathological hallmark of CADASIL, being one of the criteria for
the diagnosis, therefore its specificity can be considered 100%,
while its sensitivity varies between operators (Mizuta
et al., 2017).

Pathogenesis

NOTCHS3 Properties

CADASIL is caused by pathogenic mutations in NOTCH3 gene
on chromosome 19p13, transmitted in families in an autosomal
dominant manner with variable penetrance. NOTCH3 encodes a
large transmembrane receptor, mainly expressed on vascular
smooth muscle cells (VSMCs) of blood vessels and pericytes,
composed of three domains: one extracellular domain (ECD),
responsible for ligand-binding, one transmembrane domain, and
one intracellular domain (ICD), responsible for intracellular
signaling transduction (Figure 2). In NOTCH3 signaling
pathway, ligand binding induces a proteolytic cleavage of the
ECD, which is released into the interstitial space between cells.
This process makes the ICD to translocate to the nucleus and
regulate the expression of specific target genes, involved in
VSMCs differentiation, vascular development during
embryogenesis, and vascular response to injury (Wang et al,
2002; Domenga et al., 2004; Andersson and Lendahl, 2014;

FIGURE 1 | Brain magnetic resonance imaging (MRI) T2 showing extensive leukoencephalopathy with marked involvement of anterior temporal lobes (A) and

Ghosh et al,, 2015; Ferrante et al., 2019) (Figure 3). The ECD
is composed of 3 Notch/Lin repeats and 34 epidermal growth
factor-like repeats (EGFR) rich in cysteine residues which form
disulfide bonds responsible for the protein's tertiary structure
(Muifio et al., 2017).

Remarkably, almost all mutations in CADASIL involve one of
the EGFR-encoding sequences. Mutations lead to changes in the
number of cysteine residues, causing disulfide bridges disruption
and receptor misfolding (Ishiko et al., 2006). Misfolded proteins
are usually sequestered by the endoplasmic reticulum (ER) for
refolding and trafficking, before ultimately being eliminated by
the ER-associated degradation (ERAD) system (Ellgaard and
Helenius, 2003; Calloni et al., 2005). Takahashi et al. (2010)
demonstrated that mutant NOTCH3 proteins are highly resistant
to degradation, showing extremely slow turnover rates compared
to wild-type (half-lives of 6 days for mutant vs 0.7 days for wild-
type), thereby being retained in the endoplasmic reticulum (ER)
for long time. Various studies suggested that retention of mutant
aggregates causes ER stress with formation of reactive oxygen
species (ROS), that obstacle cells growth and proliferation and
prevent impaired cells replacement (Ihalainen et al.,, 2007;
Takahashi et al., 2010). The biological mechanisms hindering
mutant proteins degradation are still poorly understood. It is
possible that misfolded proteins do not interact properly with
chaperones and proteases that normally mediate proteins
degradation. In particular, the chaperon calnexin was seen to
co-localize with NOTCH3 aggregates, suggesting that an
abnormal prolonged association between NOTCH3 aggregates
and calnexin may facilitate retention of the aggregates in the ER
and interfere with degradation by the ERAD pathway. Therefore,
the specific interaction of mutant NOTCH3 with calnexin could
play a key role in CADASIL pathogenesis (Takahashi
et al., 2010).

Cell lines expressing mutant NOTCH3 are also more sensitive
to stress inducers such as hypoxia, oxidative stress and glucose
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FIGURE 2 | Notch 3 receptor structure. WT, wild type; EGFR, epidermal growth factor-like repeats; LNR, Lin12 repeats.

deprivation. These stressors induce proteasome dysfunction,
activation of apoptotic pathways and cell death (Takahashi
et al., 2010).

Interestingly, Viitanen et al. found out that mutant VMSCs
had lower proliferation rates, but no higher apoptosis
susceptibility, compared to healthy controls, suggesting that
the mechanism responsible for thinner muscular layer of
affected vessels may be the reduced proliferation of VSMCs
rather than cell death (Viitanen et al.,, 2013). Moreover, they
observed impaired mitochondria functioning in CADASIL
VSMCs, with mutant cells showing increased irregular and
abnormal mitochondria with altered membrane potential. This
suggests a possible role of mitochondria in CADASIL pathology
(Viitanen et al., 2013).

Some CADASIL mutations impair the activity of the
NOTCHS3 receptor (Joutel et al., 2004). In particular, Joutel
et al. found that the EGFR 10 and 11 are necessary for Delta/
Jagged ligand binding, therefore mutations in those sites,
detected in a minority of CADASIL families, may alter the
receptor physiological functioning. These findings gave rise to
the hypothesis that cells degeneration could be secondary to an
impaired signaling activity, suggesting a loss-of-function
mechanism at the bases of CADASIL pathogenesis (Joutel

et al., 2004; Peters et al., 2004; Haritunians et al., 2005).
However, more recent studies on transgenic mice revealed that
the majority of CADASIL-associated mutations, including those
located in EGFR 2-5, do not impair NOTCH3 activity and that
NOTCH3 remains functional even when NOTCH3-ECD
accumulates. Moreover, total loss of NOTCH3 did not result in
CADASIL pathology (Joutel, 2011). In this study, both EGFR10
and EGR2 mutated-NOTCH3 maintained the ability to form
NOTCH3-ECD aggregates, suggesting that NOTCH3-ECD
accumulation is unrelated to signaling activity of the receptor
(Joutel et al., unpublished). A genotype-phenotype correlation
analysis revealed that EGFR10-11 and EGFR2-5 mutations are
associated with different phenotypes, with EGFR10-11 mutants
usually presenting with milder cognitive deficits, lower volume of
lacunar infarcts, and higher volume of white matter
hyperintensities at MRI, suggesting different pathological
processes related to different NOTCH3 mutations (Joutel,
2011). Altogether, these data suggest that compromised
NOTCH3 function may not be the primary determinant of
CADASIL disease, prompting to speculation that CADASIL
may be related to a protein gain-of-toxic function rather than
loss of function (Monet et al., 2007; Joutel, 2011). Moreover,
ECD-NOTCH3 aggregates and GOM deposits are detected at a
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FIGURE 3 | Wild type Notch3. ICD, intracellular domain.

Notch3 target genes

very early stage of the disease both in patients and mouse models,
validating the hypothesis of toxic-proteins accumulation as the
main cause of the disease (Joutel, 2011).

In conclusion, even if the possibility that loss of NOTCH3
function may contribute to CADASIL pathogenesis cannot be
totally excluded, the pathogenic effects of mutant NOTCH3 is
likely caused by its aggregate-prone property and resistance to
degradation, which impair normal cells functioning and result in
cells degeneration (Yamamoto et al., 2011). Interestingly, recent
studies showed that not only VSMCs and pericytes are affected in
CADASIL, but also endothelial cells and astrocytes, suggesting
an overall impairment of the gliovascular unit (Pescini et al,
2017; Hase et al., 2018).

Molecular Findings

NOTCH3 consists of 33 exons, but approximately 98% of
CADASIL mutations occur in exons 2-23, which encode the
34 EGFR on the ECD. Over 40% of mutations are found in exons
3 and 4, which encode EGFR 2-5, with the majority of mutations
involving exon 4. The prevalence of other variants shows a
geographically-specific distribution, probably due to founder-
mutations. For example, exon 3 is the second most frequent
mutated exon in France, Germany, and England, as oppose to
exon 11 in Dutch population (Joutel et al., 1997; Joutel et al.,
2000; Markus et al., 2001; Peters et al., 2005; Lesnik Oberstein, S.
A. et al,, 2003). Mutations are mainly missense variants (95%),

and less frequently small in-frame deletions, duplications, or
splice-site mutations (Dichgans et al., 2000; Joutel et al., 20005
Dichgans et al., 2001; Dotti et al., 2004; Peters et al., 2005). The
novo mutations have been also reported, but their frequency is
unknown (Joutel et al., 2000; Coto et al., 2006). To date, more
than 200 pathogenic variants have been described in CADASIL
patients worldwide, all of them involving cysteine residues.
Genetic variants not involving cysteine have also been
described, but their pathogenic role in disease occurrence
remains uncertain (Rutten et al., 2014; Rutten et al., 2019).
Rutten et al. found a genotype-phenotype correlation
depending on mutation position along the 34 EGFR domains.
According to the results of these studies, individuals with EGFR
1-6 variants show a 12-year-earlier age at stroke onset, higher
brain MRI lesions and lower survival rates compared to patients
with EGFR 7-34 variants. Therefore, mutations in exons 7-34
may be associated with milder or later-onset CADASIL
phenotype compared to EGFR 1-6 variants (Rutten et al., 2019).

However, no association was found between mutation site and
clinical phenotype (Adib-Samii et al., 2010). Other cardiovascular
risk factors, like hypertension and smoking, have been
demonstrated to contribute to disease severity. Hypertension
increases the risk of acute stroke in CADASIL as in sporadic
small-vessel disease. Smoking was associated with an earlier onset
of stroke in CADASIL patients, suggesting that it may facilitate
acute occlusion of perforating arteries. On the contrary, the
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association between stroke and body mass index, raised cholesterol,
or elevated serum homocysteine was not demonstrated in
CADASIL (Adib-Samii et al,, 2010). Interestingly, a recent study
found significant taxonomic differences in gut microbiota between
CADASIL patients and controls, suggesting a possible role of gut
microbiota in influencing disease onset and progression, but more
research is needed to confirm this hypothesis (Matsuura et al,
2019). The role of cardiovascular risk factors could be particularly
important in EGFR 7-34 mutated individuals, who needs
additional risk factors for the classical CADASIL phenotype to
develop, while mutations in EGFR 1-6 may have a strong enough
effect to cause the disease. These observations completely change
the classic CADASIL-NOTCH3 disease paradigm, and lead to
speculate NOTCH3 disease as a spectrum of conditions which
differ in age of onset, severity, and association with external risk
factors. Investigating patients at risk of more severe disease is likely
to facilitate the identification of disease-specific biomarkers and
eventually lead to powerful strategies for disease prevention and
therapeutic intervention (Rutten et al., 2019).

Histopathological Findings

Although CADASIL is a systemic microangiopathy, vascular
complications are largely limited to the brain, in particular to
the small penetrating vessels and leptomeningeal arteries (Miao
et al., 2004). Microscopic analysis of affected vessels shows
atrophic myocytes, that can eventually disappear with disease
progression. VSMCs degeneration results in a gradual but
relentless degradation of the muscular layer in cerebral blood
vessels, with an eventual breakdown in the integrity of the vascular
wall (Chabriat et al., 2009). Over time, VSMCs apoptosis leads to
fibrosis and thickening of the arterial wall, progressive lumen
stenosis and vascular insufficiency that makes the already poorly
perfused terminal regions particularly susceptible to infarcts.
SMCs degeneration is followed by the emergence of large,
rounded, bloated cells, named balloon cells, predominantly in
the border between the degenerating medial layer and the
adventitia. A recent study indicated that these cells express
mRNAs for vascular smooth muscle genes and could be
therefore considered of vascular smooth muscle origin (Gatti
et al, 2019). Their presence in the degenerating medial layer is
probably the marker of smooth-muscle cells degeneration
(Geschwind et al.,, 2018). Wall thickening of leptomeningeal and
deep penetrating arteries of the white matter, a histopathological
hallmark of CADASIL, is predominantly a result of marked
intimal hyperplasia (Dong et al., 2013). Surprisingly, a recent
study focusing on the maturation of cerebral intimal cells in
CADASIL observed that the intima contains cells that express
mature smooth muscle markers (Gatti et al., 2019). One possible
explanation is that those neointimal cells are the result of medial
SMC:s trans-differentiation and migration in response to vascular
injury, a pathway of injury-response already described in
peripheral vessels (Yang et al, 2016; Gatti et al, 2019). An
alternative hypothesis is that that neointimal SMCs originate
from circulating pluripotent cells, which burrow into the intimal
layer where they are exposed to biochemical factors which induce
differentiation into SMCs (Tang et al., 2012; Gatti et al., 2019).

Progressive vascular thickening can eventually result in lumen
occlusion, with ultimate subcortical lacunar infarcts and
cribriform alterations (Viswanathan et al., 2006). However, some
studies suggested that the thickening of the wall may be not
directly associated to luminal narrowing (Liem et al., 2010b; Dong
etal, 2013). A 7-T MR angiography study showed no differences
in luminal caliber of lenticulostriate arteries between CADASIL
and control subjects (Liem et al, 2010b). This evidenced was
confirmed by a pathological study on CADASIL brain samples,
which reported a thickening of leptomeningeal arteries, especially
secondary to intimal hyperplasia, that did not affect lumen
diameter (Dong et al., 2013). Therefore, hypoperfusion in
CADASIL may be not directly attributable to arterial narrowing,
but maybe to other hemodynamic flow alterations like impaired
cerebrovascular reactivity (Liem et al., 2010b).

Chronic global cerebral hypoperfusion decreases neuronal
threshold to cortical spreading depression (CDS) and
depolarization, thus facilitating migraine with aura occurrence
(Liem et al., 2010a). Moreover, blood flow reduction in frontal-
temporal white matter results in a hypoperfusion-mediated
neuronal degeneration with progressive cortical atrophy,
accounting for cognitive impairment in CADASIL. Previous
studies have, actually, demonstrated that cerebral blood flow is
reduced in demented CADASIL patients compared to patients
with no cognitive impairment (Carare et al., 2013).

Several MRI and histopathological studies revealed cerebral
microbleeds scattered throughout the brain of most CADASIL
patients. Microbleeds were found within intact brain areas,
without a clear prevalence of specific structures. These findings
indicate that hemorrhages occur independently from ischemic
lesions, suggesting that CADASIL microangiopathy is the
underlying cause of both ischemic lesions and petechial
hemorrhages. The clinical implication of microbleeds is still
unknown. In an Italian-British cohort study, microbleeds were
detected in in 34% of CADASIL patients, and their number was
positively correlated with age. The presence of microbleeds, in
particular in lobar regions, was significantly associated with
hemorrhagic stroke, dementia, and urge incontinence, while
infratentorial and deep microbleeds were associated with
dementia and urge incontinence (Nannucci et al.,, 2018).
Interestingly, a recent large cohort study reported a significant
association between microbleeds and the risk of ischemic stroke
in CADASIL, patients with microbleeds having a 2-fold
increased risk of ischemic stroke compared to patients without
microbleeds, independently of age, history of stroke, sex, vascular
risk factors, and use of antiplatelet agents (Puy et al., 2017). The
presence of microbleeds could, therefore, identify a subgroup of
patients with severe forms of the disease, at risk both of ischemic
and hemorrhagic lesions, and not only quantify the risk of
intracranial bleeding (Puy et al., 2017).

As mentioned before, non-amyloid GOMs within the media
of the affected vessels is a typical finding in affected individuals.
GOM:s appear as 0.2-2 mm-sized osmiophilic and periodic-acid
Schiff-positive granules located around degenerating VSMCs.
GOMs molecular composition is still under investigation.
Recent studies revealed mutant ECD of NOTCH3-encoded
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receptor and of other matrix proteins involved in blood vessel
maintenance, such as tissue inhibitor of metalloproteinases 3
(TIMP-3), vitronectin (VTN), and latent TGF-P binding protein
1 (LTBP-1) (Carare et al, 2013; Monet-Lepre“tre et al., 2013;
Yamamoto et al,, 2013; Kast et al., 2014), as well as amyloid P,
annexin 2 and periostin (Nagatoshi et al., 2017). Amyloid P,
which has been extensively investigated in Alzheimer disease
because of its role in the stabilization of amyloid plaques, may
exert an analogous role in the stabilization of GOMs in
CADASIL (Nagatoshi et al.,, 2017). The processes that lead to
GOMs formation are far from being understood. It has been
hypothesized that GOMs are formed on the cell surface, where
mutant NOTCH3 ECD may acquire the ability to recruit
extracellular proteins to create large aggregates. It is also
possible that GOMs are assembled within the ER, where
mutant NOTCH3 aggregates are retained, and are released in
the extracellular space after VSMCs apoptosis (Takahashi
et al., 2010).

Electron microscopy analysis on skin, skeletal muscle, kidney,
and pericardial samples of CADASIL patients identified GOMs
not only around VSMCs and pericytes of the brain, but also in
the above-mentioned tissues, supporting the idea that CADASIL
is a systemic disease and not only a disorder confined to the CNS
(Lewandowska et al., 2010; Morroni et al., 2013). Moreover,
Lorenzi et al. found that several GOM deposits were surrounded
by an electron-lucent halo, probably made of more densely
packed extracellular matrix around the GOM which interferes
with ubiquination and transendocytosis of mutant NOTCH3,
preventing GOM clearance and promoting protein accumulation
(Lorenzi et al., 2017). Therefore, the halo around GOMs may
represent the morphological evidence of aberrant NOTCH3
processing, and could be considered as an ultrastructural
marker for CADASIL (Lorenzi et al., 2017). However, GOM
formation and development over time and their role in disease
progression remain largely unknown. A recent study found that
GOM deposits are not static, but rather change in terms of size,
morphology, and number during disease course in CADASIL
transgenic mice (Gravesteijn et al., 2019). The authors found a
progression from initially small round GOMs, located to the
abluminal side of mural cells, to large amorphous deposits which
induced basement membrane bulging and mural cell
indentation, seen in the last stages of the disease, and proposed
a GOM classification system divided into five stages of
progression. Notably, both in aged mice and in post-mortem
CADASIL brain microvessels, large and amorphic GOM deposits
coexisted with small and recent ones, suggesting that GOMs are
continuously formed during disease progression (Gravesteijn
et al,, 2019).

GOM deposits adhere to microvascular walls and accumulate
in perivascular drainage routes, obstructing perivascular
drainage of fluid and solutes. Combined with the reduced
vascular tone of arterioles and the consequent weakening of
pulsations for lymphatic drainage, the result is further
accumulation of proteins around the blood vessels (Weller
et al., 2009). This explains the typical enlargement of
perivascular spaces observed in CADASIL patients (Chabriat

etal., 2009). Not only VSMCs, but also pericytes, endothelial cells
and astrocytes are primarily affected in CADASIL. Pericytes
degeneration causes a progressive loss of astrocytic end-foot
processes contact with capillaries that lead to disruption of the
blood-brain barrier, resulting in increased permeability to neuro-
toxic substances that can contribute to neuronal damage (Ghosh
et al.,, 2015). This progressive loss of neurons is the consequence
of both vascular insufficiency and blood-brain barrier disruption.

Therapeutic Approach

Novel Therapeutic Approaches

CADASIL is a progressive and fatal disease, for which no disease-
modifying treatment has been made available to date. However,
the discovery that the disease is caused by NOTCH3 cysteine-
altering mutations has led to several promising
experimental approaches.

Recently, Rutten et al. proposed a novel therapeutic strategy
based on cysteine corrective exon skipping (Rutten et al., 2016).
In their study, the investigators transfected patient-derived
VSMCs with Antisense Oligo Nucleotides (AON) targeted to
specific mutated NOTCH3 exons to alter pre-mRNA expression,
thus preventing the inclusion of mutated exons in mature
mRNA. This resulted in NOTCH3 skip proteins in which the
unpaired cysteines were eliminated and disulfide bridges
correctly formed. The novel skip proteins were correctly
localized on the cell surface, as in wild-type NOTCH3, and
maintained ligand binding capacity and proper ligand induced
signaling. Moreover, after transfection, total NOTCH3
expression levels were maintained and NOTCH3 downstream
target genes were correctly expressed. An alternative AON-based
approach was targeted to induce NOTCH3 downregulation. The
idea was to use AONs that induced RNase-mediated degradation
of RNA, thus leading to a reduction of mutant NOTCH3 protein
expression and therefore, theoretically, to a reduction of
NOTCH3 aggregates deposition. After transfection of VSMCs
with downregulating NOTCH3 gapmer AONS, quantitative PCR
analysis showed an effective reduction of NOTCH3 expression
levels and reduced expression of NOTCH3 target genes.
Although these AON-based approaches could represent a
therapeutic strategy for CADASIL, in vivo studies are needed
to confirm these promising in vitro findings. In fact, cell-models
do not reproduce CADASIL hallmarks like NOTCH3-ECD
aggregation, GOM formation and VSMC degeneration, which
play an important role in disease pathogenesis and therefore
represent cardinal target to address in order to effectively
contrast the disease. In that respect, creation of transgenic
mouse models with typical CADASIL features is ongoing, so
that NOTCH3 exon skipping strategy and AON-mediated
downregulation will be tested in vivo to determine whether this
approach influences NOTCH3 aggregation and improves clinical
outcome (Rutten et al., 2016).

Another therapeutic attempt was done with immunotherapy.
Ghezali et al. generated a monoclonal antibody (5E1) targeting
the ECD of NOTCH3 protein, aimed to reduce NOTCH3
aggregates and GOM deposition. This hypothesis raised from
the evidence that, in mouse models of Alzheimer disease,
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administration of antibodies against amyloid B peptides leads to
a reduction of extracellular B amyloid plaques (Golde et al.,
2009). One of the mechanisms proposed was that antibody
binding to amyloid plaques could activate the surrounding
microglia/macrophages with consequent phagocytosis of
existing plaques. In that study, intraperitoneal injections of 5E1
in transgenic mice showed that 5E1 clone could detect NOTCH3-
ECD deposits, but failed to reduce NOTCH3-ECD/GOM
deposition. However, 5E1 injection had beneficial effects on
cerebrovascular function by normalizing vasodilatory responses
and myogenic tone (Ghezali et al., 2018). The evidence that
peripheral immunotherapy targeting NOTCH3-ECD protects
against cerebrovascular dysfunction despite continued
NOTCH3-ECD accumulation/GOM deposition might
challenge the concept of proteins accumulation as the driving
force in CADASIL, emphasizing the role of other possible
mechanism, such as cerebrovascular flow hemodynamics, in
the pathogenesis of the disease (Ghezali et al., 2018). More
studies are required to determine if this approach could have
beneficial effects in CADASIL patients (Ghezali et al., 2018).

Subcutaneous administration of stem cell factor (SCF) in
combination with granulocyte colony-stimulating factor (G-
CSF) in a mouse model of CADASIL showed to improve
cognitive function, inhibited VSMCs apoptosis and cerebral
capillary damage, increased cerebral blood vessel density and
promoted neurogenesis (Liu et al., 2015). In CADASIL patients,
blood levels of endothelial progenitor cells (EPCs) are
significantly lower than in control subjects (Pescini et al,
2010), probably due to their persistent consumption as an
attempt to replace the damaged endothelium. This evidence
could explain, at least in part, the beneficial effects of SCF + G-
CSF administration in restricting the pathological progression of
CADASIL. Moreover, although the mechanisms responsible for
the SCF + G-CSF-mediated beneficial effects remain largely
unknown, it has been hypotized that SCF + G-CSF may act on
caspase-3 pathway, thus inhibiting VSMC apoptosis (Liu et al.,
2015). Two clinical trials testing the effects of Bone Marrow
Derived Stem Cells (BMSCs) administration in patients with
various neurological disorders, including CADASIL, are actually
ongoing (ClinicalTrials.gov).

Current Therapy and Prevention

At present, patients diagnosed with CADASIL only receive
symptomatic treatments, mainly based on regular clinical
practice. Acute stroke care in CADASIL consists of intravenous
tissue plasminogen activator (tPA) if criteria are met, while
endovascular recanalization is unlikely to be useful, since
CADASIL is a small vessel disease (Khan et al., 2016).
Secondary prevention includes all the common risk reduction
strategies like limited alcohol consumption, low blood cholesterol
levels, weight control, regular physical activity, and balanced diet.
Smoking cessation may be particularly important, since smoking
is associated with an earlier age of onset and increased risk of
stroke and migraine (Singhal et al., 2004; Adib-Samii et al., 2010).
Hypertension seems to facilitate micro hemorrhages and to
accelerate disease progression (Viswanathan et al., 2006).

However, low blood pressure is associated with increased
incidence of dementia in CADASIL patients, therefore care
should be taken to avoid excessive pressure lowering (Guo
et al,, 2001; Verghese et al., 2003). In that respect, a European
clinical trial studying the effects of amlodipine and other blood
pressure lowering agents on microvascular function in small
vessel diseases is actually ongoing (ClinicalTrials.gov). Diabetes
control is also essential, since Hemoglobin Alc (HbAlc) is
correlated with cerebral micro-hemorrhages (Viswanathan
et al,, 2006; Ho et al., 2011). Hyper-homocysteinemia is a novel
proposed risk factor for stroke and cerebral small vessel disease,
even if homocysteine-lowering therapy in secondary stroke
prevention failed to show any benefit (Ho et al, 2011; Marti-
Carvajal et al., 2015). However, homocysteine-lowering therapy
with B vitamins may be useful in CADASIL patients with high
homocysteine levels who are not on antiplatelet medications.
(Hassan et al., 2004). General recommendations support low dose
aspirin alone or in combination with clopidogrel in secondary
stroke prevention, but the specific benefit of antiplatelet therapy
in CADASIL is still to be assessed (Maclean et al., 2005; Bersano
et al., 2017). To date, no data support the use of oral
anticoagulants (Lesnik Oberstein et al., 2001).

Statins are the treatment of choice if hypercholesterolemia is
present, but atorvastatin did not show to improve vascular
reactivity or to affect mean flow velocity in CADASIL patients
(Peters et al., 2007). Two studies described a beneficial effect of
acetazolamide on cerebral perfusion, and lomerizine was
reported to raise cerebral blood flow in one case report, but
larger studies are required to properly define their clinical
benefits (Chabriat et al., 2003; Mizuno et al., 2009; Huang
et al., 2010).

Acute migraine attacks should be treated with common
analgesics such as paracetamol, acetaminophen-aspirin-caffeine
fixed combination and antiemetics (Goldstein et al., 2014).
Evidences suggest that triptans and ergot derivatives should be
use with caution due to their vasoconstrictive effect and their
harmful action on capillary endothelium (Tfelt-Hansen et al.,
2000; Ferrari et al,, 2001). Prophylactic migraine strategies
include good lifestyle and drugs normally used for migraine
patients, with caution for amitriptyline, beta-blockers,
flunarizine, and topiramate since they may worsen mood and
cognitive symptoms (Finocchi et al, 2010). One study
demonstrated a beneficial effect of acetazolamide on migraine
(Donnini et al., 2012). CADASIL patients with migraine seem to
have higher blood homocysteine levels, and B vitamin
supplementation lowering homocysteine was seen to decrease
migraine severity and frequency (Bousser and Tournier-
Lasserve, 2001).

No drugs have clearly shown benefit on cognitive functions. A
randomized-controlled trial on donepezil failed to show an
improvement of cognition in CADASIL patients compared to
controls, even if the donepezil group showed better executive
functions (Schneider, 2008). Treatment with acetylcholinesterase
inhibitor galantamine showed some benefit on 4 CADASIL
patients in terms of behavior and caregiver burden, suggesting
the existence of a cholinergic deficit in CADASIL, but a larger
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trial is required to confirm this hypothesis (Posada et al., 2008).
Lastly, L-dopa administration, which has been seen to improve
cholinergic activity in Alzheimer's patients, had no effects in
CADASIL, supporting the theory that acetylcholine and
dopamine systems impairment is not relevant in this condition
(Nardone et al., 2014).

Psychiatric symptoms treatment in CADASIL should follow
the best general clinical practice. A recent meta-analysis found an
association between selective serotonin reuptake inhibitors
(SSRI) and increased risk of ischemic and hemorrhagic stroke
(Shin et al.,, 2017), but more researches are needed before
discouraging the administration of these drugs, which are
widely used for the treatment of mood disorders in small
vessel disease and stroke patients (Mead et al.,, 2012).
Quietiapine, risperidone, sodium valproate, and flupentixol
showed clinical benefits in some case reports (Park et al., 2014;
Ho and Mondry, 2015).

CADASIL as a Model of Sporadic Small-
Vessel Disease

Besides being the most common familiar form of SVD,
CADASIL may represent a model to explore the pathogenesis
of sporadic SVD (Joutel et al,, 1996). Like CADASIL, sporadic
SVD usually manifests with multiple lacunar strokes, mostly
ischemic, sometimes leading to vascular cognitive impairment
and vascular dementia (Pantoni, 2014). It also shares a number
of radiological features with CADASIL, including white-matters
hyperintensities on MRI T2/FLAIR sequences, cerebral
microbleeds, ampliated perivascular spaces, and brain atrophy
(Wardlaw et al., 2013). Furthermore, histopathological features
typical of CADASIL including fibrosis of the adventitia, smooth
muscle cells necrosis and loss of the endothelial cells of the
perforating arteries resemble those seen in sporadic disease
(Arima et al,, 2003). Therefore, specific pathogenic pathways
may underline the two conditions and contribute to both the
sporadic and the genetic forms of SVD. Pathognomic of
CADASIL is the presence of GOM deposits in perivascular
spaces, which promote matrisome protein sequestration thus
impairing extracellular matrix functioning (Monet-Lepretre
et al., 2013). Interestingly, perturbations of the cerebrovascular
matrisome are emerging as key factors also in determining
sporadic SVD (Joutel et al., 2016). Moreover, increased blood
brain barrier permeability, seen in CADASIL as a consequence of
pericytes damage, seems to be present also is sporadic SVD
(Wardlaw et al.,, 2003). Population-based genetic studies also
hint the possible involvement of NOTCH3 gene in sporadic SVD.

REFERENCES

Adib-Samii, P., Brice, G., Martin, R. J., and Markus, H. S. (2010). Clinical
spectrum of CADASIL and the effect of cardiovascular risk factors on
phenotype: study in 200 consecutively recruited individuals. Stroke 41,
630-634. doi: 10.1161/STROKEAHA.109.568402

Alzheimer's Autism and Cognitive Impairment Stem Cell Treatment Study
(ACIST). https://clinicaltrials.gov/ct2/show/NCT03724136.

In an Austrian study, four common single nucleotide
polymorphisms (SNPs) in the NOTCH3 gene region were
found to be associated with the presence of white-matter
hyperintensities in hypertensive subjects, suggesting that minor
alterations in NOTCH3 receptor may act in combination with
hypertension to determine white matter abnormalities (Schmidt
et al.,, 2011). These evidences support the prevailing idea of a
convergence of pathways between genetic and sporadic forms of
SVD. The main difference between the two conditions is that
CADASIL, other than being genetically determined, usually
manifests at early age while sporadic SVD is an age-dependent
disease in which multiple aging-related cardiovascular and
cerebrovascular risk factors act together to determine the
pathology of small arteries (Charidimou et al., 2016). This
makes CADASIL an attractive model of sporadic cerebral SVD
in which the influence of external confounders, including aging
and aging-related risk factors, has been removed. Therefore,
investigating CADASIL molecular alterations may be crucial in
understanding the mechanisms underlying sporadic SVD,
depicting CADASIL as an appropriate model to study sporadic
SVD (Tan et al., 2017).

CONCLUSION

CADASIL is the most important cause of inherited stroke and
vascular cognitive impairment in middle-aged adults. To date,
the exact mechanisms underlying the disease are far from being
understood. However, the discovery of NOTCH3 mutations as
the cause of the disorder promoted several experimental studies
that may provide new insights on CADASIL. Promising
therapeutic approaches are under investigation which may lead
in the following years to new treatment strategies. Since
CADASIL can be conceptualized as a model to investigate
sporadic SVD, continuous efforts aimed at understanding the
pathogenesis of this monogenic disorder are necessary and
should strongly be encouraged in order to deepen our
knowledge and to develop novel treatment options against the
degenerative process of cerebral small vessels.

AUTHOR CONTRIBUTIONS

ML drafted the manuscript. APa and APe reviewed and modified
the manuscript.

Andersson, E. R, and Lendahl, U. (2014). Therapeutic modulation of Notch signaling
—are we there yet? Nat. Rev. Drug Discovery 13, 357-378. doi: 10.1038/nrd4252

Arima, K., Yanagawa, S., Ito, N, and Ikeda, S. (2003). Cerebral arterial pathology
of CADASIL AND CARASIL (Maeda syndrome). Neuropathology 23, 327-
334. doi: 10.1046/j.1440-1789.2003.00519.x

Auer, D. P, Piitz, B., Gossl, C., Elbel, G., Gasser, T., and Dichgans, M. (2001).
Differential lesion patterns in CADASIL and sporadic subcortical
arteriosclerotic encephalopathy: MR imaging study with statistical

Frontiers in Pharmacology | www.frontiersin.org

March 2020 | Volume 11 | Article 321


https://doi.org/10.1161/STROKEAHA.109.568402
https://clinicaltrials.gov/ct2/show/NCT03724136
https://doi.org/10.1038/nrd4252
https://doi.org/10.1046/j.1440-1789.2003.00519.x
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Locatelli et al.

CADASIL and Cerebral Small Vessel Disease

parametric group comparison. Radiology 218, 443-451. doi: 10.1148/
radiology.218.2.r01fe24443

Baudrimont, M., Dubas, F., Joutel, A., Tournier-Lasserve, E., and Bousser, M. G. (1993).
Autosomal dominant leukoencephalopathy and subcortical ischemic stroke. A
clinicopathological study. Stroke 24, 122-125. doi: 10.1161/01.str.24.1.122

Bersano, A., Bedini, G., Oskam, J., Mariotti, C., Taroni, F., Baratta, S., et al. (2017).
CADASIL: treatment and management options. Curr. Treat Opt. Neurol. 19
(9), 31. doi: 10.1007/s11940-017-0468-z

Bianchi, S., Zicari, E., Carluccio, A., Di Donato, I, Pescini, F., Nannucci, S., et al.
(2015). CADASIL in central Italy: a retrospective clinical and genetic study in
229 patients. J. Neurol. 1, 134-141. doi: 10.1007/s00415-014-7533-2

Bousser, M., and Tournier-Lasserve, E. (2001). Cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy: from stroke to
vessel wall physiology. J. Neurol. Neurosurg. Psychiatry 70, 285- 7S. doi:
10.1136/jnnp.70.3.285

Buffon, F., Porcher, R,, Hernandez, K., Kurtz, A., Pointeau, S., Vahedi, K,, et al.
(2006). Cognitive profile in CADASIL. J. Neurol. Neurosurg. Psychiatry 77,
175-180. doi: 10.1136/jnnp.2005.068726

Calloni, G., Zoffoli, S., Stefani, M., Dobson, C. M., and Chiti, F. (2005).
Investigating the effects of mutations on protein aggregation in the cell. J.
Biol. Chem. 280, 10607-10613. doi: 10.1074/jbc.M412951200

Carare, R. O., Hawkes, C. A,, Jeffrey, M., Kalaria, R. N., and Weller, R. O. (2013).
Protein elimination failure angiopathy — PEFA. Neuropathol. Appl. Neurobiol.
39, 593-611. doi: 10.1111/nan.12042

Chabriat, H., Levy, C., Taillia, H., Iba-Zizen, M. T., Vahedi, K., Joutel, A,, et al.
(1998). Patterns of MRI lesions in CADASIL. Neurology 51, 452- 457. doi:
10.1212/WNL.51.2.452

Chabriat, H., Pappata, S., Ostergaard, L., Clark, C. A., Pachot-Clouard, M.,
Vahedi, K., et al. (2003). Cerebral hemodynamics in CADASIL before and
after acetazolamide challenge assessed with MRI bolus tracking. Stroke 31,
1904-1912. doi: 10.1161/01.STR.31.8.1904

Chabriat, H., Joutel, A., Dichgans, M., Tournier-Lasserve, E., and Bousser, M. G.
(2009). CADASIL. Lancet Neurol. 8, 643-653. doi: 10.1016/S1474-4422(09)
70127-9

Charidimou, A., Pantoni, L., and Love, S. (2016). The concept of sporadic cerebral
small vessel disease: a road map on key definitions and current concepts. Int. J.
Stroke 11 (1), 6-18. doi: 10.1177/1747493015607485

Choi, J. C.,, Kang, S. Y., Kang, J. H., and Park, J. K. (2006). Intracerebral
hemorrhages in CADASIL. Neurology 67, 2042-2044. doi: 10.1212/
01.wnl.0000246601.70918.06

Coto, E., Menendez, M., Navarro, R., Garcia-Castro, M., and Alvarez, V. (2006). A
new de novo Notch3 mutation causing CADASIL. Eur. J. Neurol. 13, 628-631.
doi: 10.1111/§.1468-1331.2006.01337.x

Cumurciug, R,, Guichard, J. P., Reizine, D., Gray, F., Bousser, M. G., and Chabriat,
H. (2006). Dilation of Virchow-Robin spaces in CADASIL. Eur. ]. Neurol. 13,
187~ 190. doi: 10.1111/j.1468-1331.2006.01113.x

Davous, P. (1998). CADASIL: a review with proposed diagnostic criteria. Eur. J.
Neurol. 5, 219-233. doi: 10.1046/j.1468-1331.1998.530219.x

De Guio, F., Vignaud, A., Chabriat, H., and Jouvent, E. (2018). Different types of
white matter hyperintensities in CADASIL: insights from 7-Tesla MRI. J.
Cereb. Blood Flow Metab. 38, 1654-1663. doi: 10.1177/0271678X17690164

Di Donato, I, Bianchi, S., De Stefano, N., Dichgans, M., Dotti, M. T., Duering, M.,
et al. (2017). Cerebral Autosomal Dominant Arteriopathy with Subcortical
Infarcts and Leukoencephalopathy (CADASIL) as a model of small vessel
disease: update on clinical, diagnostic, and management aspects. BMC Med. 15,
41. doi: 10.1186/s12916-017-0778-8

Dichgans, M., Mayer, M., Uttner, I, Briining, R., Miiller-Hécker, J., Rungger, G.,
et al. (1998). The phenotypic spectrum of CADASIL: clinical findings in 102
Cases. Ann. Neurol. 44, 731-9. doi: 10.1002/ana.410440506

Dichgans, M., Ludwig, H., Muller-Hocker, J., Messerschmidt, A., and Gasser, T.
(2000). Small in-frame deletions and missense mutations in CADASIL: 3D
models predict misfolding of Notch3 EGF-like repeat domains. Eur. J. Hum.
Genet. 8, 280-285. doi: 10.1038/sj.ejhg.5200460

Dichgans, M., Herzog, J., and Gasser, T. (2001). NOTCH3 mutation involving
three cysteine residues in a family with typical CADASIL. Neurology 57, 1714—
1717. doi: 10.1212/WNL.57.9.1714

Dichgans, M., Holtmannspétter, M., Herzog, J., Peters, N., Bergmann, M., and
Yousry, T. A. (2002). Cerebral microbleeds in CADASIL: a gradient-echo

magnetic resonance imaging and autopsy study. Stroke 33, 67. doi: 10.1161/
hs0102.100885

Domenga, V., Fardoux, P., Lacombe, P., Monet, M., Maciazek, J., Krebs, L. T., et al.
(2004). Notch3 is required for arterial identity and maturation of vascular
smooth muscle cells. Genes Dev. 18, 2730. doi: 10.1101/gad.308904

Dong, H., Ding, H., Young, K., Blaivas, M., Christensen, P. J., and Wang, M. M.
(2013). Advanced intimal hyperplasia without luminal narrowing of
leptomeningeal arteries in CADASIL. Stroke 44 (5), 1456-1458. doi: 10.1161/
STROKEAHA.111.000721

Donnini, I., Nannucci, S., Valenti, R., Pescini, F., Bianchi, S., Inzitari, D., et al.
(2012). Acetazolamide for the prophylaxis of migraine in CADASIL: a
preliminary experience. J. Headache Pain 13, 299-302. doi: 10.1007/s10194-
012-0426-9

Dotti, M. T., De Stefano, N., Bianchi, S., Malandrini, A., Battisti, C., Cardaioli, E.,
et al. (2004). A novel NOTCH3 frameshift deletion and mitochondrial
abnormalities in a patient with CADASIL. Arch. Neurol. 61, 942-945. doi:
10.1001/archneur.61.6.942

Drazyk, A. M,, Tan, R,, Tay, J., Traylor, M., Das, T., and Markus, H. S. (2019).
Encephalopathy in a large cohort of british cerebral Autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy patients. Stroke
50, 283-290. doi: 10.1161/STROKEAHA.118.023661

Ellgaard, L., and Helenius, A. (2003). Quality control in the endoplasmic
reticulum. Nat. Rev. Mol. Cell Biol. 4, 181-191. doi: 10.1038/nrm1052

Ferrante, E. A., Cudrici, C. D., and Boehm, M. (2019). CADASIL: new advances in
basic science and clinical perspectives. Curr. Opin. Hematol. 26, 193-198. doi:
10.1097/MOH.0000000000000497

Ferrari, M. D., Roon, K. I, Lipton, R. B,, and Goadsby, P. J. (2001). Oral triptans
(serotonin 5-HT(1B/1D) agonists) in acute migraine treatment: a meta-analysis of
53 trials. Lancet 358, 1668-1675. doi: 10.1016/S0140-6736(01)06711-3

Finocchi, C., Villani, V., and Casucci, G. (2010). Therapeutic strategies in migraine
patients with mood and anxiety disorders: clinical evidence. Neurol. Sci. 31
(Suppl 1), S95. doi: 10.1007/s10072-010-0297-2

Gatti, J. R., Zhang, X., Korcari, E., Lee, S. J., Greenstone, N., Dean, J. G., et al.
(2019). Redistribution of mature smooth muscle markers in brain arteries in
cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy. Transl Stroke Res. 10, 160-169. doi: 10.1007/s12975-
018-0643-x

Geschwind, D. H., Henry L. Paulson, H. L., and Klein, K. (2018). Handbook of
Clinical Neurology, Neurogenetics, Part II. (Elsevier) (148) 736.

Ghezali, L., Capone, C., Baron-Menguy, C., Ratelade, J., Christensen, S.,
Ostergaard Pedersen, L., et al. (2018). Notch3"“® immunotherapy improves
cerebrovascular responses in CADASIL mice. Ann. Neurol. 84, 246-259. doi:
10.1002/ana.25284

Ghosh, M., Balbi, M., Hellal, F., Dichgans, M., Lindauer, U., and Plesnila, N.
(2015). Pericytes are involved in the pathogenesis of cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy.
Ann. Neurol. 78, 887- 900. doi: 10.1002/ana.24512

Golde, T. E., Das, P., and Levites, Y. (2009). Quantitative and mechanistic studies
of Abeta immunotherapy. CNS Neurol. Disord. Drug Targets 8, 31-49. doi:
10.2174/187152709787601830

Goldstein, J., Hagen, M., and Gold, M. (2014). Results of a multicenter, double-
blind, randomized, parallel-group, placebo-controlled, single-dose study
comparing the fixed combination of acetaminophen, acetylsalicylic acid, and
caffeine with ibuprofen for acute treatment of patients with severe migraine.
Cephalalgia 34, 1070-1078. doi: 10.1177/0333102414530527

Gravesteijn, G., Munting, L. P., Overzier, M., Mulder, A. A, Hegeman, I, Derieppe, M.,
et al. (2019). Progression and Classification of Granular Osmiophilic Material
(GOM) deposits in functionally sharacterized human NOTCH3 transgenic mice.
Transl. Stroke Res. doi: 10.1007/s12975-019-00742-7

Guey, S., Mawet, J., Hervé, D., Duering, M., Godin, O., Jouvent, E,, et al. (2016).
Prevalence and characteristics of migraine in CADASIL. Cephalalgia 36, 1038
1047. doi: 10.1177/0333102415620909

Guo, Z., Qiu, C,, Viitanen, M., Fastbom, J., Winblad, B., and Fratiglioni, L. (2001).
Blood pressure and dementia in persons 75+ years old: 3-year follow-up results
from the Kungsholmen Project. . Alzheimers Dis. 3, 585-591. doi: 10.3233/
JAD-2001-3609

Haritunians, T., Chow, T., De Lange, R. P., Nichols, J. T., Ghavimi, D., Dorrani, N.,
et al. (2005). Functional analysis of a recurrent missense mutation in Notch3 in

Frontiers in Pharmacology | www.frontiersin.org

March 2020 | Volume 11 | Article 321


https://doi.org/10.1148/radiology.218.2.r01fe24443
https://doi.org/10.1148/radiology.218.2.r01fe24443
https://doi.org/10.1161/01.str.24.1.122
https://doi.org/10.1007/s11940-017-0468-z
https://doi.org/10.1007/s00415-014-7533-2
https://doi.org/10.1136/jnnp.70.3.285
https://doi.org/10.1136/jnnp.2005.068726
https://doi.org/10.1074/jbc.M412951200
https://doi.org/10.1111/nan.12042
https://doi.org/10.1212/WNL.51.2.452
https://doi.org/10.1161/01.STR.31.8.1904
https://doi.org/10.1016/S1474-4422(09)70127-9
https://doi.org/10.1016/S1474-4422(09)70127-9
https://doi.org/10.1177/1747493015607485
https://doi.org/10.1212/01.wnl.0000246601.70918.06
https://doi.org/10.1212/01.wnl.0000246601.70918.06
https://doi.org/10.1111/j.1468-1331.2006.01337.x
https://doi.org/10.1111/j.1468-1331.2006.01113.x
https://doi.org/10.1046/j.1468-1331.1998.530219.x
https://doi.org/10.1177/0271678X17690164
https://doi.org/10.1186/s12916-017-0778-8
https://doi.org/10.1002/ana.410440506
https://doi.org/10.1038/sj.ejhg.5200460
https://doi.org/10.1212/WNL.57.9.1714
https://doi.org/10.1161/hs0102.100885
https://doi.org/10.1161/hs0102.100885
https://doi.org/10.1101/gad.308904
https://doi.org/10.1161/STROKEAHA.111.000721
https://doi.org/10.1161/STROKEAHA.111.000721
https://doi.org/10.1007/s10194-012-0426-9
https://doi.org/10.1007/s10194-012-0426-9
https://doi.org/10.1001/archneur.61.6.942
https://doi.org/10.1161/STROKEAHA.118.023661
https://doi.org/10.1038/nrm1052
https://doi.org/10.1097/MOH.0000000000000497
https://doi.org/10.1016/S0140-6736(01)06711-3
https://doi.org/10.1007/s10072-010-0297-2
https://doi.org/10.1007/s12975-018-0643-x
https://doi.org/10.1007/s12975-018-0643-x
https://doi.org/10.1002/ana.25284
https://doi.org/10.1002/ana.24512
https://doi.org/10.2174/187152709787601830
https://doi.org/10.1177/0333102414530527
https://doi.org/10.1007/s12975-019-00742-7
https://doi.org/10.1177/0333102415620909
https://doi.org/10.3233/JAD-2001-3609
https://doi.org/10.3233/JAD-2001-3609
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Locatelli et al.

CADASIL and Cerebral Small Vessel Disease

CADASIL. J. Neurol. Neurosurg. Psychiatry 76, 1242-1248. doi: 10.1136/
jnnp.2004.051854

Hase, Y., Chen, A., Bates, L. L., Craggs, L.J.L., Yamamoto, Y., Gemmell, E,, et al.
(2018). Severe white matter astrocytopathy in CADASIL. Brain Pathol. 28,
832-843. doi: 10.1111/bpa.12621

Hassan, A., Hunt, B. J.,, O'Sullivan, M., Bell, R., D'Souza, R, Jeffery, S., et al. (2004).
Homocysteine is a risk factor for cerebral small vessel disease, acting via
endothelial dysfunction. Brain 127, 212-219. doi: 10.1093/brain/awh023

Herve, D., Godin, O., and Dufouil, C. (2009). Three-dimensional MRI analysis of
individual volume of Lacunes in CADASIL. Stroke 40, 124-28. doi: 10.1161/
STROKEAHA.108.520825

Ho, C. S., and Mondry, A. (2015). CADASIL presenting as schizophreniform
organic psychosis. Gen. Hosp. Psychiatry 37, 273.el11-3. doi: 10.1016/
j.genhosppsych.2015.02.006

Ho, R. C,, Cheung, M. W, Fu, E., Win, H. H., Zaw, M. H., Ng, A, et al. (2011). Is
high homocysteine level a risk factor for cognitive decline in elderly? A
systematic review, meta- analysis, and meta-regression. Am. J. Geriatr.
Psychiatry 19, 607-617. doi: 10.1097/JGP.0b013e3181f17eed

Huang, L., Yang, Q., Zhang, L., Chen, X., Huang, Q., and Wang, H. (2010).
Acetazolamide improves cerebral hemodynamics in CADASIL. J. Neurol. Sci.
292, 77-80. doi: 10.1016/j.jns.2010.01.023

Hutchinson, M., O'Riordan, J., Javed, M., Quin, E., Macerlaine, D., Wilcox, T.,
et al. (1995). Familial hemiplegic migraine and autosomal dominant
arteriopathy with leukoencephalopathy (CADASIL). Ann. Neurol. 38, 817-
824. doi: 10.1002/ana.410380517

Thalainen, S., Soliymani, R., livanainen, E., Mykkinen, K., Sainio, A., Péyhénen,
M., et al. (2007). Proteome analysis of cultivated vascular smooth muscle cells
from a CADASIL patient. Mol. Med. 13 (5-6), 305-314. doi: 10.2119/2006-
00069.Thalainen

Ishiko, A., Shimizu, A., Nagata, E., Takahashi, K., Tabira, T., and Suzuki, N.
(2006). Notch3 ectodomain is a major component of granular osmiophilic
material (GOM) in CADASIL. Acta Neuropathol. 112, 333-339. doi: 10.1007/
$00401-006-0116-2

Joutel, A., Corpechot, C., Ducros, A., Vahedi, K., Chabriat, H., Mouton, P., et al.
(1996). Notch3 mutations in CADASIL, a hereditary adult-onset condition
causing stroke and dementia. Nature 383, 707-710. doi: 10.1038/383707a0

Joutel, A., Vahedi, K., Corpechot, C., Troesch, A., Chabriat, H., Vays- siere, C.,
et al. (1997). Strong clustering and stereotyped nature of Notch3 mutations in
CADASIL patients. Lancet 350, 1511-1515. doi: 10.1016/S0140-6736(97)
08083-5

Joutel, A., Chabriat, H., Vahedi, K., Domenga, V., Vayssiére, C., Ruchoux, M. M.,
et al. (2000). Splice site mutation causing a seven amino acid Notch3 in-frame
deletion in CADASIL. Neurology 54, 1874-1875. doi: 10.1212/WNL.54.9.1874

Joutel, A., Dodick, D. D., Parisi, J. E., Cecillon, M., Tournier-Lasserve, E., and
Bousser, M. G. (2000). De novo mutation in the Notch3 gene causing
CADASIL. Ann. Neurol. 47, 388-391. doi: 10.1002/1531-8249(200003)
47:3<388:AID-ANA19>3.0.CO;2-Q

Joutel, A., Favrole, P., Labauge, P., Chabriat, H., Lescoat, H., Andreux, F., et al.
(2001). Skin biopsy immunostaining with a Notch3 monoclonal antibody for
CADASIL diagnosis. Lancet 358, 2049-2051. doi: 10.1016/S0140-6736(01)
07142-2

Joutel, A., Monet, M., Domenga, V., Riant, F., and Tournier-Lasserve, E. (2004).
Pathogenic mutations associated with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy differently
affect Jaggedl binding and Notch3 activity via the RBP/JK signaling
Pathway. Am. J. Hum. Genet. 74, 338-347. doi: 10.1086/381506

Joutel, A., Haddad, I., Ratelade, J., and Nelson, M. T. (2016). Perturbations of
the cerebrovascular matrisome: a convergent mechanism in small vessel
disease of the brain? J. Cereb. Blood Flow Metab. 36, 143-157. doi: 10.1038/
jcbfm.2015.62

Joutel, A. (2011). Pathogenesis of CADASIL: transgenic and knock-out mice to
probe function and dysfunction of the mutated gene, Notch3, in the
cerebrovasculature. Bioessays 33, 73-80. doi: 10.1002/bies.201000093

Jouvent, E., Viswanathan, A., Mangin, J. F., O'Sullivan, M., Guichard, J.P.,
Gschwendtner, A., et al. (2007). Brain atrophy is related to lacunar lesions
and tissue microstructural changes in CADASIL. Stroke 38, 1786- 1790. doi:
10.1161/STROKEAHA.106.478263

Kast, J., Hanecker, P., Beaufort, N., Giese, A., Joutel, A., Dichgans, M., et al. (2014).
Sequestration of latent TGF-b binding protein 1 into CADASIL-related
Notch3-ECD deposits. Acta Neuropathol. Commun. 2, 96. doi: 10.1186/
540478-014-0096-8

Khan, M. T., Murray, A., and Smith, M. (2016). Successful use of intra-venous
tissue plasminogen activator as treatment for a patient with cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy: a
case report and review of literature. J. Stroke Cerebrovasc. Dis. 25, e53-e57. doi:
10.1016/j.jstrokecerebrovasdis.2015.12.006

Lagas, P. A., and Juvonen, V. (2001). Schizophrenia in a patient with cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leucoencephalopathy (CADASIL disease). Nord. J. Psychiatry 55, 41- 42.
doi: 10.1080/080394801750093724

Lesnik Oberstein, S. A., Van den Boom, R,, Van Buchem, M. A,, Van Houwelingen, H.
C., Bakker, E., Vollebregt, E., et al. (2001). Cerebral microbleeds in CADASIL.
Neurology 57, 1066. doi: 10.1212/wnl.57.6.1066

Lesnik Oberstein, S. A., Van Duinen, S. G., Van den Boom, R., Maat-Schieman, M. L.,
van Buchem, M. A, van Houwelingen, H. C,, et al. (2003). Evaluation of diagnostic
NOTCH3 immunostaining in CADASIL. Acta Neuropathol. 106, 107- 111. doi:
10.1007/s00401-003-0701-6

Lesnik Oberstein, S. A. J., Jukema, J. W., Van Duinen, S. G., Macfarlane, P. W.,
Van Houwelingen, H. C., Breuning, M. H,, et al. (2003). Myocardial infarction
in cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL). Med. (Baltimore) 82, 251-256. doi: 10.1097/
01.md.0000085054.63483.40

Lewandowska, E., Szpak, G. M., Wierzba-Bobrowicz, T., Modzelewska, J., Stepien,
T., Pasennik, E., et al. (2010). Capillary vessel wall in CADASIL angiopathy.
Folia Neuropathol. 48, 104-115.

Liem, M. K., Oberstein, S. A. L., van der Grond, J., Ferrari, M. D., and Haan, J.
(2010a). CADASIL and migraine: A narrative review. Cephalalgia 30 (11),
1284-1289. doi: 10.1177/0333102410370870

Liem, M. K,, Van der Grond, J., Versluis, M. J., Haan, J., Webb, A. G., Ferrari, M. D.,
et al. (2010b). Lenticulostriate arterial lumina are normal in cerebral autosomal-
dominant arteriopathy with subcortical infarcts and leukoencephalopathy. Stroke
41, 2812-2816. doi: 10.1161/STROKEAHA.110.586883

Liu, X. Y., Gonzalez-Toledo, M. E., Fagan, A., Duan, W. M., Liu, Y., Zhang, S., et al.
(2015). Stem cell factor and granulocyte colony-stimulating factor exhibit
therapeutic effects in a mousemodel of CADASIL. Neurobiol. Dis. 73, 189-203.
doi: 10.1016/j.nbd.2014.09.006

Lorenzi, T., Ragno, M., Paolinelli, F., Castellucci, C., Scarpelli, M., and Morroni, M.
(2017). CADASIL: Ultrastructural insights into the morphology of granular
osmiophilic material. Brain Behav. 7 (3), e00624. doi: 10.1002/brb3.624

Maclean, A. V., Woods, R., Alderson, L. M., Salloway, S.P., Correia, S., Cortez, S.,
et al. (2005). Spontaneous lobar haemorrhage in CADASIL. J. Neurol.
Neurosurg. Psychiatry 76, 456. doi: 10.1136/jnnp.2004.042564

Markus, H. S., Martin, R. J., Simpson, M. A, Dong, Y. B,, Ali, N., Crosby, A. H,,
et al. (2001). Diagnostic strategies in CADASIL. Neurology 59, 1134- 1138.
doi: 10.1212/WNL.59.8.1134

Marti-Carvajal, A. J., Solaa, I, and Lathyris, D. (2015). Homocysteine- lowering
interventions for preventing cardiovascular events. Cochrane Database Syst.
Rev. 1, CD006612. doi: 10.1002/14651858.CD006612.pub4

Matsuura, J., Inoue, R., Takagi, T., Wada, S., Watanabe, A., Koizumi, T., et al.
(2019). Analysis of gut microbiota in patients with cerebral autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL). J. Clin. Biochem. Nutr. 65 (3), 240-244. doi: 10.3164/jcbn.19-22

Mead, G. E,, Hsieh, C. F,, Lee, R., Kutlubaev, M. A,, Claxton, A., Hankey, G. ], et al.
(2012). Selective serotonin reuptake inhibitors (SSRIs) for stroke recovery. Cochrane
Database Syst. Rev. 11, CD009286. doi: 10.1002/14651858.CD009286.pub2

Miao, Q., Paloneva, T., Tuominen, S., Poyhonen, M., Tuisku, S., Viitanen, M., et al.
(2004). Fibrosis and stenosis of the long penetrating cerebral arteries: the cause
of the white matter pathology in cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy. Brain Pathol. 14, 358-364.
doi: 10.1111/j.1750-3639.2004.tb00078.x

Mizuno, T., Kondo, M., Ishigami, N., Tamura, A., Itsukage, M., Koizumi, H., et al.
(2009). Cognitive impairment and cerebral hypoperfusion in a CADASIL
patient improved during administration of lomerizine. Clin. Neuropharmacol.
32, 113-116. doi: 10.1097/WNF.0b013e31816c82a6

Frontiers in Pharmacology | www.frontiersin.org

March 2020 | Volume 11 | Article 321


https://doi.org/10.1136/jnnp.2004.051854
https://doi.org/10.1136/jnnp.2004.051854
https://doi.org/10.1111/bpa.12621
https://doi.org/10.1093/brain/awh023
https://doi.org/10.1161/STROKEAHA.108.520825
https://doi.org/10.1161/STROKEAHA.108.520825
https://doi.org/10.1016/j.genhosppsych.2015.02.006
https://doi.org/10.1016/j.genhosppsych.2015.02.006
https://doi.org/10.1097/JGP.0b013e3181f17eed
https://doi.org/10.1016/j.jns.2010.01.023
https://doi.org/10.1002/ana.410380517
https://doi.org/10.2119/2006-00069.Ihalainen
https://doi.org/10.2119/2006-00069.Ihalainen
https://doi.org/10.1007/s00401-006-0116-2
https://doi.org/10.1007/s00401-006-0116-2
https://doi.org/10.1038/383707a0
https://doi.org/10.1016/S0140-6736(97)08083-5
https://doi.org/10.1016/S0140-6736(97)08083-5
https://doi.org/10.1212/WNL.54.9.1874
https://doi.org/10.1002/1531-8249(200003)47:3%3C388::AID-ANA19%3E3.0.CO;2-Q
https://doi.org/10.1002/1531-8249(200003)47:3%3C388::AID-ANA19%3E3.0.CO;2-Q
https://doi.org/10.1016/S0140-6736(01)07142-2
https://doi.org/10.1016/S0140-6736(01)07142-2
https://doi.org/10.1086/381506
https://doi.org/10.1038/jcbfm.2015.62
https://doi.org/10.1038/jcbfm.2015.62
https://doi.org/10.1002/bies.201000093
https://doi.org/10.1161/STROKEAHA.106.478263
https://doi.org/10.1186/s40478-014-0096-8
https://doi.org/10.1186/s40478-014-0096-8
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.12.006
https://doi.org/10.1080/080394801750093724
https://doi.org/10.1212/wnl.57.6.1066
https://doi.org/10.1007/s00401-003-0701-6
https://doi.org/10.1097/01.md.0000085054.63483.40
https://doi.org/10.1097/01.md.0000085054.63483.40
https://doi.org/10.1177/0333102410370870
https://doi.org/10.1161/STROKEAHA.110.586883
https://doi.org/10.1016/j.nbd.2014.09.006
https://doi.org/10.1002/brb3.624
https://doi.org/10.1136/jnnp.2004.042564
https://doi.org/10.1212/WNL.59.8.1134
https://doi.org/10.1002/14651858.CD006612.pub4
https://doi.org/10.3164/jcbn.19-22
https://doi.org/10.1002/14651858.CD009286.pub2
https://doi.org/10.1111/j.1750-3639.2004.tb00078.x
https://doi.org/10.1097/WNF.0b013e31816c82a6
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Locatelli et al.

CADASIL and Cerebral Small Vessel Disease

Mizuta, I, Watanabe-Hosomi, A., Koizumi, T., Mukai, M., Hamano, A., Tomii, Y.,
et al. (2017). New diagnostic criteria for cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukocencephalop- athy in japan. J.
Neurol. Sci. 381, 62-67. doi: 10.1016/j.jns.2017.08.009

Monet, M., Domenga, V., Lemaire, B., Souilhol, C., Langa, F., Babinet, C., et al.
(2007). The archetypal ROOC CADASIL-NOTCH3 mutation retains NOTCH3
function in vivo. Hum. Mol. Genet. 16, 982-992. doi: 10.1093/hmg/ddm042

Monet-Lepre“tre, M., Haddad, I., Baron-Menguy, C., Fouillot-Panchal, M.,
Riani, M., Domenga-Denier, V., et al. (2013). .Abnormal recruitment of
extracellular matrix proteins by excess Notch3 ECD: a new pathomechanism
in CADASIL. Brain 136, 1830-1845. doi: 10.1093/brain/awt092

Moreton, F. C., Razvi, S. S., Davidson, R., and Muir, K. W. (2014). Changing
clinical patterns and increasing prevalence in CADASIL. Acta Neurol. Scand.
130, 197. doi: 10.1111/ane.12266

Morroni, M., Marzioni, D., Ragno, M., Di Bella, P., Cartechini, E., Pianese, L., et al.
(2013). Role of electron microscopy in the diagnosis of cadasil syndrome: a
study of 32 patients. PLoS One 8, €65482. doi: 10.1371/journal.pone.0065482

Muifo, E., Gallego-Fabrega, C., Cullell, N., Carrera, C., Torres, N., Krupinski, J., et al.
(2017). Systematic review of cysteine-Sparing NOTCH3 missense mutations in
patients with clinical suspicion of CADASIL. Int. J. Mol. Sci. 18 (9), 1964. doi:
10.3390/ijms18091964

Nagatoshi, A., Ueda, M., Ueda, A., Tasaki, M., Inoue, Y., Ma, Y., et al. (2017).
Serum amyloid P component: a novel potential player in vessel degeneration in
CADASIL. J. Neurol. Sci. 15, 69— 76. doi: 10.1016/j.jns.2017.05.033

Nannucci, S., Rinnoci, V., Pracucci, G., MacKinnon, A. D., Pescini, F., Adib-Samii,
P., et al. (2018). Location, number and factors associated with cerebral
microbleeds in an Italian-British cohort of CADASIL patients. PLoS One 13
(1), €0190878. doi: 10.1371/journal.pone.0190878

Narayan, S. K., Gorman, G., Kalaria, R. N,, Ford, G. A, and Chinnery, P. F. (2012).
The minimum prevalence of CADASIL in northeast England. Neurology 78,
1025. doi: 10.1212/WNL.0b013e31824d586¢

Nardone, R., Holler, Y., Thomschewski, A., Kunz, A.B., Lochner, P., Golaszewski, S.,
et al. (2014). Dopamine differently modulates central cholinergic circuits in
patients with Alzheimer disease and CADASIL. J. Neural Transm. 121, 1313—
1320. doi: 10.1007/s00702-014-1195-1

Neurologic Bone Marrow Derived Stem Cell Treatment Study (NEST). https://
clinicaltrials.gov/ct2/show/NCT02795052.

O'Sullivan, M., Jarosz, J. M., Martin, R. J., Deasy, N., Powell, J. F., and Markus, H.
S. (2001). MRI hyperintensities of the temporal lobe and external capsule in
patients with CADASIL. Neurology 56, 628-634. doi: 10.1212/WNL.56.5.628

Opherk, C., Peters, N., Herzog, J., Luedtke, R., and Dichgans, M. (2004). Long-
term prognosis and causes of death in CADASIL: a retrospective study in 411
patients. Brain 127 (Pt 11), 2533- 2539. doi: 10.1093/brain/awh282

Pantoni, L. (2014). Cerebral Small Vessel Disease 371 (Cambridge, UK: Cambridge
University Press).

Park, S., Park, B, Koh, M. K., and Joo, Y. H. (2014). Case report: bipolar disorder
as the first manifestation of CADASIL. BMC Psychiatry 14, 175. doi: 10.1186/
1471-244X-14-175

Pescini, F., Cesari, F., Giusti, B., Sarti, C., Zicari, E., Bianchi, S., et al. (2010). Bone
marrow-derived progenitor cells in cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy. Stroke 41, 218-223. doi:
10.1161/STROKEAHA.109.563726

Pescini, F., Donnini, I, Cesari, F., et al. (2017). Circulating biomarkers in cerebral
autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy patients. J. Stroke Cerebrovasc. Dis. 26, 823-833. doi:
10.1016/j.jstrokecerebrovasdis.2016.10.027

Peters, N., Opherk, C., Zacherle, S., Capell, A., Gempel, P., and Dichgans, M.
(2004). CADASIL- associated Notch3 mutations have differential effects both
on ligand binding and ligand-induced Notch3 receptor signaling through RBP-
Jk. Exp. Cell Res. 299, 454-464. doi: 10.1016/j.yexcr.2004.06.004

Peters, N., Opherk, C., Bergmann, T., Castro, M., Herzog, ., and Dichgans, M. (2005).
Spectrum of mutations in biopsy-proven CADASIL: implications for diagnostic
strategies. Arch. Neurol. 62, 1091-1094. doi: 10.1001/archneur.62.7.1091

Peters, N., Holtmannspétter, M., Opherk, C., Gschwendtner, A., Herzog, J.,
Sdmann, P., et al. (2006). Brain volume changes in CADASIL: a serial MRI
study in pure subcortical ischemic vascular disease. Neurology 66, 1517. doi:
10.1212/01.wnl.0000216271.96364.50

Peters, N., Freilinger, T., Opherk, C., Pfefferkorn, T., and Dichgans, M. (2007).
Effects of short term atorvastatin treatment on cerebral hemodynamics in
CADASIL. J. Neurol. Sci. 260, 100-105. doi: 10.1016/j.jns.2007.04.015

Posada, I. J., Ferrero, M., Lopez-Valdes, E., and Goni-Imizcoz, M. (2008).
Galantamine therapy in dementia associated with CADASIL. Rev. Neurol.
47, 299-300. doi: 10.33588/rn.4706.2008234

Puy, L., De Guio, F.,, Godin, O., Duering, M., Dichgans, M., Chabriat, H., et al.
(2017). Cerebral microbleeds and the risk of incident ischemic stroke in
CADASIL (Cerebral Autosomal Dominant Arteriopathy With Subcortical
Infarcts and Leukoencephalopathy). Stroke 48, 2699-2703. doi: 10.1161/
STROKEAHA.117.017839

Razvi, S. S., Davidson, R., Bone, I., and Muir, K. W. (2005). The prevalence of
cerebral autosomal dominant arteriopathy with subcortical infarcts and
leucoencephalopathy (CADASIL) in the west of Scotland. J. Neurol.
Neurosurg. Psychiatry 76, 739. doi: 10.1136/jnnp.2004.051847

Reyes, S., Viswanathan, A., Godin, O., Dufouil, C., Benisty, S., and Hernandez, K.
(2009). Apathy: a major symptom in CADASIL. Neurology 72, 905- 910. doi:
10.1212/01.wnl.0000344166.03470.f8

Rutten, . W., Haan, J., Terwindt, G. M., van Duinen, S. G., Boon, E. M., and Lesnik
Oberstein, S. A. (2014). Interpretation of NOTCH3 mutations in the diagnosis
of CADASIL. Expert Rev. Mol. Diagn. 2014, 593-603. doi: 10.1586/
14737159.2014.922880

Rutten, J. W., Dauwerse, H. G., Peters, D. J., Goldfarb, A., Venselaar, H., Haffner,
C., et al. (2016). Therapeutic NOTCH3 cysteine correction in CADASIL using
exon skipping: in vitro proof of concept. Brain 139, 1123-1135. doi: 10.1093/
brain/aww011

Rutten, J. W., Van Eijsden, B.J., Duering, M., Jouvent, E., Opherk, C., Pantoni, L.,
etal. (2019). The effect of NOTCH3 pathogenic variant position on CADASIL
disease severity: NOTCH3 EGFr 1-6 pathogenic variant are associated with a
more severe phenotype and lower survival compared with EGFr 7-34
pathogenic variant. Genet. Med. 21, 676-682. doi: 10.1038/s41436-018-0088-3

Schmidt, H., Zeginigg, M., Wiltgen, M., Freudenberger, P., Petrovic, K., Cavalieri,
M, et al. (2011). Genetic variants of the NOTCH3 gene in the elderly and
magnetic resonance imaging correlates of age-related cerebral small vessel
disease. Brain 134, 3384-3397. doi: 10.1093/brain/awr252

Schneider, L. S. (2008). Does donepezil improve executive function in patients
with CADASIL? Lancet Neurol. 7, 287-289. doi: 10.1016/S1474-4422(08)
70047-4

Shin, D., Oh, Y. H., Eom, C. S., and Park, S. M. (2017). Use of selective serotonin
reuptake inhibitors and risk of stroke: a systematic review and meta-analysis.
Curr. Treat Options Neurol. 19, 31. doi: 10.1007/s00415-014-7251-9

Singhal, S., Bevan, S., Barrick, T., Rich, P., and Markus, H. S. (2004). The influence
of genetic and cardiovascular risk factors on the CADASIL phenotype. Brain
127, 2031-2038. doi: 10.1093/brain/awh223

Takahashi, K., Adachi, K., Yoshizaki, K., Kunimoto, S., Kalaria, R. N., and
Watanabe, A. (2010). Mutations in NOTCH3 cause the formation and
retention of aggregates in the endoplasmic reticulum, leading to impaired
cell proliferation. Hum. Mol. Genet. 19, 79-89. doi: 10.1093/hmg/ddp468

Tan, R,, Traylor, M., Rutten-Jacobs, L., and Markus, H. (2017). New insights into
mechanisms of small vessel disease stroke from genetics. Clin. Sci. 131, 515-
531. doi: 10.1042/CS20160825

Tang, Z., Wang, A, Yuan, F., Yan, Z, Liu, B., Chu, J. S,, et al. (2012). Differentiation
of multipotent vascular stem cells contributes to vascular diseases. Nat.
Commun. 3, 875. doi: 10.1038/ncomms1867

Tfelt-Hansen, P., Saxena, P. R, Dahlof, C., Pascual, J., Liinez, M., Henry, P., et al.
(2000). Ergotamine in the acute treatment of migraine: a review and European
consensus. Brain 123, 9-18. doi: 10.1093/brain/123.1.9

Van Swieten, J., Koudstaal, P., Visser, M., Schouten, H., and Van Gijn, J. (1988).
Interobserver agreement for the assessment of handicap in stroke patients.
Stroke 19 (5), 604-607. doi: 10.1161/01.STR.19.5.604

Verghese, J., Lipton, R. B., Hall, C. B, Kuslansky, G., and Katz, M. J. (2003). Low
blood pressure and the risk of dementia in very old individuals. Neurology 61,
1667-1672. doi: 10.1212/01.WNL.0000098934.18300.BE

Viitanen, M., Sundstrom, E., Baumann, M., Poyhonen, M., Tikka, S., and
Behbahani, H. (2013). Experimental studies of mitochondrial function in
CADASIL vascular smooth muscle cells. Exp. Cell Res. 319, 134-143. doi:
10.1016/j.yexcr.2012.09.015

Frontiers in Pharmacology | www.frontiersin.org

March 2020 | Volume 11 | Article 321


https://doi.org/10.1016/j.jns.2017.08.009
https://doi.org/10.1093/hmg/ddm042
https://doi.org/10.1093/brain/awt092
https://doi.org/10.1111/ane.12266
https://doi.org/10.1371/journal.pone.0065482
https://doi.org/10.3390/ijms18091964
https://doi.org/10.1016/j.jns.2017.05.033
https://doi.org/10.1371/journal.pone.0190878
https://doi.org/10.1212/WNL.0b013e31824d586c
https://doi.org/10.1007/s00702-014-1195-1
https://clinicaltrials.gov/ct2/show/NCT02795052
https://clinicaltrials.gov/ct2/show/NCT02795052
https://doi.org/10.1212/WNL.56.5.628
https://doi.org/10.1093/brain/awh282
https://doi.org/10.1186/1471-244X-14-175
https://doi.org/10.1186/1471-244X-14-175
https://doi.org/10.1161/STROKEAHA.109.563726
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.10.027
https://doi.org/10.1016/j.yexcr.2004.06.004
https://doi.org/10.1001/archneur.62.7.1091
https://doi.org/10.1212/01.wnl.0000216271.96364.50
https://doi.org/10.1016/j.jns.2007.04.015
https://doi.org/10.33588/rn.4706.2008234
https://doi.org/10.1161/STROKEAHA.117.017839
https://doi.org/10.1161/STROKEAHA.117.017839
https://doi.org/10.1136/jnnp.2004.051847
https://doi.org/10.1212/01.wnl.0000344166.03470.f8
https://doi.org/10.1586/14737159.2014.922880
https://doi.org/10.1586/14737159.2014.922880
https://doi.org/10.1093/brain/aww011
https://doi.org/10.1093/brain/aww011
https://doi.org/10.1038/s41436-018-0088-3
https://doi.org/10.1093/brain/awr252
https://doi.org/10.1016/S1474-4422(08)70047-4
https://doi.org/10.1016/S1474-4422(08)70047-4
https://doi.org/10.1007/s00415-014-7251-9
https://doi.org/10.1093/brain/awh223
https://doi.org/10.1093/hmg/ddp468
https://doi.org/10.1042/CS20160825
https://doi.org/10.1038/ncomms1867
https://doi.org/10.1093/brain/123.1.9
https://doi.org/10.1161/01.STR.19.5.604
https://doi.org/10.1212/01.WNL.0000098934.18300.BE
https://doi.org/10.1016/j.yexcr.2012.09.015
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Locatelli et al.

CADASIL and Cerebral Small Vessel Disease

Viswanathan, A., Guichard, J. P., Gschwendtner, A., Buffon, F., Cumurcuic, R.,
Boutron, C., et al. (2006). Blood pressure and haemoglobin Alc are associated
with microhaemorrhage in CADASIL: a two-centre cohort study. Brain 129,
2375-2378. doi: 10.1093/brain/awl177

Wang, W., Prince, C. Z., Mou, Y., and Pollman, M. J. (2002). Notch3 signaling in
vascular smooth muscle cells induces c-FLIP expression via ERK/MAPK
activation. Resistance to Fas ligand-induced apoptosis. J. Biol. Chem. 277,
21723. doi: 10.1074/jbc.M202224200

Wardlaw, J. M., Sandercock, P. A. G., Dennis, M. S., and Starr, J. (2003). Is
breakdown of the blood-brain barrier responsible for lacunar stroke,
leukoaraiosis, and dementia? Stroke 34, 806-812. doi: 10.1161/
01.STR.0000058480.77236.B3

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, F., Frayne, R.,
et al. (2013). Neuroimaging standards for research into small vessel disease and
its contribution to ageing and neurodegeneration. Lancet Neurol. 12, 822-838.
doi: 10.1016/S1474-4422(13)70124-8

Weller, R. O., Djuanda, E., Yow, H. Y., and Carare, R. O. (2009). Lymphatic
drainage of the brain and the pathophysiology of neuro- logical disease. Acta
Neuropathol. (Berl) 117, 1-1. doi: 10.1007/s00401-008-0457-0

Yamamoto, Y., Craggs, L., Baumann, M., Kalimo, H., and Kalaria, R. N. (2011).
Review: molecular genetics and pathology of hereditary small vessel diseases of

the brain. Neuropathol. Appl. Neurobiol. 37, 94-113. doi: 10.1111/j.1365-
2990.2010.01147.x

Yamamoto, Y., Craggs, L. ], Watanabe, A., et al. (2013). Brain microvascular
accumulation and distribution of the NOTCH3 ectodomain and GOM in
CADASIL. J. Neuropathol. Exp. Neurol. 72, 416-431. doi: 10.1097/
NEN.0b013e31829020b5

Yang, P, Hong, M. S., Fu, C,, Bradley, M., Schmit, B. M., Su, Y., et al. (2016). Pre-
existing smooth muscle cells contribute to neointimal cell repopulation at an
incidence varying widely among individual lesions. Surgery 159 (2), 602-612.
doi: 10.1016/j.surg.2015.08.015

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Locatelli, Padovani and Pezzini. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

March 2020 | Volume 11 | Article 321


https://doi.org/10.1093/brain/awl177
https://doi.org/10.1074/jbc.M202224200
https://doi.org/10.1161/01.STR.0000058480.77236.B3
https://doi.org/10.1161/01.STR.0000058480.77236.B3
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1007/s00401-008-0457-0
https://doi.org/10.1111/j.1365-2990.2010.01147.x
https://doi.org/10.1111/j.1365-2990.2010.01147.x
https://doi.org/10.1097/NEN.0b013e31829020b5
https://doi.org/10.1097/NEN.0b013e31829020b5
https://doi.org/10.1016/j.surg.2015.08.015
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Pathophysiological Mechanisms and Potential Therapeutic Targets in Cerebral Autosomal Dominant Arteriopathy With Subcortical Infarcts and Leukoencephalopathy (CADASIL)
	Introduction
	Epidemiology
	Clinical Features
	Diagnosis
	Pathogenesis
	NOTCH3 Properties
	Molecular Findings
	Histopathological Findings

	Therapeutic Approach
	Novel Therapeutic Approaches
	Current Therapy and Prevention

	CADASIL as a Model of Sporadic Small-Vessel Disease

	Conclusion
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


