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Abstract- Notch signaling plays an essential role in vascular development and human vascular diseases. In
adults, mutations of the Notch3 gene cause a hereditary vascular degenerative disease known as cerebral
autosomal dominant arteriopathy with subcortical infarct and leukoencephalopathy (CADASIL). CADASIL
is characterized by recurrent strokes and cognitive impairment. Over the past decade, the number of
CADASIL patients increased significantly with improvements in genetic testing and other diagnostic tools,
but the true prevalence of CADASIL is still underestimated, especially in Asia. Basic studies suggest that
Notch3 is essential for the development and survival of the vascular smooth muscle cells, but the mecha-
nisms by which Notch3 mutations become pathogenic are still unclear. This article reviews the clinical fea-
tures and possible pathogenesis of CADASIL. Efforts to improve the diagnostic accuracy and define the

role of Notch3 mutation in brain damage and clinical presentations of CADASIL should be continued.
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INTRODUCTION

The Notch proteins encompass a family of type I
transmembrane receptors. Four Notch members
(Notch1-4) are found in mammalian species"™. The pri-
mary protein of Notch is first constitutively cleaved by a
furin-like convertase (S1) and the cleavage products
assemble into a heterodimer that inserts and is expressed
in the cell membrane"™. Activation of Notch requires
ligands that can broadly be divided into two groups,
Delta and Jagged®”. Binding of ligands results in two
proteolytic cleavages of Notch: the first is an extracellu-

lar domain and the second is a transmembrane domain.
The latter is accomplished by presenilin-1 and the
gamma-secretase enzyme complex, and results in the
release of Notch intracellular domain”*. The Notch
intracellular domain then translocates to the nucleus,
interacts with several transcriptional factors (such as
CBE SU(H), and Lag-2), which convert it to a transcrip-
tional activator®. The (Hairy/Enhancer of Split) HES
and HES-related genes are the direct targets of Notch
signaling.

Notch and its ligands participate in an evolutionarily
conserved signaling pathway that functions to modulate
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cell-fate decisions of a variety of cell types®”. In the vas-
cular system, Notchl and Notch4 are predominant in the
endothelium, whereas Notchl and Notch3 are present in
smooth muscle cells®*. Previous studies have shown that
changes in Notch signaling lead to abnormal vascular
development at multiple stages and to various
degrees®*”. The importance of Notch genes in the devel-
opment of the vascular system is indicated by severe car-
diovascular anomalies in patients with Alagille syn-
drome"*"". In adults, mutations of Notch3 gene cause a
severe vascular degenerative disease known as cerebral
autosomal dominant arteriopathy with subcortical infarct
and leukoencephalopathy (CADASIL)"*'”. In this
review, we describe the clinical features of CADASIL
and discuss recent studies regarding the functional role
of Notch3 mutation and the pathogenesis of CADASIL.

CLINICAL MANIFESTATIONS OF
CADASIL

CADASIL is clinically characterized by recurrent
ischemic strokes, migraine, and cognitive impairment. It
is the most common cause of single gene disorders caus-
ing ischemic stroke"”. CADASIL is an autosomal domi-
nant inherited disorder with high penetration and varying
expression. The defective gene, Notch3, is located on the
chromosome 19"Y. CADASIL occurs worldwide and has
been reported in many race-ethnicities. So far, most of
the CADASIL patients have been found in Caucasian
families, especially in Europe"*'®; while in Asia, the
numbers of reported cases as well as spectrum of muta-

tions are relatively low"”

. This may indicate an underes-
timation of the CADASIL prevalence in Asians popula-

tion.

Migraine

The onset age of migraine in CADASIL varies great-
ly. Migraine may begin early during childhood or adoles-
cence, but most commonly during the third decade. It is
significantly younger in women compared with men and
occurred a mean of 15 years prior to stroke onset. Unlike
in general population, migraine in CADASIL patients is
usually accompanied by aura, which is often atypical,

long lasting, and severe. The aura can be a visual distur-
bance, and be followed by sensory or motor abnormality
or brief confusion®?*”. Sometimes, it is difficult to dis-
tinguish between prolonged aura and the new onset of
ischemic stroke in CADASIL patients, thus careful histo-
ry taking, neurological examination, and neuroimage
work-up are required. Previous studies showed 22-64%
of CADASIL patients have migraine"*'"”, therefore, a
certain proportion of patients would be expected not to
have a history of headache throughout their disease
course. For the treatment of severe migraine attacks in
CADASIL patients, there were two case reports showing
that acetazolamide could effectively block the acute
attacks of migraine®*?; further study with a larger num-
ber of cases should be performed to validate its efficacy.

Stroke

Ischemic stroke is the most frequent and the key fea-
ture found in about 85% of symptomatic CADASIL
patients. The mean age at onset is around 45 years (range
30-70 years)"“'®. Most of the ischemic stroke patients
with CADASIL present as lacunar syndromes (pure
motor stroke, pure sensory stroke, sensorimotor paraly-
sis, ataxic hemiparesis, or dysarthria-clumsy hand)®.
The infarcts occur mainly in the subcortical white matter
and some in the basal ganglion, brainstem, or spinal
cord. It may occur silently and most studies suggest that
lesions of strokes are associated with long-term disabili-
ty and cognitive decline®.

Ischemic stroke involving the territory of large arter-
ies has occasionally been reported. One study using con-
ventional or magnetic resonance angiography (MRA) in
13 patients showed that 38% of patients had stenosis at
the middle cerebral, vertebral, or internal carotid arter-
ies®. Whether these observations were coincidental or
suggested involvement of large vessels in CADASIL is
still a matter of debate. By the way, it is mentionable that
conventional angiography should be avoided in highly
suspected cases because contrast agents have been
reported to frequently impair consciousness or induce
acute focal neurological deficit in CADASIL patients®”.

In addition to ischemic stroke, intracerebral hemor-
rhage (ICH) has been described in patients with
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CADASIL®". By MRI or post-mortem examinations,
cerebral microbleeds were found in 31-69% of patients
with CADASIL®**. This implies that CADASIL
patients may have an increased risk for ICH, especially
while under antithrombotic therapy. One recent study
showed cerebral microbleeds were independently associ-
ated with increased modified Rankin scores; and the
severities of microbleeds were significantly related to
high blood pressure and the level of hemoglobin Alc.
Therefore, modulation of blood pressure and glucose
levels might affect the outcome of CADASIL patients®”.

Cognitive decline, dementia and psychiatric symp-
toms

Cognitive decline, dementia and psychiatric symp-
toms are frequent features in CADASIL"*". There is
considerable a variation in the age at onset and incidence
of dementia in CADASIL patients depending on the
diagnostic criteria and study design. In general, cognitive
decline is observed in at least 50% of all CADASIL
patients, and about 80% of CADASIL patients aged over
65 years are demented"'"”. Cognitive decline can be
observed during the early course of CADASIL, but sig-
nificant cognitive impairment is rarely observed prior to
the age 35 years®. The course of cognitive decline often
follows a stepwise pattern and is frequently accompanied
by gait disturbance, incontinence, and pseudobulbar
palsy. Other than that, psychiatric symptoms, such as
mood disorder, especially depression or schizophrenia,
are common features and be described in more than 20%
of CADASIL patients"*".

One study showed that working memory and execu-
tive function is already impaired in the pre-stroke
phase®®. These findings implied that early involvement
of cognitive function in CADASIL patients may be due
to the disturbance of cerebral blood flow rather than to
the cumulative effect of ischemic strokes. In the post-
stroke phase, studies showed that the performance of
Mini-Mental State Examination has significant correla-
tions with the total volume of infarct lesion load but not
white matter hyperintensities or microbleeds on brain
MRI®*??, Other studies showed that MRI diffusion tensor
imaging also correlated well with cognitive dysfunction
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as well as disease progression”**”. However, detailed
neuropsychological assessment is still being suggested in
the assessment of cognitive function in CADASIL
patients individually since one article containing three
CADASIL patients failed to see any relationship
between cognitive performance and parameters from
either structural or functional image studies“"*.

Other features

In addition to central nervous system (CNS) symp-
toms, there are sporadic reports of involvement of the
heart®?, renal system“”, neuromuscular system“*, reti-
na“*” or hearing™, but the incidence and the clinical rel-
evance of symptoms other than CNS are still controver-
sial. For example, one cardiovascular survey concluded
that Notch3 mutation carriers may be at increased risk of

early myocardial infarction®”

, while another report failed
to find electrocardiographic evidence for increased
myocardial ischemia or arrhythmias in CADASIL
patients“”. Overall, why the major symptoms of
CADASIL are limited to the CNS even though degenera-
tion of small blood vessels is present systemically

remains unclear.

Clinical course and long-term prognosis

The clinical course of CADASIL is variable even
within single family. Some gene carriers remain asymp-
tomatic throughout their life while others are severely
disabled at an early age. One study of 127 patients from
65 families with 17 different mutations showed a corre-
lation between phenotype and some modulating factors
but not between phenotype and Notch3 genotypes®™.
Smoking appears to increase the risk of stroke and high
homocysteine levels that are associated with increased
risk of migraine. Similar results were reported by a study
of 80 CADASIL subjects with a clinical follow-up of 2
years”". It also showed a large, inter-subject variability in
the duration and outcome of the clinical course. They
may deteriorate rapidly, remain stable, or even have
some improvement. For the long-term prognosis, one
study including 411 CADASIL patients in Germany
found that the expected life year was shortened, with
more significant in men than women (age at death, 64.6
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years and 70.7 years, respectively)®. Pneumonia was the
most frequent cause of death in CADASIL patients, fol-
lowed by sudden unexpected death and asphyxia®”. The
high rate of sudden unexpected death may be partially
explained by the observation of higher percentage of
autonomic derangement, representing as heart rate vari-
ability in CADASIL patients than in normal subjects®”.
However, whether they can have benefit from prophylax-
is with anti-arrhythmic agents to prevent life-threatening
arrhythmia is unknown.

DIAGNOSTIC STRATEGIES

Brain MRI

Brain MRI is the first line diagnostic tool for sus-
pected CADASIL patients. It usually demonstrates con-
fluent white matter changes over the peri-ventricular
areas (leukoaraiosis) and lacunar infarcts on T2-weight-
ed or FLAIR images™. MRI is usually abnormal in
asymptomatic patients, and a previous report showed
that all CADASIL patients have abnormalities on MRI
by the age of 35 years®”. A study containing 112
CADASIL patients from 64 families showed that lesion
loads increased progressively with age and were maxi-
mal in the frontal, parietal, and anterior temporal cortex-
es and the external capsule; intermediate in the pons; and
relatively low in the corpus callosum, caudate globus
pallidus, cerebellum, midbrain, and medulla®. Another
MRI study of 40 CADASIL patients in different age

9 showed that hyperintense lesions in the anterior

groups
temporal lobe and subcortical lacunar lesions were the
only abnormalities in patients aged 20-30 years, while
lacunar infarcts and more areas of hyperintensity involv-
ing the external capsule, basal ganglion, and brainstem
were present in 75% of patients aged 30-40 years.
Microbleeds occurred in 19% of patients aged 41-50
years and 47% of patients older than fifty years old®”.
For diagnostic purposes, the MRI finding that distin-
guishes between CADASIL and other diseases with sub-
cortical ischemia is abnormal signals in anterior tempo-
ral pole and external capsule. One study showed that
involvement of anterior temporal pole had high sensitivi-
ty (89%) and specificity (86%), whereas external cap-

sule involvement had high sensitivity (93%) but low
specificity (45%) in diagnosis of CADASIL"?.

Skin biopsy

Vascular changes in CADASIL are seen in small- to
medium-sized arteries and in some veins of almost all
organs including skin, so the skin biopsy was developed
as a diagnostic tool in CADASIL. The hallmark finding
on tissue specimen is granular osmiophilic material
(GOM), which is seen adjacent to the basement mem-
brane of the smooth muscle cells of arterioles on elec-
tron microscopy®”. The composition of GOM is not well
known and one study showed that Notch3 ectodomain
might be the major component®. The strategy that
detects GOM from skin biopsy can diagnose CADASIL
with 100% specificity but variable sensitivity (45-90%)
in different studies"*****. Recent studies showed that
staining the skin samples with the monoclonal anti-
Notch3 antibody could detect abnormal Notch3 express-
ing in the walls of arterioles and hence increased the
diagnostic validity with more than 95% diagnostic sensi-
tivity and 100% specificity .

Genetic analysis

The Notch3 gene includes 33 exons, and Notch3
mutations in CADASIL affect highly conserved cysteine
residues within the epidermal growth factor-like repeat
domain, which is the extracellular part of the receptor”.
The mutational spectrum of this gene in CADASIL
includes missense mutations (about 95%), splice site
mutations, and small in-frame deletions”. To date, more
than 100 different mutations have been reported from all

over the world, which reveals a large genetic heterogene-
(50,62)

ity

One study including 48 British families showed that
most mutations were located in exon 4, followed by
exons 3, 5 and 6, and 8, 18, and 22"%. Another study
from a Dutch DNA diagnostic laboratory (44 Dutch and
22 foreign families) also found the mutation rate was
highest in exon 4, but followed by exon 11, 5, 6, and
199, Thus, it is suggested that the exons 3~6 should be
screened first, and then exons 11, 18~23"%%%_Clinically
suspected patients who do not show a mutation in these
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exons should be screened in batches. So far the genetic
screening for Notch3 mutations has provided the most
definitive diagnosis with around 95% sensitivity and
100% specificity.

PATHOGENESIS

At least three mechanisms mediate the pathogenic
effects of Notch3 mutation in CADASIL: loss of recep-
tor function, gain of function, and neomorphic processes
(e.g., toxic). Mutations of Notch3 characteristically lead
to an epidermal growth factor-like repeat domain (six
repeats in normal) to an odd number of cysteine residues
(either five or seven) through gain or loss of a residue".
No mutations leading to three cysteine residues or not
involving a cysteine residue have ever been reported®*”.
Though the pattern of cysteine mutations is fixed, the
mechanism by which mutated Notch3 receptors lead to
degeneration of vascular smooth muscle cells and clini-
cal symptoms in CADASIL is still uncertain.

Pathologic findings

CADASIL is a non-atherosclerotic, amyloid nega-
tive, angiopathy involving small vessels of the brain and
other organs”®. In brain, histological sections show that
the walls of small- and medium-sized leptomeningeal
arteries are markedly thickened. Accumulations of GOM
and Notch3 ectodomains are found near vascular smooth
muscle cells (VSMC) of cerebral arteries, veins, and
recently found in capillaries within or near the basal lam-
ina®.

One study showed widespread neuronal apoptosis in
the cerebral cortex by immunostaining the activated cas-
pase3 protein. It suggested that programmed neuronal
death may be a common feature in CADASIL and asso-
ciated with cortical atrophy””. Other studies showed that
choline acyltransferase activities in the frontal and tem-
poral neocortices were significantly reduced, indicating
the impairment of cholinergic neurons in CADASIL
patients”"’. Since neuron doesn’t express Notch3 recep-
tor, the early neuronal loss in CADASIL might be sec-
ondary to cerebral ischemia or infarction induced by vas-
cular occlusion. These findings also imply the potential
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of anti-apoptotic or cholinomimetic agents in treating
CADASIL patients.

By the way, although vasculopathy and GOM depo-
sition are seen in most internal organs, pathological
changes other than vasculopathy on those organs or asso-
ciated symptoms are usually mild. For example, vascu-
lopathy and GOM deposition in coronary arteries very
rarely results in myocardial infarction"*'”. Therefore,
other unknown mechanisms should be responsible for
the stroke and related CNS symptoms.

Animal models

Gene targeting procedures were used to introduce a
deletion allele of Notch3 and thereby create Notch3
knockout mice. The mutant mice were viable and fertile.
However, adult Notch3-/- mice exhibited marked arterial
defects™. Although not deficient in VSMC, mutant mice
had arteries with thinner VSMC layers than were present
in wild-type arteries and impaired cerebral blood flow
and cerebrovascular resistance in response to angiotensin
IT or phenylephrine injections. These findings indicated
that Notch3 is required for the structural and functional
integrity of arteries, particularly smaller-diameter arter-
ies.

Notch3 transgenic mice that express full-length
human Notch3 carrying the Arg90Cys mutation have
been generated”. This transgenic mouse had two hall-
marks of CADASIL angiopathy (GOM deposits and
Notch3 accumulation within both the cerebral and
peripheral arteries) but no prominent brain parenchyma
damage. Time course analysis revealed anchorage of dis-
rupted normal VSMC to adjacent extracellular matrix
and cells, and VSMC cytoskeleton degeneration at 10
months of age, and Notch3 and GOM accumulation at
around 14-16 months of age. These findings suggested
early disruption of anchorage of the VSMC rather than
Notch3 accumulation may be the key event initiating a
cascade of events leading to VSMC degeneration.

On further study using two potent vasodilator stimuli
(acetaxolamide and hypercapnia) and monitoring cere-
bral blood flow by laser Doppler flowmetry, this trans-
genic mice model showed impaired cerebral vasoreactiv-
ity as early as age 10 months™. Another study using tail
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artery segments from 10-11 month-old mice also showed
that flow and pressure is selectively impaired”. These
findings support the hypothesis that early vascular
abnormality may arise from VSMC dysfunction rather
than loss of VSMC since the characteristic vascular
pathology in these transgenic mice does not appear
before age 10 months. However, although these trans-
genic mice have the characteristic vascular pathology,
they don’t exhibit brain parenchyma damage or strokes
and the reasons remain unclear.

In vitro assays

Notch3 signaling was shown to be a critical determi-
nant of VSMC survival and vascular structure in vitro”.
Activation of Notch3 could provide the cytoprotection by
directly increasing the expressional level of c-Flip, a cas-
pase inhibitor, in response to the proapoptotic Fas ligand
stimulation or indirectly modulates the c-Flip activity
through the ERK/MAPK pathway in a cross-talk fash-
ion™.

Several studies have been done to determine whether
mutations of Notch3 result in change of receptor func-
tions™*. One study generated a stable cell line express-
ing a murine Notch3 R142C mutation. As compared
with the wild type, the mutant cell line responded nor-
mally to Notch3 ligand stimulation, but expressed lower
proportion of the Notch3 site 1-cleaved configuration,
thus the amount of Notch3 receptor at the cell surface
was reduced®”. This change would ultimately increase
the number of intracellular aggregates of Notch3 and
result in accumulation or slow transport in the secretary
process. Interestingly, in a study that tested three differ-
ent mutation sites in A7r5 VSMC, cells carrying two
mutations located outside the ligand binding domain
(R133C and C183R) responded normally to Jagged 1
induced signaling, but cells with the mutation within the
ligand binding domain (C455R) had markedly reduced
signaling activity®”. In addition, all three mutant mole-
cules showed altered S1 cleavage/receptor configuration
and maturation. Similarly, another study confirmed that
the mutation of C428S, which is located within the lig-
and binding domain, alters ligand binding as well as sig-
nal transduction®®”.

In summary, Notch3 is essential for the normal
development of the VSMC layer in vivo and survival of
VAMC in vitro. R90C transgenic mice showed that
expression of Notch3 mutation could lead to GOM and
Notch3 accumulation. Cell lines carrying certain types
of Notch3 mutations may alter the ability of receptor
expression, ligand binding, or signaling transduction.
However, two major key questions (how Notch3 muta-
tions lead to phenotypic presentation of CADASIL, and
why the clinical manifestations restricted mostly in the
CNS) remain to be clarified.

CADASIL IN TAIWAN

The CADASIL had not been reported in Taiwan
until year 2005. The diagnosis of that CADASIL family
was confirmed by the characteristic electro microscopic
findings on skin biopsy and the presence of a Notch3
mutation at exon 6 (R332C) in the proband patient".
The clinically affected members shared common mani-
festations of recurrent strokes, dementia and depressive
disorders but no migraine. Another study reported 5
CADASIL patients from different families carrying
Notch3 mutations (two were in exon4 and the other three
were in exon6, 11 and 18, respectively) one year later.
Among them, only one patient had positive skin biopsy
results and none had migraine history.

Considering the estimated prevalence of CADASIL
in Scotland is approximately 1 in 50,000 adults; though
this estimate cannot be generalized worldwide, there
should be more CADASIL families than currently
reported in Taiwan. Besides, the low sensitivity of skin
biopsy (33.3%) and lack of migraine history in this case
series may suggest the possibility of racial-ethnic differ-
ences in spectrums of phenotype or genotype of
CADASIL. Further research should be conducted to
clarify this issue. These findings also emphasize the
importance of genetic screening of the Notch3 with a
phenotype suggesting CADASIL.

PERSPECTIVE

Clearly, Notch signaling plays an important role in
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vascular development and in human vascular diseases.
Over the past few years, the number of CADASIL
patients has increased significantly in response to
advances in technology (neurovascular imaging, molecu-
lar genetic confirmation techniques, and ultrastructural
methods for assessing pathological change). However,
the true prevalence of CADASIL is still underestimated
especially in areas outside Europe. In addition, though
basic research has identified various functional roles of
Notch3 in vascular smooth cells in vitro and animal
models in vivo, much remains to be elucidated. Studies
should continue to explore the molecular basis of Notch3
mutation leading to brain damage and clinical manifesta-
tions of CADASIL.
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