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Abstract Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL)
is a genetically transmitted small vessel disease clinically
characterized by migraine, recurrent subcortical strokes,
and cognitive and mood disorders. Pathogenic mutations
are located on any of the exons of the NOTCH3 gene
coding for epidermal-growth factor (EGF)-like repeats of
the extracellular domain of the NOTCH3 receptor. Because
the gene is large and the mutations cluster on some exons,
many laboratories restrict the analysis to these exons. We
report the first missense mutation involving exon 24 and
causing CADASIL in a 64-year-old man. The patient was
admitted to the hospital for a loss of consciousness
accompanied by profuse sweating. On examination, some
parkinsonian features were present. Over the last 4 years,
he had developed postural instability and gait disturbances
with repeated falls, behavioral disorders, and cognitive
impairment. A diagnostic hypothesis of atypical parkin-
sonism had been advanced. The presence of multiple
subcortical lacunar infarcts and leukoencephalopathy
extended to the external capsule on cerebral MRI suggested
the presence of CADASIL. The diagnosis was confirmed
by finding a heterozygous mutation leading to a cysteine
substitution on exon 24 of the NOTCH3 gene. One pro-
band’s brother, who had progressive gait disturbances,
unilateral action tremor and bradykinesia, and an

R. Valenti - F. Pescini - D. Inzitari - L. Pantoni (<))
Department of Neurological and Psychiatric Sciences,
University of Florence, Largo Brambilla 3,

50134 Florence, Italy

e-mail: pantoni @unifi.it

S. Bianchi - C. D’Eramo - M. T. Dotti

Department of Neurological and Behavioural Sciences,
University of Siena, Siena, Italy

@ Springer

asymptomatic niece also resulted affected. This report
underlines that when CADASIL is suspected the genetic
analysis should be performed on all the NOTCH3 exons
coding for EGF-like repeats including exon 24 and con-
firms that CADASIL may have heterogeneous phenotypes.
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Introduction

Cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) [MIM
125310] is an inherited autosomal dominant small vessel
disease caused by point mutations of the NOTCH3 gene
localized on chromosome 19p13.1 [1]. The disease is clin-
ically characterized by a variable combination of migraine,
recurrent transient ischemic attacks or strokes, cognitive
impairment, and psychiatric disturbances [2]. Less frequent
manifestations of the disease are epilepsy, transient distur-
bances of consciousness, visual impairment, and hemor-
rhagic strokes [2-5]. CADASIL has a progressive course,
and severe disability and dementia develop in about three-
fourths of the patients at the end stage of the disease [2, 6].
Cerebral magnetic resonance imaging (MRI) abnormalities
in CADASIL include diffuse white matter hyperintensities,
typically extending to the anterior portion of the temporal
lobe and the external capsule, subcortical lacunar infarcts,
and microbleeds [2, 7-10]. The clinical-radiological phe-
notype of the disease is, however, highly variable [2, 6, 11].

The disease is caused by mutations in any of the 23
exons of the NOTCH3 gene coding for the EGF-like repeat
domains of the extracellular portion of the NOTCH3
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receptor. The vast majority are missense point mutations
leading to a cysteine substitution [1, 2, 12—-14]. So far,
about 170 mutations have been reported [14-16]. Other
less common types of mutations include deletions, inser-
tions, splice sites, frameshift mutations and duplications
[14, 15]. Mutation screening covering the whole region
coding for EGF repeats (exons 2-24) is time consuming
and expensive. Thus, many laboratories analyze only those
exons that, according to the previous reports, harbor the
majority of the mutations, mainly exons 3, 4, 5 and 8
(covering 62% of all the reported pathogenic NOTCH3
mutations) and less frequently exons 2, 6, 11 and 18 (to
cover 80% of cases) [2, 15-17]. This strategy has turned
out to be unreliable in our experience. In fact, at least in
Italy, the distribution of mutations is more spread among
exons [12]. Thus, in the last few years, we started to
examine all the exons codifying for EGF-like repeats in
suspected patients, and more recently, our laboratory has
started analyzing also exon 24 where, to the best of our
knowledge, mutations have never been found.

Here, we report the first missense point mutation on
exon 24 of the NOTCH3 gene responsible for CADASIL in
a patient with unusual clinical manifestations of the
disease.

Case report

A 64-year-old man (proband) presented to the emergency
department for a transient loss of consciousness with fall
accompanied by profuse sweating. No involuntary move-
ment or urinary incontinence occurred. The episode was not
preceded by dyspnea or dysautonomic prodromal symptoms
such as nausea and vomiting. A brain CT-scan excluded
hemorrhage and revealed diffuse leukoencephalopathy,
multiple lacunar infarcts, and cortical atrophy. Blood tests
showed normal values of hemoglobin, electrolytes, and
elevated glycemia (262 g/L). The ECG recorded no
abnormalities. The patient was then admitted to the neu-
rology ward. Salient findings of his neurologic examination
included: spatial and temporal disorientation, facial hyp-
omimia (with absent blinking), bradykinesia, festination,
start hesitation and freezing of gait with decreased arm
swing. Muscle tone was increased, with more marked axial
than limb rigidity. Tremor was absent and ocular move-
ments were preserved. Hypokinetic dysarthria and mild left
facial paralysis without dysphagia were present.

The patient had a history of diabetes mellitus, hyperten-
sion, and myocardial infarction treated with percutaneous
coronary angioplasty. He suffered from postural hypoten-
sion and, over the previous 4 years, he had progressively
developed postural instability, rigidity, bradykinesia and
gait disturbances with repeated falls, usually accompanied

by abundant sweating. Constipation, urinary incontinence or
sexual dysfunction were not reported. His relatives reported
behavioral disturbances, in particular aggressiveness and
apathy, and cognitive impairment characterized by pro-
gressive difficulty in complex activities (such as playing the
flute, that had been his favorite hobby for years) and short-
term memory disturbances. Over the last 2 years, he had
presented repeated episodes of acute mental confusion with
temporal and spatial disorientation. He had never had hal-
lucinations, psychotic features, sleep disturbances or vivid
nightmares. No stroke had occurred. He had become grad-
ually dependent in the activities of daily living and had
started therapy with levo-dopa without benefits. For severe
agitation quetiapine was also started. A diagnosis of atypical
parkinsonism (Lewy body disease, multiple system atrophy,
progressive supranuclear palsy or vascular parkinsonism)
was thus advanced. Cerebro-spinal fluid examination was
normal and ruled out tau, beta-amyloid or protein 14.3.3
level abnormalities. Instrumental evaluations revealed
reversed circadian rhythm of blood pressure and orthostatic
hypotension; the standard monitoring ECG and the head up
tilt test were normal. Neck vessels and transcranial Doppler
sonography excluded extracranial and intracranial arteries
stenoses. On EEG, diffuse slowing without stereotyped
sharp wave discharges was present. A neuropsychological
evaluation confirmed the presence of moderate cognitive
impairment (MMSE = 17/30) involving several domains,
in particular memory, attention and executive functions,
abstraction capacity, impulse control, set-shifting, and psy-
chomotor slowing. A cerebral MRI showed severe white
matter lesions, with multiple subcortical lacunar infarcts in
the basal ganglia, thalami, pons and cerebellum, and corti-
cal, subcortical and medial temporal atrophy. Atrophy of the
infratentorial middle cerebellar peduncle or midbrain teg-
mentum were not present. SPECT-scan showed reduction of
DAT sites in the right striatum in comparison with contra-
lateral side deemed to be a consequence of the ischemic
lesions detected by MRIL

The presence of severe white matter lesions with
involvement of the external capsule (despite the lack of
extension to temporal poles), associated with the presence
of multiple subcortical lacunar infarcts (Fig. 1), brought to
suspect CADASIL. The family history was then specifi-
cally assessed. The patient’s father had died from a brain
hemorrhage at the age of 62 years, the paternal grandfather
had repeated strokes in midlife, a paternal uncle was
reported to have had gait disturbances, and a 64-year-old
brother had gait and behavioral disturbances. After con-
sent, the patient was subjected to the genetic test that
revealed the heterozygous mutation ¢.3944G>A on exon
24 of the NOTCH3 gene responsible for the replacement of
a cysteine at position 1315 with a tyrosine (p.Cys1315Tyr);
CADASIL was thus diagnosed.
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Fig. 1 Cerebral MRI
(proband). Diffuse, symmetric,
and confluent hyperintense
lesions in the periventricular
and deep white matter with
extension of to the external
capsules on an axial FLAIR
image (a and b). Cerebral MRI
(proband’s brother). Diffuse,
symmetric, and confluent
hyperintense lesions in the
periventricular and deep white
matter on a FLAIR images (c).
Multiple lacunar infarcts in the
thalami and basal ganglia in
the proband’s brother

on a T1-weighted image (d)

Other family members then required genetic test. The
same mutation was found in the proband’s brother who had
a 4-year history of progressive gait disturbances and right
hand action tremor associated with bradykinesia. For these
disturbances, levo-dopa had been started and then stopped
for lack of efficacy and the presence of side effects. He also
had some memory disturbances and behavioral disorders,
mainly excessive irritability. Nevertheless, he was still able
to work as computer engineer. No urinary incontinence or
history of depression was reported. In the past, he suffered
from migraine without aura. His cerebral MRI revealed
moderate periventricular leukoencephalopathy (with mini-
mal involvement of the temporal poles) associated with
multiple subcortical lacunar infarcts in the thalami, corona
radiata, and pons, in addition to cortical atrophy (Fig. 1).
Like the proband, he had several vascular risk factors
(diabetes mellitus, hypertension, smoking, hypercholester-
olemia, and obesity). The genetic test was performed also

@ Springer

in his two children. The first was a 30-year-old man who
suffered from migraine but did not have history of cere-
brovascular events, epilepsy or mood disorders. The
27-year-old daughter did not present any CADASIL typical

disturbance. The automated sequencing of exon 24
revealed the 3944G>A mutation only in the daughter. The
other 62-year-old proband’s brother refused the genetic
investigation (Fig. 2).

DNA analysis

Following informed consent, total genomic DNA was
extracted from peripheral blood leucocytes using standard
procedures. Polymerase chain reaction (PCR) was per-
formed with primers (comprising intron—-exon boundaries)
specific for exons 2-24 of the NOTCH3 gene (primers
and PCR conditions available on request). Following
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Fig. 2 Family pedigree. The proband is indicated by the arrow.
Symptomatic subjects for CADASIL are represented in black filled
symbols. When known, cause of death are reported

purification of PCR products, sequencing was performed
using the automated sequencer ABI 3730 (Applied Bio-
systems, Foster City, CA, USA).

Discussion

We have reported for the first time a family with a path-
ogenic mutation responsible for CADASIL located on exon
24 of the NOTCH3 gene. Despite EGF-like repeats are
coded also by exon 24, mutations on this exon had never
been found. In fact, the entire NOTCH3 gene has a high GC
content (about 65% in the coding region) and exon 24, with
a 77% GC composition, is difficult to amplify by the PCR
[18]. In our laboratory, a variety of additives agents
including dimethyl sulfoxide, betaine, formamide, glyc-
erol, non-ionic detergents and their combinations were
used until we were able to obtain a sufficient quantity and a
good quality of DNA amplification.

Considering the previously published pathogenic muta-
tions, about half of them have been located on exons 2—4
and the other half on exons 5-23 [2, 14]. Also, the mutation
found in this family leads to a cysteine substitution within
the EGF-like repeat 33 of the NOTCH3 receptor following
the stereotyped nature of mutations typical of CADASIL,
thus supporting the pathogenic role of this mutation in the
disease. Our report further expands the genetic spectrum of
CADASIL and confirms the disperse distribution of
NOTCH3 mutations on the different exons. This finding
points out the need of including the analysis of exon 24
when CADASIL is suspected. This extended analysis
seems in order to avoid an underdiagnosis of the disease.
Another aspect to consider is that there could be a

perpetuating erroneous knowledge of the distribution of the
mutations across the NOTCH3 exons if the analysis is
limited to a few exons.

Another point of interest concerns the clinical features
of the patient. The proband and his brother presented some
peculiar phenotypic aspects, specifically a prominent par-
kinsonian syndrome [19-21], and absence of some typical
aspects of CADASIL, namely stroke and migraine. This
phenotype could be regarded as a case of vascular par-
kinsonism [22]. According to some authors, this is char-
acterized by symmetric parkinsonian syndrome with gait
disorders, specifically freezing, rigidity (prevalent in the
lower limbs), cognitive impairment, and finally pseudo-
bulbar palsy; resting tremor is usually absent [22]. This
picture is poorly responsive to dopaminergic treatment and
is attributed to diffuse subcortical vascular lesions dis-
rupting basal ganglia/motor cortex connections [22]. One
case of vascular parkinsonism diagnosed as CADASIL was
reported in a 55-year-old male patient with functional
integrity of the nigrostriatal dopaminergic system in whom
the disease was diagnosed by skin biopsy [23]. Another
CADASIL patient was reported with a clinical presentation
compatible with severe progressive supranuclear palsy
[24]. Our case confirms that the parkinsonian phenotype
may represent one of the manifestations of CADASIL and
suggests that the disease should be considered in patients
with atypical parkinsonism, particularly vascular parkin-
sonism. Of note, the MRI picture of our proband lacked the
most typical CADASIL features (i.e., white matter hyper-
intensities in the anterior temporal lobe). In this sense, our
report confirms the heterogeneity of the clinical-radiolog-
ical phenotypic expression in CADASIL [2]. However,
also the possible coexistence of CADASIL and other
neurodegenerative disorders should be taken into account
in this regard as recently pointed out [25].

The proband had a history of coronary artery disease
which is not listed among the typical CADASIL manifes-
tations. However, one study showed that myocardial
infarction is not infrequent in CADASIL patients and is
possibly caused by the presence of coronary microvascular
alterations typical of the disease [26]. It is to be considered
that our patient, like his brother, presented with a high
vascular risk profile.

Because the genotype—phenotype correlation in CADA-
SIL has not been clarified and only few data support its
existence [2, 11, 12, 27], it is hard to speculate that the novel
mutation found in our patient has a specific effect on the
expressivity of the disease. In CADASIL, the phenotypic
variability and atypical features may be attributable for
example to the influence of vascular risk factors [28, 29] or to
other unexplored factors. Even within a single family, the
age of onset and the disease severity and progression can
vary significantly. Being this the first reported family, itis not
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clear whether also other mutations on exon 24 may cause
different phenotype expression leading to unusual clinical
pictures and whether this might have led, along with the
mentioned laboratory difficulties in analyzing this exon, to
the uncovered role of exon 24 in CADASIL.

In summary, this case report underlines that when CA-
DASIL is suspected, analysis should be performed on all
the NOTCH3 exons coding for EGF-like repeats extending
the investigation also to exon 24 and that the parkinsonian
syndrome might represent one of the potential manifesta-
tion of CADASIL. Moreover, this report confirms the
heterogeneity of the clinical-radiological phenotypic
expression in CADASIL.

Conflict of interest The authors declare that they have no conflict
of interest in relation to this paper.
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