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Abstract

We report the case of a 57-year-old male patient with cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) diagnosed on the basis of ultrastructural and genetic examinations.
Ultrastructurally, granular osmiophilic material (GOM) deposits, degeneration and loss of vascular smooth muscle
cells (VSMC) and pericytes in small arterial and capillary vessels from skin-muscle biopsy typical of CADASIL were
visible. Degeneration of pericytes and endothelial cells were often pronounced, which resulted in a complete disap-
pearance of mural cells and extremely severe thickening of the basement membrane. Degenerative changes in blood
vessels, especially evident in skeletal muscle arterioles, also included significant vacuolization of VSMC, misshapen
nuclei both in vessel wall cells and skeletal muscle fibres, and deposits of a hyaline material and calcium in the vessel
wall. Abundant calcium deposits were located in the vascular basement membrane and exhibited laminar mor-
phology with abnormally arranged light and dark bands. In the basement membrane of the most severely affected
microvessels, only clusters of calcium deposits and remnants of the mural cells were observed. Laminar calcifications
were also observed within the basement membrane surrounding skeletal muscle fibres. Such abundant calcium
deposits in CADASIL have not as yet been described. Morphological findings, described in this report, expand the
spectrum of histopathological changes in this genetically determined angiopathy.
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Introduction characteristic of CADASIL, the observed changes com-

Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL)
is an inherited systemic non-amyloid, non-atheroscle-
rotic arteriopathy that affects — contrary to its name
— not only the brain but also other organs and struc-
tures. Its generalized nature enables the diagnosis
through the ultrastructural examination of the skin
or skeletal muscle vessels. At the ultrastructural level,

prise degeneration and loss of vascular smooth muscle
cells (VSMC) and pericytes as well as the accumula-
tion of granular osmiophilic material (GOM), typical of
this disease with different morphology in vessel walls
[8,18,20,26].

CADASIL is caused by mutations in the NOTCH3
gene encoding transmembrane receptor Notch3 [15].
Notch signalling plays an important role in the vas-

Communicating author:

Teresa Wierzba-Bobrowicz, Department of Neuropathology, Institute of Psychiatry and Neurology, 9 Sobieskiego Str., 02-957 Warsaw,

Poland, phone/fax: +48 22 458 25 24, e-mail: bobrow@ipin.edu.pl

302

Folia Neuropathologica 2013; 51/4



cular development and human vascular disease [23].
Notch3 is one of four members of the Notch family
receptors (Notch1-4) [16] found in human VSMC and
pericytes [14,15], whereas Notchl and Notch4 are
also present in endothelium [28].

Notch3 is involved in an evolutionarily conserved
signaling pathway essential for the cardiovascular
development. Alternations in Notch signaling lead
not only to abnormal vascular development but also
to disturbed homeostasis of the cardiovascular sys-
tem [5,13]. Experimental studies with Notch mutants
display either vascular abnormalities or lethal cardio-
vascular defects [5,12,21]. In humans, NOTCH1 muta-
tions lead to Alagille syndrome, in which cardiovascu-
lar anomalies are among the most common features
[23]. NOTCH1 mutations were also described in aor-
tic valve disease characterized by structural defects
and severe calcification of the valve [10,24]. Moreover,
mutations in JAGGED1 receptor involved in Notch sig-
naling pathway have been found in patients with
isolated congenital heart defects, including pulmonic
stenosis or tetralogy of Fallot [1,9,17].

The aim of this paper is to describe atypical patho-
logical changes in vessels from skin and muscle biopsy
in the patient with genetically confirmed CADASIL

Case report

A 57-year-old man was admitted to the Depart-
ment of Neurology, few weeks after the first episode
of ischemic stroke, to diagnose diffused white mat-
ter changes detected by magnetic resonance imag-
ing (MRI) scan (Figs. 1 and 2). The patient also suf-
fered from migraine headaches, postinfarction heart
failure, severe coronary artery disease, atrial septal
aneurysm and abdominal aortic aneurysm. For a few
years he has demonstrated mood disturbances (apa-
thy) and behavioural changes (initiative and social
withdrawal, difficulties in performing daily activities).
The patient’s family history revealed epilepsy in his
father and daughter, and migraine in his mother.

On neurological examination, pseudobulbar syn-
drome and right-sided hemiparesis were revealed.
Neuropsychological evaluation showed significant
deficits in attention, executive functions, and memory.

Diagnostic procedures performed during the hos-
pitalization excluded metachromatic leukodystrophy,
GM-1 and GM-2 gangliosidosis, adrenoleukodystro-
phy, and Krabbe, Fabry and Schindler diseases as the
causes of the white matter abnormalities.
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Genetic examination performed in the Neuroim-
munology Laboratory, 2" Department of Neurology,
Institute of Psychiatry and Neurology, revealed a muta-
tion in the 12 exon of the NOTCH3 gene.

Material and methods

Examination of the tissue samples was performed at
the level of light and electron microscopy. Formalin-fixed
and paraffin-embedded slides from the skin and skeletal
muscle biopsy were stained with HE and Kossa method.

Fig. 1. Brain MRI. FLAIR sequence showing a con-
fluent lesion in periventricular and subcortical
white matter and external capsules.

Fig. 2. Brain MRI. FLAIR sequence showing rela-
tively spread anterior temporal lobes.
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At electron microscopy the muscle and skin tis-
sue samples were fixed in 2.5% glutaraldehyde with
post-fixation in 2% osmium tetroxide, and routine-
ly processed into epoxy resin. Semi-thin sections
stained with toluidine blue were examined in the light
microscope to select the areas required. Ultrathin sec-
tions were counterstained with uranyl acetate and
lead citrate and examined in the transmission elec-
tron microscope (Opton DPS 109).

Results

Ultrastructural examination of muscle and skin
vessels showed GOM deposits, numerous in arterioles
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but very rare in capillaries. Blood vessels in skeletal
muscle were dramatically changed.

Skeletal muscle arterioles

The arterioles revealed degeneration, and loss
of VSMC, thickening of the basement membrane.
VSMCs were damaged to a varied degree and their
ultrastructural abnormalities were highly diverse. In
our CADASIL patient, the VSMC were enlarged and
ballooned or often thin and irregular in shape (Figs.
3A-B). In VSMC cytoplasm complexes of swollen
mitochondria with a reduced amount of cristae (Fig.
3A) were seen, but numerous vacuoles of different
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Fig. 3. Degenerative changes in arteriolar walls.
(A) Large ballooned VSMCs with complexes
of distended mitochondria (M) and misshap-
en nuclei (N). GOM deposits in VSMC infolding
(arrows). Orig. mag. x4400. (B, C) Visible endo-
thelial cell with vacuoles (V), thinned VSMCs
with features of degeneration and loss. In their
cytoplasm, swollen mitochondria (M) and vac-
uoles (V) are seen. Near disintegrated VSMCs,
numerous GOM deposits of various size (arrows)
are located. (B) Orig. mag. x7000, (C) Orig. mag.
x12 000.
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size, including vacuoles containing mitochondria,
were the most characteristic finding (Figs. 4A-C).
Some giant vacuoles were surrounded by a double
membrane similar to the mitochondria (Fig. 4B).
Cytoplasm of the thinned and irregularly shaped
VSMC showed few organelles, such as mitochon-
dria (Fig. 3B). Nearby VSMC membranes or in their
infoldings numerous deposits of GOM were visible
(Figs. 4B-C). The endothelial cells (EC) also revealed
pathological changes. In their cytoplasm, narrow
lumen and numerous vacuoles were seen (Fig. 5).
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Sometimes in arteriolar wall a focal deposition of
hyaline material and non specific-granular debris
were observed (Fig. 5). Interestingly, shrunken and
irregularly shaped nuclei were present in all mural
cells (Figs. 4A and 5).

Light microscopic examination revealed granular
deposits in the wall of vessels (Fig. 6A). At the ultra-
structural level, laminarly arranged calcium depos-
its were seen in prominently thickened basement
membrane (Figs. 6B-D). They were found to be single
(Fig. 6B) or in clusters near mural cells (Figs. 6C-D).

Fig. 4. Pathological changes in VSMCs. (A) VSMCs
with numerous vacuoles (V) of various morphol-
ogy, including vacuole-containing mitochondria
(star), swollen mitochondria (M) and misshapen
nuclei (N). GOM deposits (arrows). Orig. mag.
x4400. (B) VSMCs with large vacuoles (V). One of
them (giant) limited by a double membrane (*).
In VSMC infolding, GOM deposits (black arrows)
are visible. Orig. mag. x12 000. (C) In VSMCs,
cytoplasm vacuoles (V) of various size, distend-
ed mitochondria (M) and misshapen nucleus (N)
are seen. VSMCs surrounded by numerous GOM
deposits (arrows). Orig. mag. x7000.

305



Eliza Lewandowska, Teresa Wierzba-Bobrowicz, Julia Buczek, Grazyna Gromadzka, Dorota Dziewulska

i

Fig. 5. Arteriolar wall with hyaline material (arrows) located near endothelial cells (EC). In endothelial cells’ cytoplasm,
numerous vacuoles (V) are visible. VSMCs with swollen mitochondria (M) and vacuoles (V). Orig. mag. x4400.

Skeletal muscle capillaries

Capillary vessels showed very rare deposits of
GOM. Usually they had a narrow lumen, very thick
basement membrane and thin or swollen endothelial
cells. Some endothelial cells were completely disin-
tegrated. In the cytoplasm of the affected EC, only
a few organelles, including vacuoles, pinocytic vesi-
cles and mitochondria were seen (Fig. 7A). The peri-
cytes were usually lost and in the majority of capillar-
ies only residual pericytes were observed (Fig. 7B). In
the thick basement membrane, laminar calcifications
were visible (Fig. 7B). In extremely damaged vessels,
only big conglomerations of basement membrane
with laminar deposits of calcium, often located near-
by the remains of mural cells, were seen (Fig. 7C).

Skeletal muscles

Besides muscle fibres of normal diameter and
architecture, necrotic fibres were present. Staining
with Kossa method showed granular material on the
periphery of skeletal muscle fibres (Fig. 8A). Ultra-
structurally, calcium deposits in the basement mem-
brane, surrounding numerous pathological skeletal
muscle fibres, were found (Fig. 8B). Several muscle
fibres nuclei showed irregular shape, dense chroma-
tin and were shrunken (nuclei with undulating sur-
face) (Fig. 8C). In muscle fibres with normal structure,
large clusters of mitochondria of altered morphology
were seen (Fig. 8D).
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Discussion

Our ultrastructural investigation of the skin and
skeletal muscle biopsy in the patient with CADASIL,
confirmed by the electron microscopy and genetic
testing, revealed morphological changes of blood
vessels typical of this disease. Morphologically,
CADASIL is characterized by the accumulation of
granular osmiophilic material, VSMC and pericyte
degeneration and loss as well as thickening of the
basement membrane [8,19,20,26]. Besides typical
abnormalities we found calcium deposits in the
thickened basement membrane in both vessels and
muscle fibers. Compared with our earlier biopsies,
this patient showed particularly severe damage to
arterioles and capillaries. Degenerative changes of
VSMCs were dramatic. Numerous VSMCs were nar-
row and irregular in shape and their nuclei were mis-
shapen like in other cells including muscle fibres.

The presence of numerous vacuoles of different
sizes, some of them very large, and clusters of swol-
len mitochondria is particularly worth emphasising.
Some of vacuoles were limited by double membrane,
which may suggest their origin from mitochondria.
Sometimes vacuoles contained mitochondria pre-
sumably indicating their autophagic functions.

We also observed significant narrowing of the
vessel lumen, damage to the vascular wall and pro-
minent thickening of the basement membrane,
probably due to deposition of hyaline material.
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Fig. 6. Calcium deposits in arteriolar walls. (A)
Grains of calcium in the vessel wall (arrows). (B)
single laminar calcium deposit (light arrows) in
a thickened basement membrane near VSMC
and collagen fibres (C). In VSMC lipofuscin (LF),
swollen mitochondria (M) are visible. Inside in-
folding VSMC deposits of granular osmiophilic
material (GOM) (black arrows) are visible. Orig.
mag. x7000. (C, D) Numerous laminar calcium
deposits (light arrows) in the basement mem-
brane (BM) in the vicinity of endothelial cells
(EC) and VSMCs. Nuclei (N) of both endothelial
cells and VSMCs are misshapen. (C) Orig. mag.
%4400, (D) Orig. mag. x12 000.
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In many arterioles there was a myriad of GOM
deposits in both indentations of VSMC cytoplasmic
membranes or free within the thickened basement
membrane as described previously [2,7,19,25]. Inter-
estingly, GOM deposits were much less numerous in
capillaries compared to our other patients, although
the basement membrane was very thickened and
degeneration and loss of pericytes was still visible.
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Fig. 7. Degenerative changes in capillary vessels
of the skeletal muscle. (A) Swollen and disinte-
grated endothelial cells (EC) with pathological
organelles and disappearing pericytes (P). Very
thick basement membrane (BM). Orig. mag.
x7000. (B) Thickened basement membrane with
laminar calcium deposits (arrows) and residual
pericytes (P). Endothelial cell (EC). Orig. mag.
x7000. (C) Cluster of a thickened basement
membrane (BM) with numerous calcium depos-
its (arrows) and remnants of disappearing mural
cells (stars). Orig. mag. x7000.

Apart from morphological changes in the skin and
skeletal muscle vessels typical of this disease, our
CADASIL patient also showed unusual pathological
changes. They included accumulation of hyaline
material, large amounts of collagen fibres and calci-
um deposits in the thickened basement membrane.
The presence of extracellular calcium deposits
of different size and morphology in both vascular
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Fig. 8. Pathological changes in skeletal muscle fibres. (A) Grain of calcium under sarcolemma (arrows).
(B) Calcium deposit (arrow) in the basement membrane surrounding skeletal muscle fibres. Orig. mag. x7000.
(C©) Misshapen nucleus (N) in the skeletal muscle fibre. Orig. mag. x4400. (D) Muscle fibres with a large cluster
of pathological mitochondria (M) with changed morphology. Orig. mag. x12 000.
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basement membrane and muscle fibers was very
surprising. To our best knowledge, this is the first
description of such deposits in CADASIL. The pres-
ence of small vessels, probably capillaries, almost
completely devoid of mural cells was also a very
interesting finding. The affected capillaries revealed
only the conglomeration of basement membrane
with calcium deposits and sometimes remnants of
mural cells, which caused the dysfunction of these
blood vessels.

Calcification of blood vessels is observed in many
diseases, including artheriosclerosis, diabetes and
chronic renal failure and may involve large as well
as small vessels [3]. In our patient, the two latter dis-
eases were excluded but the presence of mutation in
12 exon of the NOTCH3 gene could be an additional
factor that increased vessel mineralization. Although
there is no evidence that Notch3 mutations can be
a causative factor contributing to vessel calcifica-
tion, it is well known that Notch signaling pathway
is involved in this process.

Many studies have revealed that vessel cells,
including endothelial cells, vascular smooth mus-
cle cells, myofibroblasts, and pericytes can under-
go osteogenic differentiation. It is also known that
molecular events associated with calcification of the
vasculature resemble endochondral bone ossifica-
tion [references in: 11]. Although the signals, which
initiate vessel calcification are not well understood,
Notch signaling pathway is involved in this process
and enhances osteogenic conversion and mineraliza-
tion of vessel wall cells, including VSMCs. VSMCs are
not terminally differentiated and can undergo phe-
notypic changes in response to various physiological
and pathological stimuli. Notch signaling makes the
media muscle cells responsive to BMP2 (bone mor-
phogenic protein 2), the protein essential for osteo-
genic differentiation [29] and induces osteogenic
differentiation of VSMC in a manner dependent on
osteogenic transcription factors, such as Msx2 [30]
and Runx2 [31]. Therefore, it is possible that the
dysfunction of the Notch3 system in CADASIL may
increase VSMC calcification in the same manner
as it is observed in aortic valve defects linked with
NOTCH1 mutations [10].

Interestingly, the calcium deposition was not
limited only to vessel walls but it also included the
basement membrane surrounding muscle fibres.
Usually the architecture of the fibres were altered,
including myofibrillar and nuclear abnormalities and
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accumulation of mitochondria with changed shape
and morphology.

Earlier data from skeletal muscle biopsies of
CADASIL patient revealed ultrastructural and bio-
chemical abnormalities of mitochondria [4,6,22,27].
Moreover, it was assumed that mutations in the
Notch3 gene may be related to mitochondrial DNA
mutations [4] but this hypothesis needs further
investigation. In our patient, mitochondrial pathol-
ogy was found in both skeletal muscle and VSMCs
although their nature differed, depending on the cell
type. The increase in the number of mitochondria and
their abnormal morphology in CADASIL VSMC might
have an effect on vital cellular functions important
for CADASIL pathology [33] and the NOTCH3 gene
may influence mitochondrial metabolism [22].

Similarly to nuclei of vessel wall cells, the nuclei
of skeletal muscle fibres were condensed, shrunken
and irregular in their shape. However, ultrastructur-
ally the picture of chromatin did not correspond with
apoptotic changes. It is surprising that in various cell
types nuclei changes are of the same character.

Conclusions

Skin and skeletal muscle biopsy specimens derived
from the CADASIL patient showed severe damage to
blood vessels, including a complete destruction of
mural cells, accumulation of calcium deposits in very
thickened basement membrane and abnormalities in
skeletal muscle fibres.

The presence of small blood vessels almost com-
pletely devoid of mural cells was an interesting find-
ing. The affected vessels revealed only a large con-
glomeration of basement membrane with calcium
deposits and sometimes remnants of mural cells
responsible for dysfunction of blood vessels.
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