DOI: urres://Do1.orG/10.5114/p5p.2021.109517

Por J PatHoL 2021; 72 (2): 148-159

ORIGINAL PAPER

ULTRASTRUCTURE OF MITOCHONDRIA AND DAMAGE TO SMALL
BLOOD VESSELS IN SIBLINGS WITH THE SAME MUTATION IN
THE NOTCH3 AND COEXISTING DISEASES

PauriNa Ferczak!, AGNIEszkaA CUDNA?, BEATA BraZEJEwska-HYZOREK?, JuLia Buczexk?,
IwoNA KURKOWSKA-]JASTRZEBSKA®, ToMASZ STEPIEN!, ALBERT ACEWICZ!,

TERESA WIERZBA-BoOBROWICZ!

"Department of Neuropathology, Institute of Psychiatry and Neurology, Warsaw, Poland
*Neuroimmunology Laboratory at the II Department of Neurology, Institute of Psychiatry and Neurology, Warsaw, Poland
311 Department of Neurology, Institute of Psychiatry and Neurology, Warsaw, Poland

We performed ultrastructural studies of mitochondria and evaluated the appear-
ance of small blood vessels of three middle-aged siblings affected by the same mu-
tation in the NOTCH3 gene, causing CADASIL. CADASIL pathognomonic fea-
tures include granular osmiophilic material (GOM), which we observed. GOMs
were located in damaged and thickened basement membranes (BM) of capillaries
and arterioles. Our patients were also burdened by type II diabetes (first patient),
impaired glucose metabolism (second patient), and hypertension (third patient).
The ultrastructure of the capillaries in the first and second patients differed from
the third patient. In diabetes/impaired glucose metabolism patients (first and
second patients), we observed: pathologies of mitochondria in damaged endothe-
lium and pericytes of capillaries; extremely thickened (BM) with visible remains
of vascular cells; well-preserved GOMs anchored in the rebuilt capillary extracel-
lular matrix. We identified degenerated or vestigial small blood vessels of skel-
etal muscles in the first patient. The capillary damage in the third patient (with
hypertension) was milder compared to the diabetes/impaired glucose metabolism
patients. We conclude that in patients with a mutation in the NOTCH3 gene,
the co-occurrence of diseases such as type II diabetes/impaired glucose metabo-
lism can cause a multiplication the damages to small blood vessels by modifying/
masking the pathogenesis of CADASIL.

Key words: damages of mitochondria, GOM deposits, NOTCH 3 mutation, dia-
betes, ultrastructure.

Introduction

Mitochondria are double-membranous organelles
containing their own DNA and translation system.
They play a central role in cell homeostasis [1, 21.
In healthy vascular systems, mitochondria regulate
various processes, in addition to providing ATP to
the vascular cells. In diseased human vascular tissues,
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mitochondria change morphologically and func-
tionally [3}. Mitochondria are also an integral part
of a cytoplasmic Notch-activated signaling cascade
that regulates cell survival {4}. Mutations in genes
encoding Notch receptors or ligands lead to a variety
of congenital disorders in humans. Humans express
four Notch receptors (Notch1-Notch4) and five dif-
ferent Notch ligands {5}. Mutations in the NOTCH3
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gene are the cause of Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoen-
cephalopathy (CADASIL) {6}. The NOTCH3 maps
to the short arm of chromosome 19 (19p13.2-p13.1)
and is a large gene containing 33 exons. It encodes
the Notch 3 receptor protein, predominantly ex-
pressed in adults by vascular smooth muscle cells
and pericytes [7}. More than 200 different NOTCH3
CADASIL-associated mutations have been reported;
the majority of them missense substitutions of a sin-
gle base leading to loss or gain of a cysteine residue
within one of the EGFRs of the Notch 3 extracellu-
lar domain. Most mutations were found to cluster in
exons 3 and 4 and account for approximately 70%
diagnosed with a CADASIL mutation, {8} but there
are also many reports of mutations in other exons en-
coding the extracellular portion of the protein {71.

CADASIL is the most common hereditary subcor-
tical vascular dementia. The main clinical features
of CADASIL are migrainous headache with aura,
recurrent ischemic attacks, cognitive decline, and
psychiatric symptoms {9}. CADASIL patients usually
display diffuse white-matter changes in deep white
matter, with external capsules and anterior pole
of temporal lobes in the MRI imaging {10}. While
clinical symptoms and mutations vary between pa-
tients, the pathognomonic feature in all CADASIL
patients is the accumulation of granular osmiophil-
ic material (GOM) in the walls of small arteries on
ultrastructural examination {10, 11}. GOM depos-
its within the tunica media of the damaged vessels is
a typical finding in affected patients. GOMs appear
as 0.2-2 mm-sized osmiophilic and periodic-acid
Schiff-positive granules located around degenerating
vascular smooth muscle cells (VSMCs) {12} generally
from medium-sized or small arterioles (outer diameter
20-40 wm) {13}. However, in a few cases, GOM has
also been detected in veins {13} and capillaries {14].
GOM deposits were first reported in the media
of the small cerebrum-penetrating arteries {15}. This
material has also been detected in vessels of extra-
cerebral tissues, on arterial smooth muscle cells in
the skin, retina, muscle, and peripheral nerves, and
represent a golden standard for diagnosis of CADASIL
via electron micrographic imaging {11}. Skin biopsies
are an important diagnostic tool, {16} with a speci-
ficity of 100%, and variable sensitivity from 45% to
100% according to different reports {7, 13].

In patients affected by CADASIL, the accumula-
tion of extracellular matrix (ECM) proteins (includ-
ing collagens, fibronectin, and vimentin) in the small
vessels outside the degenerating VSMCs, causes
the thickening of the vessel walls {13}. The thicken-
ing of the basement membrane (BM) occurs in nor-
mal aging and is a common finding in arteries and
capillaries. Basement membrane reduplication is
observed in many myopathies and neurogenic atro-

phies; it is thought to be caused by multiple cycles
of capillary degeneration and regeneration. Hyper-
tensive patients frequently have thickened BMs,
and one cause of this is increased vascular resistance.
Patients with diabetes mellitus, particularly type
2, frequently have aging and hypertensive vascu-
lar changes, as well as additional damage caused by
their diabetic condition {17}.

Our study aimed to compare the ultrastructure
of mitochondria and assess the damage to small
blood vessels, capillaries, and arterioles in three sib-
lings with the same mutation in the NOTCH3. These
individuals had comorbidities such as type II diabe-
tes, impaired glucose metabolism, and hypertension.

Case reports

First case

A 47-year-old man with suspected CADASIL was
admitted to the Department of Neurology. Brain
magnetic resonance imaging (MRI) showed T2- and
FLAIR-hyperintense, confluent areas in the periven-
tricular and subcortical white matter of both hemi-
spheres including anterior temporal lobes, and exter-
nal capsules with multiple, bilateral, periventricular
lacunar infarctions (Fig. 1). Medical history indicated
that the patient had an ischemic stroke of the left
hemisphere eight years earlier, along with right-sided
hemiparesis. In the past, the patient has been diag-
nosed with type II diabetes, a history of acute pan-
creatitis, and lipid disorders. From 17 years of age,
the patient smoked up to 30 cigarettes a day and

Fig. 1. Patient 1. Brain MRI. Confluent hyperintense areas
in the white matter of anterior temporal lobes in FLAIR
images

149



PauriNa FELczak, AGNIESZKA CUDNA, BEATA BEAZEJEWSKA-HYZOREK, ET AL.

Fig. 2. Patient 2. Brain MRI. Confluent increase signal in-
tensity in the bilateral external capsules with multiple la-
cunar infarctions in the bilateral basal ganglia in FLAIR
images

abused alcohol for about 15 years. In blood tests,
he had fasting glucose (glucose 180.0 mg/dl, norm:
70.0-99.0) and elevated levels of total cholesterol,
LDL cholesterol, and triglycerides.

Second case

A 50-year-old man, the brother of the first pa-
tient, was admitted to the Department of Neurolo-
gy with progressive paresis of the left limbs. Brain
MRI showed confluent increased signal intensity in
T2-weighted and FLAIR images in the white mat-
ter of both hemispheres, including external capsules
and anterior temporal lobes with multiple, bilateral
lacunar infarctions (Fig. 2). Medical history indicated
that the patient had an ischemic stroke in the form
of right-sided hemiparesis with speech disorders fif-
teen years earlier. After another ischemic stroke one
year ago, a new ischemic focus in the left hemisphere
of the brain was detected in an MRI of the brain.
At a young age, he smoked large quantities of cig-
arettes. Laboratory tests confirmed impaired glucose
metabolism (glucose 110.2 mg/dl, norm: 70.0-99.0)
and lipid metabolism disorders.

Third case

A 48-year-old woman, sister of the first and sec-
ond patients, with severe headaches after an ischemic
stroke, was admitted to the Department of Neurol-
ogy. Brain MRI revealed confluent, bilateral hyper-
intense areas in the white matter of the frontal, pari-
etal, temporal, and occipital lobes in T2 and FLAIR
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sequences. The patient also had transient ischemic
attacks (TTAs) in the form of transient half-sensory
disorders. The patient’s medical history demonstrat-
ed that she suffered from headaches that have oc-
curred since high school, and for 20 years were very
severe, localized in the frontal and occipital areas,
with blown eyeballs. In addition, she was diagnosed
with depression and was treated for hypertension.

All three patients had blood taken for genetic test-
ing, and skin and skeletal muscle biopsy samples for
ultrastructural examinations.

Materials and methods

Material derived from First Polish Brain Bank
in Institute Psychiatry and Neurology in Warsaw.
The ultrastructural investigations were performed on
samples derived from skin and muscle biopsies from
biceps three siblings aged 47-50 with clinically and
genetically confirmed CADASIL. For electron mi-
croscope evaluation, small fragments of tissues were
fixed in 2.5% glutaraldehyde solution in cacodylate
buffer pH 7.4 and postfixed in 1% osmium tetrox-
ide solution in the same buffer. After dehydration in
a graded ethanol alcohol series and propylene oxide,
specimens were embedded in Spurr resin. Semithin
sections were stained with toluidine blue to choose
the appropriate areas. Ultrathin sections were con-
trasted with uranyl acetate and lead citrate. The sec-
tions were examined and photographed with a trans-
mission electron microscope (TEM) JEOL model 140
at the Nencki Institute of Experimental Biology PAS
in Warsaw.

Molecular data

Our patients had the same mutation in the NOTCH3,;
this was a heterozygous missense mutation in exon 4;

553T>T/C (nucleotide change) and p. C185R (ami-
no acid change).

Results

Ultrastructure

Small blood vessels from three middle-aged sib-
lings (47-50 years old) were subject to ultrastructural
examination. Capillaries and/or arterioles were exam-
ined. The vessels were derived from skeletal muscles
and/or the dermis.

Ultrastructure of the small blood vessels of the first patient

Capillaries

Most capillaries in the skeletal muscles exhibited
pathological features (Figs. 3-6). In some capillaries,
distorted endothelial cells (EC) surrounded the crev-
iced lumen of the vessels (Fig. 3). In most of the
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Fig. 3. Patient 1. Capillary with damaged mitochondria
(M) in deformed endothelial cells (EC). GOM deposit (ar-
row) locates near degenerate pericyte (PC) in a thickened
heterogeneous basement membrane (BM) with the fea-
tures of disintegration (asterisk). Nucleus (N), creviced lu-
men (L). Original magnification 12,000 X
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Fig. 5. Patient 1. Capillary with swollen endothelial cells
(EC) and clusters of mitochondria (M) in pericytes (PC).
GOM deposits (arrow) locate in a thickened heterogeneous
basement membrane (BM). Lipofuscin (Lp), lumen (L).

Original magnification 15,000 X

endothelial cells, finger-like cytoplasmic projections
occurred and were visible both from the luminal side
and from the abluminal side (Figs. 5, 6). In the cy-
toplasm of some endothelial cells, rounded nuclei,
and densities of heterochromatin under the nuclear
envelope were visible (Fig. 3). Numerous pinocytic
vesicles (Figs. 4, 5, 6), small vacuoles, few rough en-
doplasmic reticulum (RER), and lipofuscin deposits
were found in the cytoplasm of ECs (Fig. 5). Endo-
thelial mitochondria were fine, oval, or rod-shaped,
usually with high electron density with visible cristae
(Figs. 3, 5). Mitochondria with cristae defects and
a bright matrix were also found (Fig. 4). The number
of mitochondria in the narrow endothelial cytoplasm
was limited to 1-2 per cell (Fig. 5), while in thicker
bands of cytoplasm, up to 3-4 or more mitochon-
dria per EC were found (Fig. 3). In addition to ECs,
pericytes (PC) were observed. These cells differed
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Fig. 4. Patient 1. Capillary with swollen endothelial cells
(EC) with damaged mitochondria (M). GOM deposit (ar-
row) locates near degenerate pericyte (PC) in thickened
basement membrane (BM). Lumen (L). Original magnifi-

cation 15,000 X

Fig. 6. Patient 1. Fragment of capillary. Extremely thick-
ened heterogeneous basement membrane (BM) with GOM
deposits (arrow). Endothelial cell (EC), pericyte (PC), mito-
chondria (M), lumen (L). Original magnification 12,000 X

in morphology and density in the walls of the cap-
illaries. Some of them were small (Fig. 3), medium
(Fig. 5), large (Fig. 4), or different in size within one
capillary (Figs. 4, 6). The shapes of smaller PCs were
irregular (Fig. 3), semicircular with processes of dif-
ferent lengths directed towards the endothelium and/
or in the opposite direction (Figs. 5, 6). In smaller
pericytes, clusters of mitochondria were often visible
in the cytoplasm. These oval or elongated organelles
contained a dense matrix with poor or residual cristae
(Figs. 5, 6). Pinocytic vesicles, short ER (Figs. 5, 6),
and osmiophilic glycogen deposits (Figs. 3, 5) were
also present in these cells. Large PCs were rounded
(Figs. 4, 6) and contained nuclei with dense heteroch-
romatin, surrounded by narrow strands of cytoplasm.
In capillaries, the basement membranes (BM) were
thick (Figs. 3, 4, 5), and in some vessels extreme-
ly thickened (Fig. 6). The ultrastructure of these
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Fig. 7. Patient 1. Arteriole with damaged vascular smooth
muscle cells (VSMC). GOM deposits (arrow) locate in cav-
ities the basement membrane (BM) in the tunica media.
Endothelial cell (EC), internal elastic lamina (IEL), lumen
(L). Original magnification 8,000 X

Fig. 9. Patient 1. A degenerated small blood vessel. GOM
deposit (arrow) locates near pericyte (PC) in the thickened
heterogeneous basement membrane (BM) with the features
of disintegration (black asterisk). Remains of damaged vas-
cular cells (black arrowhead) in lumen filled. In the vicinity
of the vessel wall, polygonal cells visible (white arrowhead).
Original magnification 12,000 X
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Fig. 11. Patient 1. Residues of wall material from the blood
vessel (arrow). Skeletal muscle fiber (F). Original magnifi-
cation 15,000X
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Fig. 8. Patient 1. In arteriole, in the vicinity of myocytes
(VSMC), GOM deposits (arrow) visible in the basement
membrane (BM). Original magnification 25,000 X

Fig. 10. Patient 1. Extremely thickened and deformed
basement membranes (BM) of degenerated small vessels
with preserved GOM deposits (black arrow) and with
the features of disintegration (black asterisk). Remains
of damaged vascular cells (white arrow) in the lumen. Orig-
inal magnification 12,000 X

BMs was most often heterogeneous, with features
of delamination of wall components and retrograde
changes (Fig. 3). Deposits of GOM were observed in
BMs of all capillaries studied (Figs. 3-6). These de-
posits differed in size, shape, and density (Figs. 3-6).
In the vessel walls, GOMs were most often found
in cavities or indentations of pericyte membranes
(Figs. 4, 5) or their vicinity. GOM deposits were of-
ten visible in cross-section throughout of the BM

(Figs. 3, 5, 6).

Arterioles

Enlarged ECs were visible from the lumen side
of the vessel in damaged the skin arterioles (Fig. 7).
In the cytoplasm of ECs, large, electron-dense nu-
clei were observed. Deeper, under the endotheli-
um, a thick internal elastic lamina (IEL) was pres-
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ent. The vascular smooth muscle cells (VSMCQC)
were disturbed and were characterized by irregular
cell distribution in the vessel wall structure. My-
ocytes of this layer differed in appearance and size
(Figs. 7, 8). Some of them retained fusiform shapes
or were irregular, while degenerative features and
diminutive structure characterized most of the mus-
cle cells. In the cytoplasm of some myocytes, large
nuclei with osmiophilic dense of heterochromatin
under the nuclear envelope were visible. In degener-
ate cells, the arrangement of cytoskeleton elements
was often disordered, as was the structure of the or-
ganelles. The distances between adjacent damaged
muscle cells were increased by structurally changed
BM (Fig. 7). The BM surrounding myocytes was sig-
nificantly thickened and heterogeneous, with bright
areas at the losses sites of matrix components that
co-formed the vessel wall. Extracellular GOM depos-
its in the form of aggregation of heterogeneous ma-
terial were observed in the BM of myocytes. GOMs
differed in electron density, size and shape, and were
most often irregular or less often semicircular near
of myocyte membranes (Figs. 7, 8).

Deformations of small blood vessels

In the small blood vessels of the first patient, var-
ious forms of wall deformation and degeneration
of vascular cells often occurred (Figs. 9, 10, 11). De-
generated endothelium components were observed
in the lumens of damaged vessels. They were os-
miophilic vesicles and vacuoles of various sizes filled
with heterogeneous material. In the peripheral parts
of the damaged vessels, residual non-uniform mate-
rial was found, the location of which corresponded
to degenerated pericytes (Fig. 9). In deformed ves-
sels was extremely thickened BMs showing signs
of disintegration of various degrees (Figs. 9, 10).
Clusters of osmiophilic material in the thickened
walls of damaged vessels were often observed. Con-
glomerates of this material resembled the appearance
and location GOM deposits well preserved in these
places (Fig. 10). Polygonal cells of varying sizes were
observed in the vicinity of the damaged vessels, and
some of them contained large nuclei and dense cyto-
plasm (Fig. 9). In the vicinity of skeletal muscle fi-
bers, conglomerates that resemble the residual forms
of vessels were often observed. They looked like de-
serted lumens surrounded by disordered fragments
of vessel walls (Fig. 11).

Ultrastructure of the small blood vessels of the second
patient

Capillaries/arterioles

In the skeletal muscle capillaries endothelial cells
showed degenerative features, and differed in thick-
ness and were damaged (Figs. 12, 13, 14). Their
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Fig. 12. Patient 2. Capillary with swollen and deformed
endothelial cells (EC) and GOM deposits (arrow) locate
near semicircular pericyte (PC) in a thickened heteroge-
neous basement membrane (BM). Clusters of granular ma-
terial in the BM (black asterisk). Mitochondria (M), lumen
(L). Original magnification 20,000 X

)

Fig. 13. Patient 2. Capillary with thin endothelial cells
(EC) and GOM deposits (arrow) locate in the extremely
thickened basement membrane (BM) with damaged struc-
ture. Lumen (L). Original magnification 30,000 X

Fig. 14. Patient 2. Capillary with GOM deposit (arrow)
locates near degenerate pericyte (PC) in a thickened base-
ment membrane (BM) with a dispersed structure. Endo-
thelial cell (EC), mitochondria (M), lumen (L). Original
magnification 15,000 X
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Fig. 15. Patient 3. Capillary with GOM deposit (arrow)
locates near pericyte (PC) in the basement membrane (BM)
with the features of degeneration. Endothelial cell (EC),
vacuole (V), mitochondria (M), rough endoplasmic retic-
ulum (RER), lumen (L), skeletal muscle fiber (F). Original
magnification 25,000 X

Fig. 16. Patient 3. Fragment of capillary, with numerous
pinocytic vesicles in the endothelial cell (EC) and a GOM
deposit (arrow) locates in the basement membrane (BM).
Pericyte (PC), mitochondria (M), lumen (L), skeletal muscle
fiber (F). Original magnification 40,000 X

shapes were very irregular and wavy, mainly from
the luminal side. In this EC was the blurred integ-
rity of most cellular organelles in a dense cytoplasm.
In the swollen endothelial cells, the mitochondria
were dark in the background of the cytoplasm, small,
oval, and lacking in cristae. Most often, mitochondria
were visible in individual endothelial cells (Fig. 12).
Pericytes, as well as endothelial cells, showed various
stages of degeneration. These pericytes were semicir-
cular (Figs. 12, 13) or star-shaped (Fig. 14). Pericytes
differed in size, and the structure of most of the or-
ganelles in these cells was distorted (Fig. 13). They
contained concentrated cytoplasm or, in extreme
cases, strongly osmiophilic with clusters of swollen
mitochondria (Fig. 14). Sometimes, dark rounded
or irregular GOM deposits were observed near peri-
cytes (Figs. 12, 13, 14). BMs of small vessels were
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usually significantly thickened with irregular shapes
(Figs. 12, 13, 14), homogeneous (Fig. 12), or hetero-
geneous with features of degradation (Figs. 13, 14).
Clusters of granular material of varying density
were observed in the peripheral parts of the vessel
walls, which resembled the GOM deposits preserved
there (Fig. 12). The number of GOMs observed on
the cross-sections varied; there were usually several
deposits in one capillary (Figs. 12, 13, 14).

The alterations in arterioles of the first and second
patients were comparable. The structure was similar
in the degree of damage to the myocytes in the tuni-
ca media, and the amount and morphology of GOM
deposits in the thickened BMs.

Ultrastructure of the small blood vessels of the third patient

Capillaries

Most capillaries showed mild lesions compared to
the patient’s siblings (Figs. 15, 16). Endothelial cells
were deformed and swollen to varying degrees. Dif-
ferent size vacuoles filled with granular material were
observed in damaged ECs. Numerous pinocytic vesi-
cles and short RER were detected in dense cytoplasm
(Figs. 15, 16). Mitochondria were dark, rounded or
elongated with slightly visible cristae. Few mitochon-
dria were found in endothelial cells. Pericytes were
small with cytoplasmic projections (Fig. 15) or larg-
er oval (Fig. 16). Mitochondria were the most prom-
inent in the dense PCs cytoplasm, which were often
found in clusters. Basement membranes were slightly
thickened, heterogeneous, and irregular shapes. Small,
dark, single GOM deposits were found in the vessel
walls, in the vicinity of pericytes (Figs. 15, 16).

Arterioles

In arterioles deformed and contracted muscle cells
were more frequently observed (Fig. 17). In dense cy-
toplasm, large, rounded nuclei with osmiophilic het-
erochromatin under the nuclear envelope were detected
in some VSMCs. Mitochondria were most common-
ly found in clusters in smooth muscle cells and were
oval or elongated with few cristae (Figs. 17, 18).
Dense bodies characteristic of these cells in contact
with the membranes of myocytes were observed.
The basement membranes surrounding smooth
muscle cells were thickened and damaged, with loss
of the matrix components. Extracellularly, in the vi-
cinity of myocytes, there were very many GOM de-
posits (Fig. 18). GOM were densely distributed in
the BMs. GOMs differed in size, shape, and density
(Figs. 17, 18). The BMs were enlarged and damaged,
with defects in structural components (Fig. 17). Ex-
tracellularly, in the vicinity of myocytes, there were
many deposits of GOM were densely distributed in
the basement membranes. GOMs differed in size,
shape, and electron density (Figs. 17, 18).
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Fig. 17. Patient 3. Arteriole with numerous GOM deposits
(arrow) locate in the damaged basement membrane (BM)
with visible bright regions with degenerative features, near
myocytes (VSMC). Nucleus (N), mitochondria (M), colla-
gen (C). Original magnification 12,000 X

Discussion

The Notch signaling pathway is an evolutionary
cascade that regulates the development and homeo-
stasis of various tissues, including the vascular system.
Aberrant Notch signaling is the cause of many diseas-
es, including CADASIL {18, 19]. Cerebral autosomal
dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) is hereditary discase
causing angiopathy of small blood vessels, and usually
affects middle-aged adults {12, 201.

We investigated the case of three middle-aged
siblings in which the same mutation 553T>T/C,
p-C185R in exon 4 of the NOTCH 3 was detected.
Mutations in this exon are the most common cause
of CADASIL. Parallel to genetic testing, the clin-
ical diagnosis of siblings was also carried out. Our
patients had prominent signal abnormalities in
the brain magnetic resonance imaging (MRI), con-
firming CADASIL.

Our research focused on the analysis of CADA-
SIL pathology at the ultrastructural level in three
siblings. In addition to the recognized CADASIL,
the patients studied had coexisting diseases: type II
diabetes in the first patient, impaired glucose me-
tabolism in the second patient, and hypertension in
the third patient.

We compared the ultrastructure of the capillaries
and arterioles of three CADASIL patients. The cap-
illaries in the first and second patients were much
more damaged than in the third patient. Patholog-
ical changes in siblings” arterioles were milder than
in capillaries, and comparable in the three cases ex-
amined. Damaged and deformed endothelial cells
(EC), pericytes (PC), and vascular smooth muscle
cells (VSMC) were observed in the vessels. As well
as CADASIL, patients also presented with other dis-
eases such as type II diabetes, impaired glucose me-

Fig. 18. Patient 3. GOM deposits (arrow) locate in the base-
ment membrane (BM) near myocyte (VSMC). Mitochon-
dria (M), collagen (C). Original magnification 50,000 X

tabolism, or hypertension that may damage small
vessel cells. The observed EC, PC, and VSMC pathol-
ogies should not be treated as characteristic only for
CADASIL. These disorders are probably due to
the combined effect of these diseases on the ultra-
structure of vascular cells.

The dysregulation of the vascular system under-
lies multiple pathophysiologic processes {21}. For
example, endothelium dysfunction is associated with
atherosclerosis, hypertension, and diabetes {22}. Peri-
cytes damage has been indicated in hypertension, di-
abetic retinopathy, Alzheimer’s disease, and CNS tu-
mor formation {23}. The abnormal proliferation and
migration of VSMCs contribute to hypertension and
atherosclerosis [241].

In our study, mitochondria in ECs and PCs were
characterized by a dense matrix with few cristae or
were bright and swollen. These organelles were ob-
served in singlets or small clusters of 4-5 structures.
In degenerated and diminutive VSMCs, mitochon-
dria were difficult to distinguish in the concentrat-
ed cytoplasm. In studies of VSMCs in CADASIL
patients, carriers of the R133C mutation possessed
an increased number of abnormal mitochondria.
Measurements of mitochondrial membrane potential
showed a lower percentage of functional mitochon-
dria in VSMCs and reduced superoxide dismutase 1
expression. The authors suggested that proliferation
and mitochondrial dysfunction in VSMCs may affect
vascular cell function in CADASIL pathology {25}
In another study, the activity of respiratory enzyme
complexes in muscle biopsies of patients affected by
CADASIL was assessed, and a significant decrease
in NADH dehydrogenase and cytochrome ¢ oxidase
was found, indicating an impairment of the oxidative
phosphorylation chain {26}.

The pathologies of mitochondria in damaged small
vessel cells in our patients, should not be considered
as specific for CADASIL, due to the overlapping ef-
fects of coexisted diseases. Ultrastructural assessment
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of the number of abnormal mitochondria in individ-
ual cells of the vascular walls in CADASIL was also
problematic. In general, lower mitochondria densi-
ties were observed in myocytes of the tunica media
of small vessels compared to skeletal muscle fibers.
However, our observations also showed that higher
densities of damaged mitochondria were found in
some disturbed endothelial and pericyte cells in cap-
illaries.

According to the literature, ECs and VSMCs
of microvessels exhibit relatively low energy require-
ments. Glycolysis in these cells under physiological
conditions meets such requirements. Mitochondrial
ATP production can be reversibly activated without
harming these cells. In addition to glycolysis, inhibi-
tion of mitochondrial biogenesis and mitophagy, con-
tribute to reducing the number of mitochondria, and
consequently to a reduction in oxygen consumption.
For comparison, mitochondria in the endothelium
account for only 5% of cell volume, while in hepato-
cytes, they account for up to 28% [27].

We suppose that in ECs and PCs in capillaries,
increased amounts of damaged mitochondria may
be associated with the mobilization of mitochondri-
al ATP resources instead of glycolytic resources. As
a result, there may be a higher energy demand in
vascular cells in CADASIL compared to physiological
conditions.

It is known that pathological hallmark of CADASIL
is the deposition of GOM in close relation to VSMCs { 16}.
Our ultrastructural observations showed that deposits
of GOM were found in the walls of the small blood
vessels of the skeletal muscles and skin of the sib-
lings. GOM deposits were located in the basement
membranes (BM) of capillaries and arterioles and
differed in structure, distribution, and abundance
in BMs.

The molecular composition of GOM is still under
investigation. It has been revealed the extracellular
domain of Notch 3 (N3ECD) and other matrix pro-
teins involved in blood vessel maintenance, such as
tissue inhibitor of metalloproteinases 3, vitronectin,
and latent TGF-B binding protein 1, as well as am-
yloid P, annexin 2, and periostin. Due to its role in
the stabilization of amyloid plaques in Alzheimer’s
disease, amyloid P may play an analogous role in
the stabilization of GOM in CADASIL {12}.

We observed differences in the distribution
of GOM deposits in our CADASIL patients in small
blood vessels. GOMs were very numerous and ob-
served in comparable numbers in BM tunica media
of arterioles in three siblings. In turn, GOM in cap-
illaries was less frequently observed and was found
primarily in the first and second patients. In the third
patient, only single GOM deposits in BM of capillary
were visible.
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The processes leading to GOMs formation are far
from understanding. One of several hypotheses as-
sumes that GOM can be assembled within the ER,
where mutant Notch 3 aggregates are retained
and released in the extracellular space after VSMC
apoptosis {12, 28}. In CADASIL, degeneration and
loss of VSMCs were observed over the entire length
of the affected vessels. Myocytes preserved in the tu-
nica media are usually unevenly shaped or shrunken
[16, 291.

Our research has shown that although GOMs were
very numerous near myocytes in the three siblings’
arterioles, no extremely damaged myocytes were
observed, and no apoptosis was found. Perhaps my-
ocytes saved were associated with triggering mech-
anisms that came from outside of defective Notch
signaling caused by a mutation in the NOTCH 3. It
seems that the existence of such mechanisms could,
in some cases, have a protective effect on myocytes in
CADASIL.

It is known that mutations in components
of the Notch family constrained the pathway’s es-
sential functions. The discovery of diseases related
to defective Notch signaling began with the analysis
of mutations in chromosome 19 of the NOTCH3 re-
sponsible for CADASIL {5, 6]. On the other hand,
anti-apoptotic functions of Notch are linked by in-
teractions with molecules such as kinase Akt and
nuclear factor kB (NF-kB), constituting nodes across
multiple signaling pathways, suggesting that Notch
may function as a key molecular sensor regulating
cell survival [4].

We compared the damage to the BMs of capillar-
ies and arterioles of our patients. The ultrastructure
of the BM of capillaries was problematic. The most
damaged, occupied by GOM deposits and often
extremely thickened, were the BMs of capillaries
of the first and second patients. Only in the third pa-
tient, the damage and BM thickness did not deviate
significantly from the norm.

The BM is composed of various extracellular ma-
trix (ECM) proteins, such as laminin, collagen 1V,
perlecan, nidogens, and agrin, which to produced
by endothelial cells {17]. For example, type IV col-
lagen and laminin individually self-assemble into
superstructures, and both networks are crucial for
BM stability. In turn, nidogen and perlecan influ-
ence the structural integrity of BM {30}. The walls
of the affected blood vessels become thickened and
fibrotic in CADASIL due to the deposition of vari-
ous types of collagens, fibronectin, laminin, and vi-
mentin {11, 13}.

We assumed that damage and the extreme thick-
ening BM in the capillaries observed in our patients
resulted not only from changes in the chemical com-
position of ECM proteins in CADASIL pathology but
could also be due to the influence of comorbidities
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such as type II diabetes in the first patient and im-
paired glucose metabolism in the second patient.
There is a correlation between diabetes mellitus and
capillary BM thickening in the skeletal muscle. This
structural rearrangement of the capillaries is influ-
enced by hyperglycemia {31}. Different molecular
mechanisms underlie BM thickening in diabetes
mellitus. Absorption and intracellular glucose oxi-
dation are increased in ECs of people with diabetes.
The production of reactive oxygen species (ROS) is
also increased, which affects redox-sensitive tran-
scription factors that regulate the gene expression
levels of proteins responsible for BM turnover. ROS
may also affect the intracellular accumulation of vari-
ous metabolites, such as glyceraldehyde 3-phosphate,
for example. Under these conditions, glycation,
the most important process for thickening BM can
be activated. Glycation is the non-catalytic addition
of fructose, galactose, and to a minor extent, glucose
moieties to proteins {31}].

Our research showed that well-preserved GOM
deposits were observed in damaged, heterogeneous,
stratified, extremely thickened BMs of capillaries. It
has been shown that GOM deposits are not static,
but change in terms of size, morphology, and number
during disease course in CADASIL transgenic mice.
It was found a progression from initially small round
GOMs, to large amorphous deposits seen in the last
stages of the disease {12].

It is also known that in diabetics, the degree
of cross-linkage in type IV collagen is augmented by
glycation, which renders it more resistant to degrada-
tion and turnover [31}. In type II diabetes, impaired
glucose metabolism, enhanced production of matrix
proteins by transforming growth factor-A, and in-
adequate protein synthesis, alter the thickness and
composition of the BM. Reduplication of the BM is
also frequently demonstrated. These combined vas-
cular changes are referred to as the microangiopathy
of diabetes [171.

In CADASIL patients, leptomeningeal arteries
showed large type IV collagen deposits in the tuni-
ca media and tunica intima. These types of fibrotic
thickening cause restricted blood flow and increase
susceptibility to strokes {11}. The type IV colla-
gen is a relatively inelastic molecule, so a thickened
BM might be stiffer than a thinner one. This stric-
ture in microvascular elasticity could indirectly af-
fect the dysfunction EC of capillaries {31}. Damage
of the BM from injury or pathogenesis is followed
by BM remodeling. This consists of de novo deposi-
tion of BM proteins, self-assembly, and BM network
formation. During this process, cell behavior is influ-
enced by altered BM composition as well as exposed
cryptic binding sites {301.

We suspect that the stability of GOM deposits
observed in extremely thickened BMs of capillaries

and their low susceptibility to disintegration could be
because proteins forming the BM, such as laminins,
fibronectins, and especially type IV collagen were
conducive to anchoring and retaining of GOMs in
the wall of the damaged vessel. We posit that this is
as a result of structural changes, rearrangement, and
stiffening of protein chains. Changes in the compo-
sition and structure of the BM may have hindered
or prevented the natural process of reconstruction or
disintegration GOM deposits, which is observed in
CADASIL. In addition, the impact of diabetic mi-
croangiopathy on the ultrastructural picture of BM
damage should be considered.

In our third patient affected by CADASIL, dam-
age to the BMs of the capillaries was the mildest.
This patient did not suffer from diabetes but suffered
from hypertension. In her arterioles, in tunica media,
damaged and thickened BM was observed, but we
did not detect any extreme damage.

In patients who had been diagnosed with arteri-
al hypertension, a slight thickening of the capillary
BM in skeletal muscle was observed. Only nonsig-
nificant differences in the capillary ultrastructure be-
tween hypertensive patients and controls have been
observed, suggesting that arterial hypertension is not
accompanied by capillary BM accumulation in skele-
tal muscle {31].

Our observations showed that the capillary walls,
particularly the first patient and to a lesser extent
the second patient, were multiplied, with visible ir-
regular densities probably of endothelial and pericyte
remains. The BM structure was heterogeneous, fi-
brous-granular, with dense inclusions corresponding
to the appearance and location of GOM deposits. In
the lumen of the vessels, different sized vacuolar ves-
icles with osmiophilic material were found. Addition-
ally, numerous small blood vessels of the first patient
were extremely damaged, and the walls of the vessels
were very thickened and deformed. In the vicinity
of degenerated vessels, various-shaped and size cells
were present. Often, only clusters of material from
wall fragments were visible, probably as remains
of damaged vessels.

In diabetics the BM around capillaries is organized
into multiple concentric lamellae, between which
cellular debris is usually encountered. These are in-
completely phagocytized fragments of apoptotic EC
or PC. A thickened BM of the capillary in diabetes
hinders the transcytotic migration of leukocytes and
macrophages through the vessel wall to sites of in-
flammation. Capillary BM thickening can be caused
by repeated cycles of EC and/or PC degeneration and
regeneration, which would promote the attraction
of phagocytic cells {31}. In our ultrastructural stud-
ies, the search for the causes of the death of small ves-
sels was problematic due to the overlapping effects
of CADASIL pathology and diabetes.
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Research showing a protective function of Notch3
against apoptosis suggested that this form of cell
death may have a dominant role in the pathogene-
sis of CADASIL. Notch3 signaling regulates the ex-
pression of anti-apoptotic genes, which modulate
the Fas signaling pathway by inhibiting transcrip-
tion of proapoptotic genes and enhancing expression
of anti-apoptotic mediators like ¢-FLIP, Bcl-2, and
c-IAP-1 {26}

Mitochondria  constitute an integral part
of a Notch-activated signaling cascade that regulates
cell survival. Bcl-2 family proteins determine mito-
chondrial involvement in death cascades {4}. Mito-
chondpria also play an important role in the pathogen-
esis of small vessels in diabetics.

Exposure to high levels of glucose leads to bio-
chemical, structural, and functional changes EC and
VSMC of mature vessels. The biochemical changes
include, among others, increased apoptosis induced
by oxidative stress, mitochondrial dysfunction, and
changes in the metabolism of fatty acid {32]. The in-
volvement of apoptosis in small vessel cell death in
both CADASIL and diabetes appears to be signifi-
cant. However, this process is not only limited to
the cell death of small vessels but applies to, for ex-
ample, apoptosis in cerebral atrophy in CADASIL.

Neuronal apoptosis has been described in the ce-
rebral cortex of individuals with CADASIL. Apopto-
sis occurred in layers 3 and 5 of the cerebral cortex,
and the number of apoptotic neurons in these layers
was associated with the extent of white matter le-
sions and the intensity of axonal damage in the sub-
cortical white matter {33}. In turn, in other studies,
using activated caspase 3 immunostaining and in situ
end labeling (ISEL), have been identified apoptotic
neurons, astrocytes, oligodendrocytes, and microglial
and vascular cells in four unrelated cases of CADA-
SIL with different mutations of the NOTCH3 {34}.

Apoptosis, in response to inappropriate cell/ECM
interactions, is termed anoikis {35}. When cells lose
their regular cell-matrix interactions, the cell cy-
cle arrests, and a specific form of caspase-mediated
programmed cell death, anoikis, is initiated {36}.
The potential involvement of anoikis in VSMC de-
generation and loss in CADASIL has been researched.
A study on arterial vessels revealed changes in com-
pounds of vascular ECM. The immune expression
of fibronectin in the vascular media was heteroge-
neous, and sometimes lacking. A lack of fibronec-
tin can cause a break of bounds between VSMC and
ECM within focal adhesions and promote cell death
via an anoikis pathway {371].

The complexity of the process of dying small ves-
sels indicates the activity of various biochemical path-
ways that lead to the death of selected cell popula-
tions in microangiopathy. When analyzing the aging
process and death of small vessels, one should consid-
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er not only the importance of apoptosis or anoikis but
also the so-called premature aging caused by various
factors, which occurs regardless of telomeric shorten-
ing. In patients affected with CADASIL and coexist-
ing diseases, it is difficult to exclude the importance
of this process in the pathogenesis of these disorders.

In summary, the local increase in the number
of damaged mitochondria in the capillary endothe-
lium suggests that the mitochondrial source of ATP
may be triggered due to the high energy demand
of these cells under the conditions of the coexistence
of CADASIL and type II diabetes/impaired glu-
cose metabolism. Extreme damage to the basement
membranes of the capillaries in diabetes can mask or
modify the pathogenesis of CADASIL and overlap-
ping effects of these diseases is observed in the phe-
notypes of small blood vessels. The co-occurrence of
CADASIL and hypertension results in milder cap-
illary damage compared to the coexistence of
CADASIL and diabetes. The stability and resistance
of GOM deposits to disintegration in the conditions
of coexistence of CADASIL and type II diabetes/im-
paired glucose metabolism may be associated with
extreme thickened capillary BMs and remodeling
of structural membrane components, such as colla-
gen. Death and loss of endothelium and pericytes, as
well as degeneration and destruction of small vessels
as a result of progressive wall thickness, may occur in
the mechanism of apoptosis.
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