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Abstract

CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy) is an inher-
ited angiopathy characterized by degeneration and loss of vascular smooth muscle cells (VSMCs) of still unknown
pathomechanism. Many functions of VSMCs, such as adhesion, apoptosis, contraction, differentiation, migration, and
proliferation are determined by integrins — surface adhesion receptors involved in binding and interactions between
cells and extracellular matrix (ECM). Since integrins play such an important role in VSMCs biology, disturbances in
their expression may influence myocytes behavior and fate in CADASIL. In this study, we focused on the most import-
ant compounds of VSMCs integrins: subunits o, B1, and B in an attempt to elucidate their immune expression in the
arterial media of CADASIL patients. The immunohistochemistry revealed a decreased expression of integrin B1 subunit
(p < 0.001) but similar to the control expression of integrin subunits o, and B, Decreased 1 immunoreactivity was
observed in capillary vessels, arterioles, and small arteries. The abnormal immune expression of integrin B1 subunit
was found even in microvessels without microscopically noted degenerative changes, which suggests that this is an
early phenomenon in CADASIL Since integrin B1 subunit is a compound of 10 heterodimer integrin receptors, its dis-
turbed expression may significantly influence VSMCs biology leading to myocytes degeneration and loss via anoikis
—a type of apoptotic cell death due to loss or inappropriate cell adhesion to ECM.
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Introduction VSMCs are cells with a high degree of plasticity

CADASIL (cerebral autosomal dominant arterio-
pathy with subcortical infarcts and leukoencepha-
lopathy) is an inherited angiopathy due to NOTCH3
mutations and it is characterized by degeneration
and loss of vascular smooth muscle cells (VSMCs)
and pericytes. In spite of intensive research studies,
the relationship between NOTCH3 defects and the
pathomechanism of destruction of small blood ves-
sels in CADASIL is still unknown.

which can undergo reversible phenotypic changes
in response to environmental stress and vascular
injury. Disturbances both in interactions between
vessel wall cells and extracellular matrix (ECM)
as well as in intercellular communication play an
important role in control of VSMCs behavior. This
exchange of information occurs through special-
ized types of cell surface receptors: mainly integrin
receptors but also discoidin domain receptors, cell
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surface proteoglycan receptors, and the hyaluronan

receptor CD44a [25].

According to their name, integrins integrate ECM
with cells and cells together. An integrin receptor
is composed of two subunits: o and B. Subunit o
is responsible for the receptor binding with ligand
and determines integrin specificity while subunit
takes part in interaction with cytoskeletal proteins
and determines the receptor function [5]. In cerebral
blood vessels, integrins are also involved in many
other important functions such as:

» mechanotransduction — a process of converting me-
chanical stimuli such as press or stretching to intra-
cellular signals resulting in a specific gene expres-
sion,

« regulation of vasomotor response: contraction (in-
tegrins 1Bl and a5B1) and relaxation (integrin
avp3) of the vessel [15],

« regulation of vessel permeability by modification
of cadherins in endothelial adherent junctions and
by contraction of collagen fibers in ECM (integrin
a2f1) [20],

« regulation of VSMCs tensegrity (resting tension
in VSMC triggered by external mechanical forces,
which influences myocyte behavior) [17],

« activation of the cell death program [24]; integrins
belong to a group of dependence receptors which
lack of activity can lead to cell apoptosis,

» modulation of cells shape by linkage with cytoskel-
etal actin and reorganization of actin filaments.

In VSMCs, there are 13 combinations of integ-
rins: alpl, a2B1, a3pl, a4pl, a5B1, abpl, a7pl,
a8B1, a8B1, aVP1, aVP3, aVR5, ab6P4 [15,16]. Some
of them are present in physiologic conditions or on
specific myocyte phenotype while others are pres-
ent only in pathology. On VSMCs, the most abundant
integrin subunit is B1 subunit which is a compound
of 10 heterodimeric receptors.

Since one of the possible causes of VSMCs dam-
age in CADASIL may be a disturbed expression of
integrins, we examined in vessels, an immune expres-
sion of selected integrins with a key importance for
VSMCs biology and fate.

Material and methods

The study was performed on tissue samples from
10 autopsy brains and 10 skin-muscle biopsies of 20
different patients with CADASIL (Table ). The diag-
nosis was established on the basis of ultrastructural
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examination in which deposits of granular osmiophilic
material (GOM) in the vessel wall [6] (pathognomonic
for the disease) were found. In majority of the cases,
genetic tests additionally confirmed CADASIL Aged-
matched control material was composed of 5 normal
human brains and 5 normal skin-muscle biopsies. His-
topathological and immunohistochemical examina-
tions were performed on formalin-fixed and paraffin
embedded sections. On tissue slides immune reactions
with antibodies against integrin subunits: p1 (Novo-
castra, NCL-CD29, 1 : 40), o, (Santa Cruz Biotechnolo-
gy, sc-14008, 1 : 50) and B, (Santa Cruz Biotechnology,
sc-52589, 1 : 100) were applied. The immunochemistry
tests were performed according to a routine streptavi-
din-biotin-peroxidase method with the using of DAKO
LSAB 2 SYSTEM (DAKO, K0675), developed by diamino-
benzidine, and assessed by light microscopy.

Intensity of the immune reactions was measured
using Image) software and gray levels method. In dig-
ital photos of slides, color was converted into the gray
scale and then intensities of the gray values were
measured across the entire vessel wall. Results of the
measurements were statistically analyzed with the
use of t-Student test for independent variables.

Results

In CADASIL, preserved VSMCs visible on transverse
sections through small arterial vessels often showed
around shape with a perinuclear halo (Fig. 1). Such cell
appearance is sometimes called “fried egg” look. In
small arteries, the round-shaped myocytes were local-
ized mainly in the peripheral part of the media while in
arterioles they were present through the whole media
thickness.

In CADASIL, immunohistochemistry revealed a de-
creased expression of the integrin subunit B1 in the
vascular media in comparison to control material
(p < 0.001, CADASIL: SD 39.6 x 10°% mean value 61.7
x 108, control: SD 30.1 x 10%;, mean value 94.2 x
109) (Fig. 2A). Decreased immunoreactivity to integ-
rin B1 was observed in small arteries and arterioles
independently of whether the examined vessels
revealed or not microscopically noted degenerative
changes (Fig. 2D, F). Also capillary vessels (Fig. 2B, C)
and some venules showed a diminished expression
of integrin B1. In arterial vessels with moderately
advanced degenerative changes, the expression of
integrin B1 within tunica media was diminished but
still present, and revealed an irregular patchy char-
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Table I. Material — clinical data

Integrins in CADASIL

No. Sex/Age Clinical data
Autopsy material
1 F/73 At 68 yo ischemic stroke with left hemiparesis; at 70 yo hemorrhage into the left parieto-occipital area
2 M/58  Progressing dementia of unknown onset, recurrent ischemic strokes
3 M/64 At 51 yo ischemic stroke with left hemiparesis; later recurrent bilateral ischemic strokes
4 F/52  Since 40 yo progressing dementia, epilepsy, confirmed NOTCH3 mutation
5 M/59  Since 53 yo progressing dementia
6 M/45  Since 40 yo progressing dementia, confirmed NOTCH3 mutation
7 M/38  Since 33 yo progressing dementia, epilepsy, positive family history
8 F/45 At 39 yo right hemiparesis with aphasia, later recurrent ischemic strokes, progressing dementia,
positive family history — daughter of patient no. 7
9 F/56  Since 44 yo cognitive disturbances; later recurrent ischemic strokes, progressing dementia;
negative family history
10 F/58  Migraine, since 48 yo recurrent strokes, confirmed NOTCH3 mutation
Biopsy material
1 F/51  Since 41 yo progressing dementia, 2 ischemic strokes with right hemiparesis and aphasia;
positive family history, confirmed NOTCH3 mutation
2 M/44 At 42 yo ischemic stroke with left hemiparesis; since 43 yo — progressing dementia, positive family history
3 M/53  Migraine, since 50 yo progressing dementia, unknown family history
4 F/35 At 35yo two seizures attacks, hyperintense changes in cerebral white matter in MRI, positive family history,
confirmed NOTCH3 mutation
5 M/61 At 44 yo ischemic stroke, later 2 bilateral ischemic strokes, hyperintense changes in the cerebral white matter
in MRI; positive family history — father of patient no. 4, confirmed NOTCH3 mutation
6 M/39 At 33 yo TIA with left hemiparesis and aphasia, normal brain MRI, positive family history — brother of patient
no. 4, confirmed NOTCH3 mutation
F/57 Migraine, hyperintense changes in cerebral white matter in MRI, negative family history
F/42  Since 42 yo recurrent TIA, hyperintense changes in the cerebral white matter in MRI, negative family history,
confirmed NOTCH3 mutation
9 M/58  Since 57 yo cognitive disturbances, negative family history, negative genetic test (examined only 3 NOTCH3
exons)
10 M/44 At 42yoand 45 yo ischemic strokes with left hemiparesis, positive family history, confirmed NOTCH3 mutation
Control material
No. Sex/Age Clinical data No. Sex/Age Clinical data
Autopsy material Biopsy material
1 F/64  Ischemic brainstem stroke 1 M/41 Myopathy suspicion
2 M/59  Ischemic stroke 2 F/45 Collagenosis suspicion
3 M/57  Pancreas carcinoma 3 F/46 Myopathy suspicion
4 F/43  Myeloma 4 M/42 Vasculitis suspicion
5 F/32  Leukemia 5 F/39 Vasculitis suspicion

acter (Fig. 2F, H, ). It is interesting that in many ves-
sels the immunolabel to integrin B1 was better pre-
served in more luminal than peripheral part of the
media (Fig. 2H, ). Frequently, pericellular immune
reaction to integrin B1 was negative even in micro-
scopically normal but peripherally localized myo-
cytes (Fig. 2H, 1). Arterial vessels at a very advanced
stage of degeneration demonstrated a loss of or
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evidently decreased immunoreactivity to integrin
B1 in the media (Fig. 2G).

Immunolabels to integrin subunits o, and B,
were weak and similar in CADASIL and controls.

In CADASIL, the above changes in an integrin
expression were similar in cerebral, skin and skele-
tal muscle vessels. That is why statistics were per-
formed together for autopsy and biopsy material.

377



Dorota Dziewulska, Ewelina Nycz

Discussion

One of the characteristic morphological chang-
es observed by us in CADASIL was a round shape
of myocytes in the tunica media. This phenomenon
has been visible on some figures included in already
published CADASIL papers but, surprisingly, it has
not received any attention of the authors. In small
arteries and arterioles, the media are composed of
a layer of smooth muscle cells with circular arrange-
ment. Therefore in normal conditions, on transverse
sections through the vessel wall VSMCs have a lon-
gitudinal shape. But in CADASIL preserved myocytes
were often rounded. Such rounded appearance
is characteristic for cells detached from ECM and
devoid of any physical influences from the surround-
ing environment [10]. The cell shape is controlled
by the cytoskeleton, its connections with integrins
and continuous tension (tensegrity) being a reac-
tion of the cell to applied pressure and interactions
with external substrates. Loss of tensegrity leads to
cell retraction and probably such phenomenon was
observed by us in the CADASIL vascular media.

In the examined CADASIL microvessels, a de-
creased immune expression of integrin subunit 1 in
the media was found. The diminished immunolabel
to integrin B1 was noted even in microscopically nor-
mal vessels, which suggests that this alternation is
an early change in CADASIL
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Sl - L
IL; H&E. A) Meningeal
arteriole with basophilic granular degeneration. A single round myocyte with a perinuclear hallo (“fried egg”
appearance — arrow) in the vascular media is visible; bar: 50 um. B) Fragment of the vascular media with
three myocytes. Severely damaged middle myocyte with pale cytoplasm is surrounded by basophilic gran-
ular material while two dark cells on its sides are round with clear (empty?) pericellular area; bar: 20 pm.

In VSMCs, the B1 subunit is a compound of 10
different heterodimer integrin receptors, hence it is
not possible to define whether its abnormal immune
expression, as observed by us, is related to one or
more types of the integrin receptors. Moreover, an
individual integrin may bind to different components
of ECM just as a single matrix component may bind
to different integrins. Taking into account this com-
plexity of interactions it is not surprising that integ-
rin-mediated cellular responses are quite varied and
multifaceted. Therefore it is difficult to discuss spe-
cific consequences of the diminished expression of
integrin B1 in CADASIL but only its general impact.

CADASIL is due to mutations in the NOTCH3 gene.
Integrins constitute a crucial element of the Notch sig-
naling system but the relationship is mutual. On the
one hand, transfer of the intracellular domain of the
Notch 3 receptor to the cell nucleus leads to unlocking
of genes transcription and integrins activation [19].
On the other hand, integrins play an important role
in regulation of the Notch 3 receptor activity by medi-
ation of its caveolin-1-dependent endocytosis [7].
Internalization of caveolin-1 inhibits Notch 3 endocy-
tosis and may favor accumulation of the receptor on
the surface of VSMCs — the other than GOM deposits
morphologic change characteristic for CADASIL

Integrin B1 engagement also results in ligand-in-
dependent activation of many different receptors,
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Integrins in CADASIL
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Fig. 2. Immune expression of integrin subunit B1 in various sized cerebral vessels in CADASIL and control
materials. A) Results of the statistical analysis demonstrate the significant difference (p < 0.001) in the
intensity of the immunolabel to integrin subunit B1 in CADASIL and control cases. B-E) Diminished immune
expression of integrin B1 in parenchymal small arteries, arterioles and capillary vessels in CADASIL (B,D) and
controls (C,E); bars: 100 pum. F) Structurally normal white matter arteriole with a diminished expression of
integrin 1, bar: 50 pm. G) Small meningeal artery at the advanced stage of degeneration. Negative immuno-
reactivity to integrin B1 in the thickened tunica media and positive immunolabel of the adventitia and endo-
thelium; bar: 100 um. H, 1) Irregular, patchy character of the integrin B1 immune expression in small white
matter arterioles. Single relatively well preserved vascular smooth muscle cells (VSMC) with immunonegative
pericellular reaction (arrows) in the peripheral part of the tunica media are visible; bars: 50 um.
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among them epidermal growth factor receptor
(EGFR) [18]. In detached cells disengagement of inte-
grin B1 leads to down-regulation of EGFR expression
culminating in upregulation of death signaling [22].
In the literature, we have not found any information
concerning EGFR expression on VSMCs in CADASIL
But mutations in the NOTCH3 gene responsible for
development of the disease affect only that part of
the Notch 3 receptor which contains EGF repeats
motif. Although EGF-like motif is shared by many
proteins of diverse functions and its significance is
not well defined, one of its functions is mediation
of adhesive interactions [22]. Therefore an abnormal
integrin B1 expression in CADASIL arteries may not
only disturb, per se, myocyte adhesion to ECM but
also it may have an influence on adhesive interac-
tions mediated by the Notch 3 receptor.

Integrins are involved in regulation of cell viabil-
ity through their interaction with ECM. They sense
mechanical forces arising from contacts with ECM
and convert them into intracellular signals leading
to gene expression. It was reported that in blood
vessels signals undergoing from integrin B1 protect
VSMCs from apoptosis due to mechanical stress [29].
Moreover, integrins 181, a2B1, a3Bl, a5B1, a6Bl
(presented on VSMCs surface) activate pro-survival
pathways [2,8]. One of the integrin-mediated sur-
vival signaling pathways occurs through the caveo-
lin-1-mediated binding of integrins to the adaptor
protein (protein Shc). This type of integrin binding
allows the cell to escape from death by a special
type of apoptosis called anoikis [3,28]. Anoikis,
a Greek word meaning loss of home or homeless-
ness, is due to loss or inappropriate cell adhesion
to ECM. Anoikis is observed both physiologically (in
normal skin, in colonic epithelium, in the involuting
mammillary glands), as well as in many pathologic
conditions such as metastatic spreading and cardio-
vascular degenerative processes including VSMCs
disappearance in aneurysms and varicose veins,
extensive loss of vascular cells during cardiovascular
infections, cardiac myocyte detachment in heart fail-
ure, and plaque rupture in atherosclerosis [4,12,27].

It was demonstrated that in cells undergoing
apoptosis the expression of integrin B1 is diminished
and is about 65% [14]. A decreased or absent integrin
B1 expression on VSMCs not only inhibits pro-surviv-
al pathways and facilitates their death but can also
change the phenotype of myocytes towards synthetic
one which is more sensitive to apoptosis [1].
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Investigations on the integrin expression on
blood vessels showed that a decreased Bl expres-
sion can disturb vasomotor reactivity [15,16]. In
experimental investigations, impaired cerebral vas-
oreactivity in a transgenic mouse model of CADASIL
was observed [13]. Also clinical studies on CADASIL
patients demonstrated abnormal vasoreactivity
[9,26] and a reduced cerebral blood flow [20,23]
in the course of the disease. Integrin subunit B1
as a part of alpl and a5B1 integrin receptors is
involved in vasoconstriction and transfer of signals
originating from ECM and regulating permeability of
calcium channels on VSMCs and myocytic voltage
value. For these reasons abnormal immune expres-
sion of integrin subunit B1 as observed by us may
result in impaired vasoreactivity. In CADASIL, abnor-
mal vessel mechanoresponse precedes development
of morphological changes in vessels and white mat-
ter lesion both in patients and in animals [11]. These
clinical and experimental observations reinforce our
hypothesis that an abnormal integrin B1 expression
in microvessels is an early phenomenon in CADASIL

Putting all the data together, we suggest that dis-
turbed expression of integrin subunit p1 in CADASIL
can be an important part of the disease pathomech-
anism leading to improper activity of the Notch 3
signaling pathway and VSMCs degeneration and loss
via anoikis.
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