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Abstract

Vascular smooth muscle cells (SMCs) undergo a series of dramatic changes in CADASIL, the
most common inherited cause of vascular dementia and stroke. NOTCHS3 protein accumulates and
aggregates early in CADASIL, followed by loss of mature SMCs from the media of brain arteries
and marked intimal proliferation. Similar intimal thickening is seen in peripheral arterial disease,
which features pathological intimal cells including proliferative, dedifferentiated, smooth muscle-
like cells deficient in SMC markers. Limited studies have been performed to investigate the
differentiation state and location of SMCs in brain vascular disorders. Thus, we investigated the
distribution of cells expressing SMC markers in a group of genetically characterized, North
American CADASIL brains. We quantified brain RNA abundance of these markers in nine
genetically verified cases of CADASIL and found that mRNA expression for several mature SMC
markers was increased in CADASIL brain compared to age-matched control.
Immunohistochemical studies and in situ hybridization localization of mMRNA demonstrated loss of
SMCs from the arterial media, and SMC marker-expressing cells were instead redistributed into
the intima of diseased arteries and around balloon cells of the degenerating media. We conclude
that, despite loss of medial smooth muscle cells in diseased arteries, smooth muscle markers are
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not lost from CADASIL brain, but rather, the localization of cells expressing mature SMC markers
changes dramatically.
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1. Introduction

Cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) is the best-characterized inherited cause of cerebral small
vessel disease. Small vessels in CADASIL undergo marked degenerative changes that
include loss of vascular smooth muscle cells (SMCs), replacement of arterial media with
fibrotic acellular material, accumulation of granular osmiophilic material (GOM) outside the
plasma membrane of dying SMCs, and marked thickening of arterial walls in penetrating
small arteries of the brain [1-3]. In 1997, Joutel and colleagues identified stereotyped
mutations in NOTCH3in families with CADASIL [4]. The expression of NOTCH3 in
vascular smooth muscle suggested that mutant proteins initiate pathological cascades that
drive small vessel degeneration in CADASIL. Moreover, there is marked deposition of the
NOTCHS3 ectodomain surrounding vascular SMCs [5]. Whether this NOTCH3 accumulation
alters vascular SMCs or represents compensatory segregation of misfolded protein remains a
topic of debate [6, 7].

In addition to the degeneration of vascular SMCs and fibrosis of arterial media in
CADASIL, we have previously described the dramatic intimal hyperplasia of cerebral
arteries [8]. We have noted strong expression of vimentin and S100 calcium binding protein
A4 (S100A4) within the thickened hyperplastic intima of arteries of all sizes in CADASIL
brain [8]. In peripheral arterial disease, intimal thickening also features vimentin expression
and infiltration of immature, de-differentiated smooth muscle cells that have migrated under
the endothelium [9]. Since CADASIL is a result of mutant NOTCH3-mediated SMC
dysfunction, it is reasonable to speculate that intimal thickening may result from this same
process of SMC de-differentiation and migration. However, studies of the maturation of
cerebral intimal cells in CADASIL have not yet been described.

Prior to genetic testing for cysteine-related mutations in NOTCH3, multiple cases were
reported that included unusual rounded cells with clear cytoplasm within the degenerating
vascular media of leptomeningeal arteries [10, 11]. These cells, described as balloon (or
halo) cells, are strikingly distinct from normal vascular smooth muscle. Balloon cells were
hypothesized by early investigators to be smooth muscle in origin, based on reactivity with
antibodies against desmin, actin, myosin, vimentin, and tenascin [12]. These early studies,
however, leave several questions about balloon cells unanswered. For one, early studies were
performed before the availability of genetic testing; therefore, balloon cells have yet to be
studied in genetically confirmed CADASIL. In addition, it is not known whether balloon
cells synthesize smooth muscle markers; an alternative explanation for early findings is that
smooth muscle protein released from arteries could be internalized by balloon cells.
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Previous studies of SMCs in CADASIL have largely relied on immunoreactivity of smooth
muscle actin (SMA) as a marker for SMC differentiation [13]. Histological studies have
demonstrated loss of SMA in CADASIL microvessels of the white matter and cerebral
cortex, in accordance with medial layer SMC loss [14, 15]. In addition, in these tissues,
intimal hyperplasia demonstrated heterogeneous expression of SMA. However, these studies
make use of relatively small CADASIL sample size, and not all CADASIL cases in these
studies are genetically confirmed [14, 15]. SMA was thought at that time to mark mature
SMCs, but SMA expression has more recently been found in a host of other cell types and
processes [16] and is now not considered, by itself, an indicator of SMC maturation.
Moreover, these previous pathological studies were, at least in part, conducted on brains
studied prior to availability of genetic confirmation of Nofch3 mutations [10].

Since the initial descriptions of CADASIL vascular pathology, additional vascular smooth
muscle markers have been described that differentiate two poles of SMC phenotypes:
synthetic and contractile. For example, the markers myosin-11 (MHC or MYH11) [17-19]
and smoothelin (SMTN) [20] are thought to be relatively specific for contractile SMCs. Loss
of these markers is a common hallmark of phenotypic modulation to synthetic smooth
muscle cells. On the other hand, calponin (CNN1) [21], smooth muscle actin (SMA or
ACTAZ2) [22, 23] and transgelin (SM22 or TAGLN) [21, 24] were initially thought to be
mature smooth muscle markers, but have now been observed in smooth muscle in multiple
developmental and differentiation states [25-27]. Examination of multiple smooth muscle
markers could shed light on the fate of SMCs in CADASIL and more accurately phenotype
the differentiation state of cells within cerebral intimal hyperplasia.

An expanded analysis of SMC markers in CADASIL has not yet been performed. In this
study, we examined in detail arterial expression of five smooth muscle markers in
genetically defined CADASIL brains from our North American cohort. We sought to answer
two questions. First, we wished to resolve whether expression of mature smooth muscle
markers in CADASIL is altered. Second, we wished to characterize the distribution of
mature SMC marker expression in the media, intima, and balloon cells of CADASIL
arteries. We found that these markers are not lost from CADASIL brain vasculature, but
rather redistributed to the hyperplastic intima and balloon cells of diseased arteries.

2. Materials and Methods

Patients and Controls

Nine CADASIL brains from patients with mutations in coding sequences of NOTCHS3 that
are predicted to result in either gain or loss of cysteine were obtained for analysis by qPCR.
The genotypes of these brains are previously described [28]. We included in our analysis an
additional brain with the R196C mutation in NOTCH3. The average age at death was 65. All
patients died from CADASIL-related complications. Eight brains from age-matched controls
were obtained from the Alzheimer’s Disease Center of the University of Michigan. The
average age of these non-demented controls at death was 62 years old.
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RNA Quantification

RNA from frozen brain tissue was purified using an RNeasy Kkit, reverse transcribed, and
cDNA was quantified by real-time PCR. All experiments were carried out in triplicate. A list
of primer sequences used can be found in Table 1. Expression levels shown are relative to
18S ribosomal RNA.

Brain Histology

Frontal cortex samples from the CADASIL brains mentioned above were sectioned and
paraffin embedded for immunohistochemical analysis. Formalin-fixed frontal lobe sections
from the University of Maryland Brain Bank served as age-matched controls. Control
sections were taken from patients with no history of cerebrovascular disease.

Five-micron sections from the frontal cortex were analyzed using chromagenic
immunohistochemical staining, counterstained with hematoxylin as previously described
[28]. Samples were stained with anti-SMA (1A4; Cell Marque) at 1:1000, anti-MHC (anti-
MYH11, Sigma-Aldrich) at 1:300, anti-TAGLN (Sigma-Aldrich) at 1:100, anti-CNN1
(Thermo Scientific) at 1:500, and anti-SMTN (Sigma-Aldrich) at 1:500 dilution. Antibodies
to conformational epitopes of NOTCH3 have been previously described [29]. Validation of
these antibodies in the Human Protein Atlas (proteinatlas.org) demonstrates expected SMC
localization in over three dozen tissues.

Balloon cells were scored as large round cells within the wall of an artery with a central
nucleus. Random arteries within each section were scored for the presence of balloon cells
and the number of these cells per 100 arteries was manually computed for each patient.

In Situ Hybridization

Localization of SMA and TAGLN mRNA in tissue sections was performed using a system
designed by Advanced Cell Diagnostics. The protocol incorporated hybridization of nucleic
acid probes, multiple non-enzymatic amplification steps, and probe detection using an
alkaline phosphatase-conjugated terminal probe as previously described [28]. Expected
distribution of signal in normal smooth muscle was observed for all probes.

Statistical Analysis

All figures display means. Error bars represent standard error of the mean. Statistical
analysis was performed using two-tailed, unpaired t-tests and significance was assigned at
p<0.05. Tests for statistical significance were conducted using Microsoft Excel and
GraphPad Prism 7.

3. Results

Transcripts of mature smooth muscle markers are elevated in CADASIL brain

Because of reports that vascular SMCs are lost in CADASIL [14, 15], we determined the
relative levels of smooth muscle marker gene expression in brain lysates of CADASIL
patients and controls using quantitative RT-PCR. Contrary to expectations, we observed
significant increases in the mRNA levels of several smooth muscle marker genes tested,
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including: SMA (p=0.0100), MHC (p=0.0314), SMTN (p=0.0394), and CNN1 (p=0.0224)
(Figure 1a-1d). TAGLN mRNA levels were modestly increased in CADASIL brain lysate,
but this difference was not significant (p=0.2094, Figure 1le).

We also compared the relative levels of endothelial markers in brain lysate from CADASIL
patients and controls. ATP binding cassette subfamily C member 1 (ABCC1) levels were not
significantly altered in CADASIL brain lysate relative to controls (Figure 1f). Cluster of
differentiation 31 (CD31) and von Willebrand factor (vWF) levels were significantly
elevated in CADASIL brain lysate (Figure 1g, i) (p=0.0033 and p=0.0255 respectively).
Cluster of differentiation 34 (CD34) levels were modestly increased in CADASIL brain
lysate, but this difference was not significant (Figure 1h, p=0.0589).

While these studies do not account for potential differences in the amount of total
vasculature between CADASIL and age-matched control brain, these results certainly
warrant further investigation, as they diverge from previous descriptions of SMC markers in
CADASIL brain.

Mature smooth muscle markers disappear from degenerating arterial media but appear in
balloon cells and neointima in CADASIL brain

To determine the cell types in the brain that express smooth muscle marker proteins, we
performed immunohistochemistry on CADASIL and age-matched control brain tissue
samples. Not surprisingly, medial staining was low or absent in CADASIL samples (Figures
2, 3). The media of control vessels appeared healthy and demonstrated expected, medial
staining (and little to no intimal staining) for SMA, CNN1, and TAGLN (Figures 2b, 2f, 2j,
3b, 3f, 3j). Control staining for MHC and SMTN in leptomeningeal arteries was modest
(Figures 2d, h). The appearance of smooth muscle marker expressing cells was most easily
defined in the leptomeningeal arteries of CADASIL (Figure 23, c, €, g, i), which we have
previously been shown exhibit massive intimal proliferation [8]. These leptomeningeal
arteries show a clear redistribution of smooth muscle markers from the arterial media to the
intimal and balloon cells.

Staining for all tested smooth muscle markers in CADASIL was very clear in the most inner
layer of thickened penetrating arteries, which contain intimal cells resulting from
pathological intimal proliferation (Figure 3a, c, €, g, i). The small penetrating arteries in
CADASIL cortical sections were noticeably thickened relative to age-matched control, and
displayed unequivocal staining for all markers. Age-matched controls displayed modest to
no immunoreactivity for SMA, MHC, and SMTN, but displayed staining comparable to that
of CADASIL brain for CNN1 and TAGLN (Figure 3). Capillaries did not show appreciable
staining for any of the markers tested in either CADASIL or control brain (not shown),
further indicating that these markers are primarily expressed in non-endothelial cells.

We verified that intimal cells were actively synthesizing these markers by performing /n situ
hybridization on CADASIL samples to localize SMA and TAGLN mRNA. The intimal cells
in CADASIL clearly expressed mRNA encoding both smooth muscle markers (Figure 4a—
b). In addition, balloon cells of the media expressed notable amounts of smooth muscle
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mRNA (Figure 4b). Transcripts of these markers in control arteries were primarily expressed
in medial cells, with only some diffuse staining of intimal cells for TAGLN (Figure 4c—d).

In sum, in CADASIL, smooth muscle marker expression was increased due to expression in
cells of the intima, despite loss of cells from the arterial media.

Balloon Cells are increased in CADASIL brain vasculature and synthesize molecular
markers characteristic of mature smooth muscle

One medial cell type that did not express severely diminished smooth muscle markers was
the balloon cell. Balloon cells have been noted in previous pathological studies of CADASIL
and were described as large, bloated, degenerating cells of unclear origin [10]. They were
proposed to be of smooth muscle origin based on limited immunohistochemical profiling
[10]. We found that these cells expressed the screened smooth muscle markers at relatively
high levels in leptomeningeal arteries (Figure 2).

Balloon cells were initially visualized using hematoxylin and eosin staining of frontal lobe
brain sections. Figure 5a shows the manually counted number of balloon cells per 100
vessels found in CADASIL compared to control brains. CADASIL leptomeningeal arteries
and deep penetrating arteries of the white matter were markedly thickened and displayed
profound intimal hyperplasia, relative to control brain vessels, as described earlier [8].
Balloon cells were common in CADASIL leptomeningeal arteries and were principally
located in the border between the degenerating medial layer of arteries and the adventitia.
Occasional cells in the media of control leptomeningeal arteries showed the same
morphological features of balloon cells. Balloon cells were not found in the penetrating
arteries of either CADASIL or control brain.

The location of balloon cells at the edge of the media suggested that they are potentially of
vascular smooth muscle origin. To test whether balloon cells shared protein antigens with
smooth muscle, we evaluate expression of vascular smooth muscle markers by
immunohistochemistry (Figure 5b-5f). Balloon cells were positive for all smooth muscle
proteins tested, including CNN1, SMA, TAGLN, MHC and NOTCH3 (Figure 5b-5e).

A large amount of smooth muscle protein could be released in the media during cell death in
CADASIL. This released protein could be endocytosed by balloon cells. Alternatively, the
balloon cells could be the cellular source of these markers. To distinguish between these
possibilities, we used /n situ hybridization to detect mMRNA for vascular smooth muscle
genes. Three mMRNA species were localized in CADASIL arteries: SMA, TAGLN, and
NOTCHS3 (Figure 6). Each of these was expressed in both residual smooth muscle cells and
intimal cells. Cells lining the lumen were also apparently positive for each of these mRNAs.
Virtually all balloon cells examined expressed smooth muscle mRNAs. /n situ hybridization
was also performed for several endothelial mMRNAs. Balloon cells did not express mRNA
encoding the endothelial markers CD31, CD34 or vVWF (data not shown).
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4. Discussion

Mutant NOTCH3 is the initial pathological trigger in CADASIL [7]. Through uncertain
molecular mechanisms, mutant NOTCH3 with an altered number of cysteine residues likely
adopts an abnormal form that leads to NOTCH3 protein accumulation, culminating in SMC
dysfunction and degeneration. Localization of NOTCH3 in mature vascular SMCs in normal
arteries suggests a cell autonomous effect of mutant protein resulting in loss of smooth
muscle markers due to cell death [30]. Thus, it has been assumed that CADASIL brains
feature diminished overall numbers of mature SMCs. To better characterize the fate of
SMCs in pathology of cerebral vessels, we examined the expression of mature smooth
muscle markers in genetically characterized CADASIL brains from North American
patients. Previous studies focused on European samples that were not uniformly genetically
confirmed cases. We found that smooth muscle protein expression is maintained in
CADASIL, largely due to redistribution of expression from medial to intimal cells, which
continue to express mature smooth muscle markers.

Several pathological studies have demonstrated that CADASIL arteries are affected by
medial cell loss and concomitant replacement of the medial architecture by matrix proteins
such as collagens [31]. Our study provides confirmation of this by demonstrating deficiency
of mature smooth muscle protein and mRNA in the arterial media. What is more surprising
is that in CADASIL vessels, the intima contains a large number of cells that express mature
smooth muscle markers. This contrasts studies of peripheral vessels which suggest that
pathological intimal thickening is composed mostly of dedifferentiated SMCs [32, 33].
These results suggest that, in CADASIL, intimal hyperplasia could be driven by processes
that are distinct from mechanisms that drive intimal thickening in peripheral tissues.
Certainly, clinical studies have suggested that processes that induce intimal hyperplasia in
the cerebral circulation, such as stenting, may differ from those occurring in peripheral
arterial counterparts [34]. SMCs of the vascular wall display considerable heterogeneity, and
their phenotype is subject to modulation at any point along the continuum from synthetic to
contractile based on a variety of biochemical and environmental cues [35, 36]. As noted, the
process of intimal hyperplasia in peripheral arteries features a notable loss of contractile
SMCs and a concordant increase in synthetic SMCs [37].

In the present study, we show that VWF transcripts are significantly elevated in CADASIL
brain relative to age-matched control (Figure 1i). However, we have also previously shown
that vVWF inhibits smooth muscle gene expression in cultured SMCs [38]. There are some
key differences between our previous and present studies. First, our previous study examined
smooth muscle gene expression in cultured SMCs, while the present investigation examines
in vivo expression of these markers in postmortem human brain. Furthermore, while our
gPCR data indicate that both VWF and several smooth muscle markers are upregulated in
CADASIL brain, it is unclear based on these data if these markers are upregulated in the
same brain regions. Finally, our previous study examined the effect of a brief pulse of VWF
protein on SMC gene expression. This could differ from a long period of elevated vVWF
mRNA in the brain.
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In 2012, Tikka and colleagues showed that SMA protein levels were not significantly altered
in CADASIL SMCs relative to control SMCs [39]. However, our results indicate that SMA
MRNA levels are elevated in CADASIL brain lysate (Figure 1a). There could be a few
reasons for the divergence between the two studies. First, our CADASIL cohort contained a
different group of genotypes compared to the Tikka study. Second, we assayed RNA levels,
while the Tikka study analyzed protein levels. Third, our study examined postmortem brain
lysate, while the Tikka study generated cell lines from patient samples. Finally, our study
analyzed whole-brain lysate, while the Tikka study examined only SMCs in cell culture.
These methodological differences could account for differences between the two studies.
Furthermore, since our study analyzed RNA levels, and the Tikka study analyzed protein, it
is possible that while SMA transcripts are upregulated in CADASIL, those transcripts are
not concordantly translated, yielding similar protein yield in CADASIL and control
cerebrovascular SMCs.

Our identification of mature smooth muscle markers in the intima of CADASIL arteries calls
for us to reconcile these results with existing descriptions of intimal hyperplasia. Several
studies of peripheral intimal hyperplasia have suggested that medial SMCs are the origin of
neointimal cells after vascular injury [40-43]. This phenotypic transition is marked by a shift
from spindle-shaped to epithelioid morphology, increased protein synthesis, cell
proliferation, and cell migration from the medial to the intimal layer [36, 44]. For a similar
process to occur in CADASIL, one would need to speculate that cerebral SMCs maintain
expression of some mature, contractile markers while undergoing a migratory transition.
This would suggest SMC transdifferentiation pathways are unique to cerebral vessels.

An alternative mechanism of intimal thickening suggests that neointimal cells originate from
circulating pluripotent cells [45-47]. Previous studies have shown the role of PDGF
molecules in inducing a synthetic phenotype [48]. Thus, it is possible that circulating
progenitor cells permeate the vascular endothelium and burrow into the neointima where
they are exposed to biochemical factors, such as PDGFs, and extracellular matrix
components, which induce differentiation into synthetic SMCs. If this alternative process is
responsible for cerebral intimal hyperplasia, these burrowing cells may be modulated by
brain-derived factors that induce (or preserve) expression of mature smooth muscle markers
observed in CADASIL intimal hyperplasia. More work in animal models of cerebrovascular
intimal hyperplasia needs to be performed to clarify this process.

One can envision yet another alternative mechanism by which resident, non-endothelial,
intimal cells are exposed to environmental cues that lead to the proliferation of synthetic
SMCs in this layer via a mechanism that leads to concomitant expression of contractile SMC
markers. In our current study, we cannot comment on which of these mechanisms is at play.
We do, however, present the novel finding that the contractile SMC markers once thought to
be lost from CADASIL vessels are expressed in the hyperplastic intima of diseased arteries.
Ongoing debates about the origin of neointima in the cerebrovasculature must account for
this surprising finding.

This study also investigated remnant cells in the arterial media in CADASIL that have long
been described as characteristic of the disease. These cells, so called balloon cells, are a

Transl Stroke Res. Author manuscript; available in PMC 2019 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gatti et al.

Page 9

pathological feature of larger cerebral arteries that were identified in pre-genetic cases of
CADASIL in European studies [10]. We verify the strong presence of these cells in
CADASIL samples from our genetically characterized North American cohort. These data
suggest that these cells are, as previously hypothesized, derived from smooth muscle cells.
Markers for mature smooth muscle cells, at both the level of protein and mRNA, were found
in these cells. The smooth muscle origin of these distinctively abnormal cells supports a cell
autonomous role of NOTCH3 in producing CADASIL pathology. Based on these data,
balloon cells are not likely to be a distinct cell type, such as an unusual inflammatory cell,
but rather could represent a stage of SMC degeneration within the vessel wall.

This investigation calls into question the mechanism by which smooth muscle marker
expression is driven in the hyperplastic intima of CADASIL arteries, and what, if any,
molecular requirements exist for this upregulation. NOTCH3 ectodomain accumulation is a
molecular hallmark of CADASIL arteries [5]. We have also previously described the
accumulation of proteoglycans and collagens in the medial extracellular matrix of diseased
CADASIL arteries [49-51]. Future studies should investigate what, if any, effect(s) these
molecular changes could have on the expression of the in question.

In summary, we report the surprising finding that smooth muscle markers are not lost from
CADASIL brain. Rather, these markers are reduced in the degenerating arterial media and
redistributed into balloon cells the hyperplastic intima. This result gives pause to the use of
total smooth muscle protein as an indicator of brain vascular disease. Lower smooth muscle
marker expression does not necessarily mean smooth muscle loss, since smooth muscle
marker loss does not seem to correlate with disease progression. We make the novel
observation that SMC behavior diverges between vascular diseases in the brain and in the
periphery; further studies are needed to determine how arterial intimal growth differs
between these distinct vascular beds.
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Fig. 1. Transcripts of smooth muscle markersareincreased in CADASIL
Transcripts of endothelial markers are either increased or not significantly altered in

CADASIL. Cerebral cortex samples from CADASIL patients and controls were lysed and
RNA harvested. SMA (a), MHC (b), SMTN (c), CNNL1 (d), TAGLN (e), ABCC1 (f), CD31
(9), CD34 (h), and VWF (i) mRNA levels were assayed using quantitative RT-PCR. SMA,
MHC, SMTN, CNN1, CD31, and VWF mRNA levels were significantly elevated in
CADASIL patients with p<0.05. There was no significant difference in TAGLN, ABCC1, or
CD34 mRNA levels. 9 CADASIL brains and 8 age-matched control brains were analyzed
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Fig. 2. Expression of smooth muscle proteinsin theintima of leptomeningeal vesselsin
CADASIL brain

Immunohistochemical analysis of leptomeningeal vessels in frontal lobe sections from
genetically confirmed CADASIL patients (g, ¢, €, g, i) and controls (b, d, f, h, j) were
performed on frontal lobe sections with 1A4 (anti-SMA), anti-MHC, anti-CNN1, anti-
SMTN, and anti-TAGLN. Leptomeningeal vessels are shown. Noted on the image are the
intima (i), internal elastic lamina (e), media (m), and balloon cells (b). Magnification of all
images is 1000X. Scale bar in (a) applies to all images in this figure
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Fig. 3. Expression of smooth muscle proteinsin theintima of small penetrating vesselsin

CADASIL brain
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Immunohistochemical analysis of small penetrating vessels in frontal lobe sections from
genetically confirmed CADASIL patients (a, ¢, €, g, i) and age-matched controls (b, d, f, h,
j) were performed on frontal lobe sections with 1A4 (anti-SMA), anti-MHC, anti-CNN1,
anti-SMTN, and anti-TAGLN. Small penetrating vessels are shown. Magnification of all
images is 1000X. Scale bar in (a) applies to all images in this figure
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Fig. 4. Mature smooth muscle genes are actively transcribed in intimal and balloon cells of
CADASIL vessels

In situ hybridization was performed on cortical sections of brains from CADASIL patients.
Leptomeningeal arteries are shown. Distribution of SMA (a, ¢) and TAGLN (b, d) transcripts
is shown in CADASIL (a-b) and control (c—d) vessels. Balloon cells (b), intima (i), media
(m) and internal elastic lamina (e) are noted in the image. Presence of mMRNA is represented
by red punctae. Magnification is 1000X. Scale bar in (a) applies to all images in this figure
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Fig. 5. Balloon cell frequency in CADASIL and expression of smooth muscle marker proteinsin
balloon cells of CADASIL leptomeningeal arteries

() The number of balloon cells found in control compared to CADASIL arteries is shown.
The number of balloon cells per 100 vessels counted was averaged for each patient studied.
Significant differences between groups are denoted by an asterisk (p=0.0002). (b—f)
Representative balloon cell immunohistochemical staining is shown for leptomeningeal
arteries of CADASIL patients. Markers for smooth muscle proteins in CADASIL included:
SMA (b), TAGLN (c), CNN1 (d), and CADASIL conformation of NOTCH3 (e; 2079).
Leptomeningeal vessels are shown. Magnification is 400X. Scale bar in (b) applies to all
histological images in this figure

Transl Stroke Res. Author manuscript; available in PMC 2019 December 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gatti et al.

Page 18

SMA TAGLN NOTCH3
a- b L T
1 v “ . I
7 / By \ 2
’ g i ¢
F 70 um » f 3 ."\'

Fig. 6. Vascular smooth muscle mRNA expression in balloon cells of CADASIL
In situ hybridization for vascular smooth muscle marker mRNA was performed on

CADASIL cortical sections. Markers included: SMA (a), TAGLN (b), and NOTCH3 (c).
Presence of mMRNAs in balloon cells is represented by red punctae. Arrowheads denote
balloon cells. Leptomeningeal vessels are shown. Magnification is 400X. Scale bar in (a)
applies to all images in this figure
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Gene Forward Reverse
Human 18s CAGCCACCCGAGATTGAGCA TAGTAGCGACGGGCGGTGTG
Human SMA CTAAGACGGGAATCCTGTGA CTTTTCCATGTCGTCCCAGT
Human MHC TTGGAGATCTGGGACCAACA CTCCTCCTTAATGCTGGCTG
Human CNN1 GAACAAGCTGGCCCAGAAGT | GTTGGCCTCAAAAATGTCGT
Human SM22 TGGTTCCCTAAGAAATCCAAG | CAGAGGTGACAGGACAGGCT
Human SMTN AGGAAGAGAGATGGCAGTGG | TCTTTCTTCTTCTCGGCCTG
Human CD31 TCCGGATCTATGACTCAGGG ACAGTTGACCCTCACGATCC
Human CD34 AGTTTGCTGCCTTCTGGGTTC | CCATGTTGAGACACAGGGTG
Human ABCC1 | AACCAAAACTGCCTTGGGAT AGAGAGTTGGGCTGACCAGA
Human VWF GACTGTCCAGTGTGCTGAT CCGTCACTGTATGCTGGAT
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