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Gelatinolytic activity of autocrine matrix
metalloproteinase-9 leads to endothelial
de-arrangement in Moyamoya disease
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Dietmar Frey2, Tobias Schenkel1, Susanne M Krug4,
Michael Fromm4 and Peter Vajkoczy1,2,5

Abstract

Moyamoya disease (MMD) is a rare steno-occlusive cerebrovascular disorder. Mechanisms driving the formation of

aberrant MMD vessels remain elusive. We collected serum and vessel specimens from MMD and atherosclerotic cere-

brovascular disease (ACVD) patients serving as controls due to the same hypoxic stimulus but substantial differences in

terms of vascular features. Based on patient material and an in vitro model mimicking ACVD and MMD conditions,

matrix metalloproteinase-9 (MMP-9) and vascular-endothelial growth factor (VEGF) were tested for their potential

involvement in cerebrovascular disintegration. While serum concentration of both molecules did not significantly

differ in both patient groups, excessive collagenase activity and lowered collagen IV protein amount in MMD vessels

pointed to a focal MMP-9 activity at the affected vessel sites. We observed overexpressed and autocrinely secreted

MMP-9 and VEGF along with disturbances of EC–matrix interactions in MMD but not ACVD serum-treated cEND cells.

These seemingly brain-specific effects were partially attenuated by VEGF signaling inhibition suggesting its role in the

MMD etiology. In conclusion, our findings support the understanding of the high incidence of hemorrhagic and ischemic

events in MMD and provide the basis for novel therapeutic strategies stopping or slowing the development of fragile

cerebrovasculature or micro-bleeds characterizing the disease.
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Introduction

Moyamoya disease (MMD) is a rare and slowly pro-
gressing cerebrovascular disease with severe hemo-
dynamic insufficiencies.1 The criteria of MMD
diagnosis are mainly based on the unique angiographic
appearance resulting from the characteristic vessel net-
work. This hazy vessel network that coined the name of
the disease (Moyamoya¼ ’puff of smoke’) is predomin-
antly located at the distal internal carotid artery and its
main branches cannot be observed in any other organ.2

Until now, there is no treatment to prevent or slow the
progression of the disease. Without perfusion restoring
revascularization techniques (i.e. bypass surgery), the
prognosis for strokes of hemorrhagic and ischemic
nature is very high.3

Although sharing the same ischemic stimulus, hemo-
dynamic properties and the occurrence of transient

ischemic attacks (TIAs), MMD strongly differs from
the atherosclerotic cerebrovascular disease (ACVD) in
terms of angiographic findings and outcome.4
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Compared with ACVD, characterized by mature cere-
brovasculature and minimal neovascularization, a highly
plastic and simultaneously instable network of collateral
peripheral blood vessels that tends to rupture can be
observed in patients suffering from MMD. However,
mechanisms leading to or driving vascular instability in
MMD pathology that develops seemingly irrespectively
of the hypoxic milieu are still unknown.

Our recent work reported on angiopoietin-2 (Ang-2)
to play a decisive role in the development of vascular
instability and permeability in MMD.5 We could show
this molecule being overexpressed in MMD vessel spe-
cimens and that its autocrine release is stimulated by
MMD serum causing disturbed EC barrier properties.
In this work, we hypothesize that besides Ang-2 other
pro-angiogenic cytokines, such as MMP-9 and VEGF
may participate in the destabilization of MMD vessels.
EC barrier-destabilizing molecules are implicated in the
fetal and postnatal development of the vascular system.
Angiopoietins, MMP-9 and VEGF determine vascular
plasticity by controlling angiogenic and vasculogenic
processes.6,7 By targeting extracellular matrix (ECM)
proteins, such as collagen IV, MMPs are involved in
new blood vessel formation, vessel branching and EC
invasion during development.8,9 Active MMP-9 causes
blood vessel destabilization and leakiness by rearran-
ging and digesting cell–cell and cell–matrix contacts.10

Importantly, the biological functions of both, Ang-2
and MMP-9, are closely linked to the bioavailability
of VEGF.11,12 Therefore, the effect of the VEGF/
VEGF-R2 signaling blocked by two different strategies
was tested in the cEND cell culture model for regulat-
ing EC–EC and EC–ECM interactions under MMD
conditions, revealing its important role, next to Ang-2
in the vascular fragility characterizing MMD
pathology.

Materials and methods

Study approval

This study was approved by the local research and
Ethics Commission of the Charité–
Universitätsmedizin Berlin (reference #EA2/086/09).
Informed consent was obtained from all individual par-
ticipants or the legal representative. Hereby, we fol-
lowed and strictly adhered to the Ethical Guidelines
of the Charité which are in accordance to the
Helsinki Declaration of 1975 and its revision of 1983.

Patients

Between 2009 and 2012, unrelated patients with
European Caucasian ethnic background diagnosed for

MMD (n¼ 24) and ACVD (n¼ 13), serving as controls
were included in this study. Both patient groups
received superficial temporal artery-to-middle cerebral
artery (STA-MCA) bypass grafting in our neurosurgi-
cal department for treatment of single photon emission
computed tomography (SPECT)-confirmed cerebrovas-
cular hemodynamic impairment. Further criteria
underlying the diagnosis for MMD were based on mag-
netic resonance imaging (MRI) and cerebral angiog-
raphy. The patients had to show at least the following
findings: stenosis or occlusion of the intracranial inter-
nal carotid artery or proximal portions of the anterior
and/or MCA associated with an abnormal moyamoya
vessel network in close vicinity of the stenotic or occlu-
sive lesions in the arterial phase classified according to
Suzuki scoring.1,13 Patients presenting ACVD, menin-
gitis, systemic vasculitis, acute stroke, Down syndrome
and autoimmune diseases such as hyperthyroidism as
well as patients with prior skull radiation were excluded
from the MMD group. Clinical data for both patient
groups were studied and recorded before the bypass
surgery. The study population has been described in
Supplemental Table 1.

Blood sampling and vessel specimens from revascu-
larization surgery

Blood was obtained by venepuncture using CPT
Vacutainer containing Na-citrate as anticoagulant
(Becton-Dickinson, Heidelberg, Germany). Serum
stored in aliquots at �80�C until use. Samples of the
MCA (M4 arteriotomy side) were obtained during the
surgical procedure (STA-MCA bypass surgery) from
MMD and ACVD patients. Vessel specimens were
shock-frozen in liquid nitrogen and stored at �80�C
until further processing.

Electrophoresis and immunoblotting

Western blot analysis was performed according to
standard procedures. Due to the low protein concen-
tration of lysates prepared from MCA samples, an
equal lysate volume was subjected per SDS-PAGE
lane to analyze collagen IV. For all other Western
blot analyses, equal protein amounts were subjected
per gel lane. Primary antibodies were: sheep polyclonal
collagen IV, rabbit polyclonal GAPDH, biotinylated
proMMP-9 (all from R&D Systems, Wiesbaden,
Germany), rabbit polyclonal VEGF and HRP-conju-
gated b-actin (Life Technologies, Karlsbad, CA,
USA). Respective secondary antibodies were obtained
from Jackson Immuno Res. Laboratories (Suffolk,
UK). Densitometric quantification was performed
employing ImageJ 1.46e.
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In situ gelatinase assay

Gelatinolytic activity was detected by in situ
Zymography. Frozen ACVD and MMD MCA speci-
mens were cut and dried at RT for 2 h. The 10 mm slices
were incubated at 37�C for 24 h with 20 mg/mL DQ-
Gelatine-FITC in 1� reaction buffer according to
manufacturers’ instructions (EnzChek� Gelatinase/
Collagenase Assay Kit, Thermo Fisher Scientific). All
images were taken at the same settings using a Kyence
BZ9000 microscope.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) assays
to test human or mouse VEGF, proMMP-9 and
Ang-2 in serum samples as well as in cEND cell super-
natants were performed in accordance to manufac-
turers’ instructions (R&D Systems, Wiesbaden,
Germany).

Zymography

Equal amounts of total serum protein mixed with an
equal volume of 2�non-reducing sample buffer were
subjected into polyacrylamide gel (10%) supplemented
with gelatin (1mg/mL) and electrophoresed. Gels were
treated, as described elsewhere.14 Images of gels cap-
tured by HP Laser Jet M1522nf were analyzed with
ImageJ 1.46e (NIH, USA). Gelatinase activity was
measured by comparative band density.

Cell culture and treatment

The cerebral and myocardial EC lines cEND and
MyEND generated from mouse brains and hearts
were cultivated over 20 passages as described previ-
ously5 and as indicated in the figure legends. CENDs
were pretreated with SU5416 (25 mM in DMSO; Sigma-
Aldrich, Taufkirchen, Germany) or with Bevacizumab
(250mg/ml; Roche, Basel, Switzerland) for 2 h prior to
serum exposition.

Transendothelial electrical resistance measurements

Cells were plated on the top of Transwell chambers
(0.4 mm pore size; Greiner Bio-One, Frickenhausen,
Germany). Transendothelial electrical resistance
(TER) was measured using an assembly containing cur-
rent-passing and voltage-measuring electrodes (World-
Precision Instruments Inc., New Heaven, CT, USA).
The resistance of blank filters was subtracted from the
one of filters with cells before calculating the final
resistance.

Messenger RNA isolation and quantitative
real-time PCR

RNA isolation (PureLink RNA Mini Kit, Life
Technologies), cDNA synthesis (Onestep RT-PCR
Kit, Qiagen, Hilden, Germany) and quantitative real-
time PCR (qPCR) (Premix ex Taq Perfect Real Time
Kit, Takara Bio, Saint-Germain-en-Laye, France)
were performed as previously described.5Mouse-specific
primers were obtained from TIBMolbiol Syntheselabor
GmbH, Berlin, Germany. The ABI PRISM 7300 SDS
software (Relative quantification study) was used to
determine the cycle threshold (CT) for each reaction
and expression determined for each gene was normalized
to expression of the endogenous housekeeping gene, gly-
ceraldehyde phosphate dehydrogenase (GAPDH). The
relative expression intensity was estimated by calculat-
ing 2���CT for each sample. Specificity of PCRproducts
was checked by melting curve analysis.

In vitro tube formation assay

CEND and MyEND cells (3� 104 cells per well) were
cultivated for in vitro tube formation assay and images
were taken as previously described.5 Image analysis for
tube parameters was performed by Wimasis.

In vitro cell scratch wounding assay

Scratch wounding assay was performed applying 2D
invasion cell culture inserts (24 well, Ibidi,
Martinsried, Germany). For each experiment, cEND
cells were seeded into both cell culture reservoirs sepa-
rated by a 500�mm thick silicone wall adhering to the
bottom of the culture plate and grown until confluence.
Then, the silicone insert was removed from the surface
resulting in two precisely defined cell patches. After the
suspended cells were washed for three times with
DMEM, the wounded monolayers were conditioned
with DMEM containing patients’ serum containing
SU5416 or Bevacizumab. Two perpendicular semiopa-
que marks were placed across each scratch on the exter-
nal surface of the area covered by cells in each well to
standardize quantitative analysis. The repopulation of
the wounded areas was documented by phase contrast
microscopy (Axiovert, Zeiss). Using ImageJ 1.46e, the
size of the denuded area was determined at each time
point from digital images.

Immunocytochemistry

Immunostaining was performed in accordance to pro-
cedures described previously using the polyclonal goat
anti-VE-cadherin (R&D Systems), Alexa488-conjugated
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rabbit anti-goat (Jackson Immuno Res. Lab) and DAPI
to visualize cell nuclei.5 Image acquisition was obtained
with a confocal microscope (TCS SP5, Leica
Microsystems, Wetzlar, Germany). Confocal images
were acquired by LCF AF software (all from Leica
Microsystems) using a Z step of 0.1mm and
63� 1.4NA oil immersion objective.

Statistical analysis

Data were obtained from three independent experiments
performed in triplicates, as indicated in thefigure legends.
Values for densitometry and gene expression were aver-
aged to establish a single value for ACVD (control) or
MMD serum-incubated cells and compound-treated
cells, as indicated. Data were analyzed through
GraphPadPrism6.1 (GraphPadSoftware) usinganalysis
of variance (ANOVA) with pairwise comparison,
Holm–Sidak method assuming significance for
*P< 0.05, **P< 0.01, ***P< 0.001and****P< 0.0001.

Results

Enhanced gelatinase activity and reduced collagen IV
protein expression in MMD versus ACVD vessel
specimens

By analogy to our recently published study, we
hypothesized that two other factors, MMP-9 and
VEGF, with a strong pro-angiogenic potential may be
synergistically involved with Ang-2 in the pathological
angiogenesis and vascular instability characterizing
MMD. Therefore, first, serum concentrations of
MMP-9 and VEGF were tested by ELISA, but unex-
pectedly without finding significant differences (Figure
1(a) and (b)). Also, gelatin degrading properties of
active MMP-9 and MMP-2 in serum samples of both
patient cohorts did not differ in ACVD versus MMD
patients’ serum (Figure 1(c) and (d)). However, a pro-
foundly enhanced gelatinolytic activity could be docu-
mented in vessel specimens obtained fromMMD versus
ACVD patients during the STA-MCA revasculariza-
tion procedure (Figure 1(e)). In addition, collagen IV
being the key molecule in the cerebrovascular basement
membrane was significantly lowered in affected MMD
versus ACVD vessel specimens (Figure 1(f) and (g)).

Elevated intracellular and extracellular MMP-9 and
VEGF levels in MMD serum-exposed cEND cells

Next, we used the recently described MMD in vitro
model of cerebrovascular ECs, cENDcells, to investigate
the effect of incubations of serum from both patient
groups on the intracellular expression and autocrine
release of these molecules. By applying a standardized

treatment protocol,5 the influence of ACVD and MMD
serum on MMP-9 and VEGF was analyzed by qPCR,
Western blot and Zymography assays followed by densi-
tometric quantification (Figure 2). A 24-h treatment of
confluent cEND cells maintained with MMD patients’
serum enhanced the gene expression of MMP-9 and
VEGF by approximately 5-fold, while transcript level
of VEGF-R2 was not attenuated (Figure 2(a) and
Supplemental Table 2). MMP-9 and VEGF expression
was lower under normal conditions when cENDs were
kept in FCS (Supplemental Figure 1(e)). We have also
confirmed an overexpression of VEGF andMMP-9 pro-
tein (Figure 2(b) and (c)) and found a significantly
increased MMP-9 activity in supernatant samples of
cENDs incubated in MMD serum versus ACVD
serum-treated controls pointing to a role for systemic
MMD serum components increasing the gelatinolytic
activity in cerebrovasculature, as indicated by densito-
metric analysis of the protein (Figure 2(d)). The intake of
statins at admission by MMD and ACVD patients had
no significant influence on the secretion and activity of
MMP-9 (Supplemental Figure 2(c) and (e)). Statin intake
did also not affect the secretion ofAng-2 into themedium
supernatant (Supplemental Figure 2(d)).

Preservation of brain endothelial cell–cell
interactions by VEGF signaling block in MMD
serum-maintained cENDs

We have recently described reduced EC–EC interaction
in response to MMD serum in cEND cells which could
be attenuated by the blockade of autocrine Ang-2 secre-
tion.5 To initially determine whether the secretion of
MMP-9 and VEGF is influenced by ACVD and
MMD serum incubations, cEND cell supernatants
were analyzed by ELISA assays. We also analyzed
the effect of VEGF signaling block on the release of
these molecules and Ang-2. No meaningful regulation
of the MMP-9, VEGF and Ang-2 release in response to
ACVD serum treatment and VEGF signaling inhibition
could be documented. In the presence of MMD serum,
the MMP-9 concentration was approximately 6-fold
and VEGF protein was 1.6-fold increased in the extra-
cellular compartment. By adding the VEGF-R2 inhibi-
tor SU5416 or the antibody directed to VEGF,
Bevacizumab, the induction of MMP-9 was slightly
but however statistically significant down-regulated.
SU5416 was effective to cause a partial reduction of
autocrine VEGF, while no influence on VEGF protein
levels in cEND supernatants could be observed after
MMD serum application with Bevacizumab. As we
have reported recently, Ang-2 was significantly induced
by MMD serum compared with ACVD serum treat-
ment in cENDs. By analogy, a down-regulation of
Ang-2 secreted into the extracellular compartment
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Figure 1. Increased gelatinase activity and reduced collagen IV protein expression in MMD vessel specimens. Quantitative meas-

urements of (a) total MMP-9 (proMMP-9) and (b) VEGF protein in the ACVD (n¼ 13) and MMD patient cohort (n¼ 24) were

performed by ELISA. No significant differences could be detected between both patient groups. Functional analysis of the enzymatic

activity of MMP-9 and MMP-2 in MMD compared with ACVD serum was evaluated by gelatin Zymography (c). After the analysis of

nine sera per group, representative protein gels were chosen. Both patient groups did not differ in terms of MMP-9 and MMP-2 activity

as indicated by (d) densitometric analyses of all gels performed using ImageJ software and summarized in the graph. Cryosections of

human vessel specimens were analyzed for collagenase activity due to manufacturers’ instructions (e). Images are representative. Bar:

50mm. Vessel specimens were lysed and equal volumes were analyzed for collagen IV protein by Western blot (f). Protein amount per

lane was normalized to the expression of GAPDH, the relative collagen IV expression was estimated by densitometrical analysis and

expressed in the graph (g), ***P< 0.005, one-way ANOVA.
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was documented in response to both compounds plus
MMD serum (Figure 3(a)).

To test cerebro-endothelial cell–cell interactions, we
next performed in vitro tube formation assays in
patients’ serum-incubated cENDs with and without
VEGF signaling inhibiting compounds. The assay dis-
plays the ability of ECs to form tube-like structures that
depends on the potential of cells to migrate, establish
cell–cell and cell–matrix contacts, and to regulate cell
survival. Concomitantly to our recently published
work, all tube parameters, including tube number,
their length and branching points were significantly
reduced under MMD versus ACVD conditions. By
applying SU5416 or Bevacizumab additionally to
MMD serum, a significant increase and reconstitution
to the control level of tube number and length could be
documented, while no influence of either substance
on the number of branching points of the tubes could
be observed (Figure 3(b) and (c)).

Restored brain EC barrier properties due to VEGF
signaling block in the presence of MMD serum

Recently, we focused on the comparison of cENDs
exposed to ACVD serum with MMD serum-treated

cells. MMD serum caused increased permeability and
decreased synthesis of inter-endothelial junction mol-
ecules, tight and adherens junctions (TJ and AJ) simul-
taneously with an induction of an autocrine release of
Ang-2.5 Under non-disease conditions, the TER of
cEND cells was significantly higher than after incubat-
ing the cells with MMD or ACVD serum
(Supplemental Figure 1(a)). Blockade of the VEGF sig-
naling cascade has been described to inhibit MMP-9
degrading abilities and is known to restore EC barrier
properties. We thus further pursued this observation
and tested the effect of SU5416 and of Bevacizumab.
Functional analysis of EC barrier properties demon-
strated a statistically significant positive effect of
SU5416 and Bevacizumab treatment on TER being
an indicator of endothelial permeability in MMD
serum-stimulated cENDs (Figure 4(a)). Moreover,
a transcriptional up-regulation of cell–cell contact mol-
ecules by SU5416 or Bevacizumab could be recorded in
the presence of MMD serum. Briefly, claudin-5 gene
expression was up-regulated by approximately
2.5-fold by VEGF-R2 block and a 3-fold increase due
to Bevacizumab treatment compared to the ACVD
control. VE-cadherin was restored to the control level
by stimulation with both compounds. However, none of

Figure 2. Impact of MMD patients’ serum on intra- and extracellular MMP-9 and VEGF in cENDs. Relative gene expression of VEGF,

VEGF-R2 and MMP-9 was assessed in the presence of ACVD versus MMD serum for 24 h by qPCR (a). Protein expression of VEGF

and proMMP-9 normalized to b-actin in response to MMD versus ACVD serum was tested by Western blot (b) and densitometry (c).

Images are representative. Extracellular secretion of total MMP-9 and VEGF in response to patients’ serum monitored in cENDs using

ELISA (d). Values in the graphs are means� SEM (n¼ 3 independent experiments performed in triplicates each including at least 5

different pooled patients’ serum of each clinical type) ****P< 0.001, **P< 0.01 versus ACVD-incubated cENDs, one-way ANOVA.
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the agents could reinforce the expression of occludin
being reduced by the exposure to MMD serum by
approximately 40% of the control (Figure 4(b)). These
results could be reproduced by Western blot analysis
where a restoration of claudin-5 and VE-cadherin
could be documented, whereas the protein expression
of occludin remained down-regulated in response to
MMD serum plus compounds (Figure 4(c) and (d)).
CEND cells kept in ACVD serum revealed a typical
spindle-like elongated EC monolayer morphology with
VE-cadherin located predominantly in the membrane
(Figure 4(e)). A significantly disintegrated VE-cadherin
stain along with a change to a more roundish and dis-
organized phenotype was observed in the cEND cell
monolayer incubated in MMD serum. This characteris-
tic delocalization of VE-cadherin could be abolished
by co-treating the cells with both SU5416 or
Bevacizumab. After co-stimulation with VEGF signal-
ing blockers, MMD serum-incubated cENDs exhibited
the spindle-like elongated morphology being compar-
able with the one observed in ACVD serum-treated con-
trol cells.

Taken together, the exposure of cEND cells to
MMD serum showed reciprocal effects on the expres-
sion and secretion of barrier-destabilizing cytokines

and cell–cell contacts, while the simultaneous stimula-
tion of cEND cells with VEGF signaling blockers
represses the expression of MMP-9 and synergistically
reestablishes EC barrier properties.

Lowered MMD serum-induced cell–matrix
disturbances by inhibiting the VEGF signaling
pathway

By the scratch migration assay, the motility of a
wounded cEND cell monolayer was tested in response
to patients’ serum with and without blockage of the
VEGF signaling path. While the scratch was completely
closed in MMD serum-incubated samples after 24-h
treatment, the cEND cell monolayer sealed by approxi-
mately 50% of the starting point of ACVD serum
exposure. Blockade of the VEGF signaling path by
SU5416 or Bevacizumab did not significantly influence
the migration rate of the cells in response to ACVD
serum treatment. However, while the migration rate
of MMD serum-incubated cEND cell monolayers was
observed to be statistically decreased by SU5416 reach-
ing almost the value of the ACVD control monolayers,
we were not able to detect any difference after
Bevacizumab application (Figure 5(a) and (b)). Next,

Figure 3. EC–EC interactions upon blocking VEGF signaling in MMD serum-incubated cENDs. CEND cells were pre-stimulated with

SU5416 (25 mM), Bevacizumab (250 mg/ml) or left untreated for 2 h prior to exposition to 2.5% patients’ serum for 24 or 48 h, as

indicated. Effects of the compounds on secretion of MMP-9, VEGF and Ang-2 (a). Phenotypic effect of ACVD and MMD serum

incubation tested by tube formation assay (b). Representative low magnification images (10�) of tubes formed by serum-conditioned

cENDs were chosen. Total tube number, branching points and tube length were assessed by Wimasis Software (c). Values are

means� SEM (n¼ 3 independent experiments in triplicates each including five different patients’ serum per group performed in

triplicates), ****/####P< 0.001, ***/###P< 0.005, **/##P< 0.01, */#P< 0.05, versus cENDs incubated in ACVD serum, one-way

ANOVA.
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Figure 4. Restoring effect on brain EC barrier function mediated by VEGF signaling blockage in cENDs exposed to MMD serum.

CEND cells were maintained in ACVD and MMD and co-treated with Bevacizumab, SU5416 or left untreated for 48 h. The effect of

ACVD and MMD serum on TER of cENDs in the presence or absence of Bevacizumab or SU5416 was determined and expressed in

absolute TER values (�� cm2, a). Gene expression of claudin-5 and occludin, and VE-cadherin in response to human serum and VEGF

signaling blockade was analyzed by real-time qPCR (b). Western blot analysis (c) followed by densitometry (d) to elucidate the effect of

VEGF signaling block on MMD serum-induced TJ and AJ reduction. Values are means� SEM (n¼ 3 independent experiments each

including five different patients’ serum per group performed in triplicates), ****/####P< 0.0001, ***/###P< 0.001, **/##P< 0.01,

*/#P< 0.05, versus cENDs incubated in ACVD serum, one-way ANOVA. Cells stained for VE-cadherin (green) and DAPI to visualize

cell nuclei observed by confocal microscopy (e). Bar: 10mm, n¼ 3 independent experiments performed in triplicates each including

five different pooled patients’ sera per group.
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MTT assays were performed to initially test if the
increased migration of MMD serum-treated cENDs
depends on an increased cell proliferation rate and to
document the influence of VEGF signaling block
(Figure 5(c)). A 48-h treatment of cEND cells with
MMD versus ACVD serum induced a decreased pro-
liferation rate, which could not be increased by treating
the cells with VEGF and VEGF-R2 interfering
compounds.

We then speculated that MMD serum-mediated up-
regulation of autocrine MMP-9 protein could influence
the expression of integrin a1, the subunit of the major
collagen receptor integrin a1b1, on vascular endothe-
lium responsible for EC adhesion to the matrix ligand

collagen type IV. A 24-h incubation of cEND cells with
MMD serum led to a 0.7� 0.2-fold down-regulation of
integrin a1 subunit when compared to ACVD serum-
treated control cEND cells. However, by exposing the
cells to VEGF signaling inhibiting substances, no sig-
nificant changes of integrin a1 could be observed
(Figure 5(d)). Moreover, elevated levels of the a5 integ-
rin subunit were assessed by qPCR (2.3� 0.9) revealing
a deregulated interaction between cEND cells and their
basement membrane caused by MMD serum incuba-
tion. A significantly reduced expression of this mol-
ecule was measured in cENDs treated with SU5416
or Bevacizumab in the presence of MMD serum
(Figure 5(d)).

Figure 5. Increased cEND cell migration and deregulated integrin expression by MMD serum irrespectively of cell proliferation.

CEND cell migration was measured in response to MMD versus ACVD serum and upon VEGF signaling block using SU5416 or

Bevacizumab over 24 h (a). The repopulation of the wounded areas was documented by phase contrast microscopy. The size of the

denuded area was determined from digital images, analyzed using ImageJ 1.46e and depicted in the graph (b). CEND cell proliferation

in response to MMD versus ACVD serum at 48 h analyzed by MTT assay (c). Effect of MMD versus ACVD serum with or without

SU5416 or Bevacizumab on a1 and a5 integrin receptor gene expression tested by real-time qPCR (d). Values from all graphs are

means� SEM (n¼ 3 independent experiments each including five different pooled patients’ serum per group performed in triplicates),

****/####P< 0.001, ***/###P< 0.005, **/##P< 0.01, */#P< 0.05, versus cENDs incubated in ACVD serum, one-way ANOVA.
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Endothelial barrier properties are preserved in myo-
cardial ECs kept in MMD serum

Our recently published work described MMD serum
incubations affecting cEND cells in a brain-specific
manner by testing endothelial features in HuVEC
cells.5 In analogy, a non-cerebral EC line derived
from mouse hearts was applied to confirm our hypoth-
esis. The gene expression of angiogenic factors, some of
their respective receptors and cell–cell contact mol-
ecules were tested in MyEND cells, compared with
data obtained for cENDs and summarized in
Supplemental Table 2. There were no statistically

significant changes in the gene expression of the tested
molecules confirming that the effects gained by the
incubation of cerebrovascular cENDs in MMD versus
ACVD patients’ serum are brain specific.

We have also investigated functional effects on
MyEND cells in the presence of MMD against
ACVD serum by applying tube formation and MTT
proliferation assay. As depicted in Figure 6(a) and
(b), there were no significant differences in the tube-
forming ability of MyEND cells and their proliferation
rate caused by MMD serum incubation versus ACVD
control treatment. There were also no statistically sig-
nificant effects documented by measuring the TER of

Figure 6. Effects of MyEND cell incubations with ACVD versus MMD serum EC barrier properties.MyEND cells were incubated in

analogy to cENDs for 24 or 48 h. The effect of ACVD and MMD patients’ serum incubation on MyEND cell phenotype and cell–cell

interactions was tested by Matrigel tube formation assay (a). Low magnification images (10�magnification) of tube formation in

response to ACVD and MMD serum are representative. Total number of tubes, branching points and tube length was assessed by

Wimasis Image Analysis and depicted by the graph. MyEND cell proliferation was analyzed by MTT assay (b). EC barrier properties

were proven by TER (c). Secretion of human Ang-2, VEGF and proMMP-9 protein into the supernatant was analyzed by ELISA (d).

Gelatinolytic activity of MMP-9 evaluated in cell culture supernatants by gelatinase zymography (e). Values are means� SEM (n¼ 3

independent experiments each including 5 different serum per group), one-way ANOVA (Holm–Sidak method) was used as statistical

test.
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MyEND cells under serum treatment (Figure 6(c)). In
accordance with our hypothesis and comparably to the
results gained in HuVEC cells, described previously, no
relevant differences in Ang-2, MMP-9 and VEGF secre-
tion into the cell culture supernatant were observed
(Figure 6(d)). In addition, no significant alterations in
extracellular MMP-9 activity in MMD versus ACVD
serum-incubated MyEND cells were detectable in gela-
tinase Zymography assay (Figure 6(e)).

Discussion

In our present work, we investigated the role of pro-
angiogenic and EC barrier-disintegrating molecules
VEGF and MMP-9, which additionally to Ang-2 are
involved in the development of the hazy vascular net-
work observed in MMD patients. Since MMD and
ACVD patients exhibit a similar occurrence of ischemic
episodes and a comparable localization of cerebral
infarctions, all experiments were conducted with sam-
ples from ACVD patients as a control. We show that
gelatinase activity is significantly stronger and the
essential substrate of MMP-9, collagen IV is markedly
affected in MMD vessel specimens compared to those
obtained from ACVD patients. Although not regulated

in serum, MMP-9 and VEGF were strongly overex-
pressed and secreted by cEND cells maintained with
MMD serum, similarly to what we observed for Ang-
2.5 Moreover, by blocking VEGF signaling, we saw a
partial reduction of the MMD serum-mediated effects
improving the EC–EC and EC–ECM function in our
in vitro model. Applying an EC line derived from
mouse myocardium, we were able to confirm our
hypothesis on a brain-specific influence of MMD
serum.

Overexpression of Ang-2 has been implicated in the
activation of signals leading to a disassembly of the
junctional complex under physiological pro-angiogenic
conditions and in a number of cerebrovascular dis-
orders.11 By analogy, we hypothesized further that
other pro-angiogenic mediators may interplay with
the so far identified Ang-2 to be regulative for the
pathological angiogenesis characterizing MMD.
Therefore, the involvement of MMP-9 and VEGF in
the disruption EC barrier and hemorrhage was tested in
this work in vessel specimens from MMD and ACVD
patients as well as in the cEND cell culture model
mimicking the disease conditions. To our knowledge,
we are the first providing evidence for the focal digest-
ive activity of gelatinases in the affected vasculature of

Figure 7. Potential mechanism behind the development of fragile MMD cerebrovasculature. ECs stimulated by so far undetermined

serum factors circulating in the blood stream of MMD patients excessively secrete pro-angiogenic mediators, such as Ang-2, MMP-9

and VEGF in an autocrine manner. These factors influence the EC–EC and EC–ECM barrier by disrupting inter-endothelial junctions

and deregulating the expression of integrins. Increased proteolytic activity of MMP-9 induces ECM remodeling through the degrad-

ation of collagen IV. Morphological changes along with an increased migration and lowered proliferation are followed by an excessive

angiogenesis mediating the development of the cerebrovascular fragility and potential micro-bleeds.
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MMD patients, which was accompanied by the loss of
the ECM component collagen IV. Mediators of the EC
barrier disruption include MMPs, a group of zinc-
containing endopeptidases.15 MMP-9, known to be ele-
vated under inflammatory conditions and to drive
angiogenesis, requires the degradation and remodeling
of the ECM. MMP-9 acts either on ECM or on non-
ECM substrates, including inter-endothelial TJs, cell-
surface and ECM-bound growth regulators, releasing
them from stores.16,17 The molecule was also hypothe-
sized to be involved in the development of the rete
mirabile characterizing MMD.17 However, until today,
the expression and activity ofMMP-9 inMMDpatients’
material were exclusively shown in relation to healthy
donors not taking in account the hypoxic conditions
being present in MMD cerebrovasculature being a
strong pro-angiogenic stimulus, per se.18,19

The pro-angiogenic and vascular barrier-de-arranging
action of Ang-2 andMMP-9 is strongly dependent on the
bioavailability of VEGF.11,20 Thus, functional impair-
ments mediated by MMD serum condition could be par-
tially abolished by inhibiting the VEGF signaling
pathway. Neutralization of VEGF was achieved by
Bevacizumab treatment or by blocking the VEGF-R2
using SU5416, that was shown to be an effective and
non-toxic strategy to control growth of angiogenesis-
dependent tumors.21 Both strategies efficiently attenuated
extracellular elevation ofMMP-9 andAng-2. In addition,
claudin-5 and VE-cadherin overcame completely the
down-regulative effect of MMD serum on their expres-
sion, while stimulations with Bevacizumab or SU5416
were not effective to preserve the expression of occludin
in response toMMD serum, suggesting the down-regula-
tion of occludin not to be mediated by VEGF-R2.

Mechanisms leading to EC migration are very com-
plex and there are diverse pathways to initiate and pro-
gress cell motility. We saw that enhanced cEND cell
migration caused by MMD serum was not dependent
on increased cell proliferation. Moreover, ECs initiate
migration by digesting the ECM and by changing the
expression of cell–matrix contacts, such as integrins.
The classical scratch wound healing assay as well as
the tube formation assay clearly displayed deregulated
cell–cell or the cell–matrix interactions in cENDs main-
tained in MMD versus ACVD serum. Therefore, we
furthermore speculated that alterations in endothelial
cell–matrix adhesion mediated by integrins in response
to MMD serum stimulus may be crucially involved in
the EC disturbance observed in the disease. ECM integ-
rin receptors control adhesion to and migration toward
ECM thereby regulating angiogenesis,22 i.e. the matrix-
binding integrin a1 receptor representing one of the
major collagen IV receptors on brain ECs was shown
to participate in the control of cerebrovascular integrity
and to be lost, i.e. in focal cerebral ischemia.23 As it was

observed in integrin a1 knockout mice, its expression is
inversely correlated with MMP levels.24 Interestingly,
lowered integrin a1 expression was associated with a
reduced proliferation of ECs grown on collagen IV.25

Both facts were simultaneously observed in cENDs
under MMD conditions. Concomitantly, we observed
an enhancement of the integrin a5 subunit, that is also
known as one of the pro-angiogenic integrins.22

An overexpression of integrin a5 seems to play an import-
ant role in EC migration and in the ability to form tube-
like structures.22,26 By treating the cells with SU5416 or
Bevacizumab additionally to MMD serum, the overex-
pression of integrin a5 could be prevented without signifi-
cantly affecting the down-regulation of integrina1 further
implicating, at least in part, the involvement of the VEGF
signaling in the control of cell–matrix interactions in
MMD. However, the detailed mechanism of this phe-
nomenon remains to be elucidated.

Finally, by applying the same experimental setup for
brain and non-brain EC cultures, we were able to deter-
mine differential effects on the expression profile of mol-
ecules involved in the regulation of angiogenesis in the
presence of MMD and ACVD serum. We could already
describe these observations in our previous work where
HuVEC cells were used for this purpose. Since the cul-
tivation (cell line versus primary ECs), host (mouse
versus human) and function (micro- versus macro-vas-
cular ECs) of cEND and HuVEC cells differ very much,
we herein confirmed the brain-specificity of the observed
effects in the mouse myocardial cell line, MyEND.27

One explanation for our results pointing to brain speci-
ficity would be that divergent signaling mechanisms are
involved in EC barrier regulation through a differential
expression profile of pro- and anti-angiogenic factors in
cerebral and non-cerebral ECs. This fact seems not be
surprising, since the aberrant MMD collateralization
pattern and micro-hemorrhages resulting from the
pathological vessel fragility in MMD are observed
exclusively in the brain.28,29 The results are also con-
comitant with findings of others reviewing all
EC-specific genes being differentially or unevenly
expressed throughout the vascular tree.30 Even small
differences in the expression status of cellular contacts,
growth or angiogenic factors between ECs may there-
fore account for large differences in environmentally
induced gene programs.31 It is therefore very likely
that the combination of both intrinsic and extrinsic fac-
tors determines the phenotypic heterogeneity of ECs. In
line with these facts, pro- and anti-angiogenic therapy
should be targeted to specific vascular beds displaying
the diseased phenotype.32 The evaluation and identifi-
cation of such novel site-specific therapies will, however,
depend on our understanding of the proximate mechan-
isms underlying EC heterogeneity also in the context of
MMD.
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Taken together, MMD represents a rare and clinic-
ally heterogeneous disease. The access to adequate
animal models and to affected tissue from patient lesions
is limited. The cEND cell line is therefore proposed as an
useful experimental approach to investigate mechanisms
underlying the instability and plasticity characterizing
MMD. Based on this in vitro model, we found evidence
for so far unidentified signals or factors in MMD
patients’ serum that actively and brain-specifically
stimulate the expression of different vessel-destabilizing
mediators. Elevation of these factors, released in differ-
ent concentrations and their interplay seems to be regu-
lative for EC barrier destabilization observed in MMD.
So far, our results supportMMP-9, VEGF andAng-2 to
control the autocrine-mediated EC–EC and EC–matrix
interactions strongly differing from those observed in
brain ECs kept in ACVD serum. The potential mechan-
isms behind the vascular fragility inMMD is depicted in
Figure 7. The inhibition of the Ang-2/tie-2 signaling
rather than blockade of VEGF/VEGFR-2 restored EC
function,5 suggesting VEGF to play a lesser role, how-
ever, to be a new promising target to prevent micro-
bleeds or hemorrhagic stokes in MMD.
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