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ABSTRACT

Marfan syndrome (MFS) is a connective tissue disorder that is often associated with
fibrillin-1 (Fbnl) gene mutation and characterized by cardiovascular alterations,
predominantly ascending aortic aneurysms. Although neurovascular complications are
uncommon in MFS, the improvement in Marfan patients’ life expectancy is revealing
other secondary alterations, potentially including neurovascular disorders. However,
little is known about small vessel pathophysiology in MFS. MFS is associated with
hyperactivated transforming growth factor (TGF)-B signaling, which, among numerous
other downstream effectors, induces the Nox4 isoform of NADPH oxidase, a strong
enzymatic source of H,O,. We hypothesized that MFS induces middle cerebral artery
(MCA) alterations, and that Nox4 contributes to them. MCA properties from 3-, 6- or 9-
month-old Marfan (Fbn1¢'%°¢"*) mice were compared with those from age/sex-matched
wild-type littermates. At 6 months, Marfan compared with wild-type mice developed
higher MCA wall/lumen (wild-type: 0.081 + 0.004; Marfan: 0.093 £ 0.002; 60 mmHg; P
< 0.05), coupled with increased reactive oxygen species production, TGF-f and Nox4
expression. However, wall stiffness and myogenic autoregulation did not change. To
investigate the influence of Nox4 on cerebrovascular properties, we generated Marfan
mice with Nox4 deficiency (Nox4™). Strikingly, Nox4 deletion in Marfan mice
aggravated MCA wall thickening (cross-sectional area; Marfan: 6660 + 363 pm?%
Marfan Nox4™: 8795 + 824 ym?% 60 mmHg; P < 0.05), accompanied by decreased
TGF-B expression, and increased collagen deposition and Nox1 expression. These
findings provide the first evidence that Nox4 mitigates cerebral artery structural

changes in a murine model of MFS.

Keywords: fibrillin-1; neurovascular disorders; structural alterations; transforming

growth factor-f3; Nox4
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NEW & NOTEWORTHY

This is the first study to characterize the cerebral artery properties in an animal model
of Marfan syndrome. Importantly, we reveal a role for Nox4 in attenuating brain
vascular structural changes in Marfan syndrome, which may confer protection against

the development of neurovascular disorders during Marfan syndrome progression.
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INTRODUCTION

Marfan syndrome (MFS) is an autosomal dominant connective tissue disorder with
multiple clinical manifestations, including cardiovascular alterations (5, 26). Mutations
of the gene encoding fibrillin-1 (Fbnl) are the underlying cause (17). Fibrillin-1 is a
scaffolding protein that is crucial for elastin deposition and the formation of elastic
fibers and laminae (41). Aortic aneurysm leading to aortic dissection and rupture is the
event that contributes to premature mortality (5). Neurovascular disorders are
uncommon in Marfan patients. In a retrospective hospital-based study, in which
patients affected with MFS were seen between 1989 and 1997 (49), no major
association of MFS with neurovascular complications has been clearly reported. In
addition, the relationship between cerebral artery aneurysms and MFS has been
questioned (10, 48, 49). Therefore, the current evidence does not conclusively support
a link between MFS and neurovascular disorders. Advances in pharmacological and
mainly surgical therapies have resulted in longer life expectancy for Marfan patients
(39). However, one consequence of this undoubted improvement could be that Marfan
patients are increasingly exposed to other complications, such as those of a
neurovascular type. To understand the pathophysiological basis of MFS alterations, a
variety of murine experimental models have been developed. The most commonly
used is mice heterozygous for the Fbnl allele encoding a missense mutation
(Fbn1'%9™y "which is representative of the most common class of mutation observed
in Marfan patients. Marfan mice show impairments in aortic functional and mechanical
properties that could contribute to the risk of aortic aneurysm formation (7, 8, 9).
However, very little is known about the pathophysiology of small vessels in MFS. To
our knowledge, only mesenteric resistance artery properties have been thoroughly
analyzed, with reports of Marfan-associated increases in wall stiffness and vasomotor

dysfunction (45, 46).
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Fibrillin-1 form microfibrils, which are a reservoir of transforming growth factor-g (TGF-
B) and thus contribute to different aspects of Marfan-related vascular pathophysiology
(12, 19, 33). It is well-known that overexpression of TGF-31 in the brain of non-Marfan
animals contributes to cerebrovascular dysfunction (47). On the other hand, vascular
NADPH oxidase is a critical source of oxidative stress (20). In this respect, NADPH
oxidase 4 (Nox4) is the only family member expressed in the vascular wall (20) whose
expression is regulated by TGF- (6, 13, 22, 38). Nox4 generates H,O, as a reactive
oxygen species (ROS), and previous studies have suggested that H,O, regulates
arterial structure and function (44). Therefore, we hypothesized that Nox4 could be a
relevant downstream effector of TGF- in the cerebral vasculature in MFS. This
hypothesis is based on experimental evidence that shows augmented oxidative stress
in aortic and mesenteric artery dysfunction in MFS (46, 50), greater oxidative stress
and Nox4 expression in cerebral than in systemic arteries (32), and the relevance of

Nox4 as a source of oxidative stress in ischemic stroke (40).

Although vascular alterations in systemic arteries have been previously identified in a
mouse model of MFS (7, 8, 9, 45, 46, 50), cerebral artery properties have not been
investigated. If cerebrovascular abnormalities were present, they might contribute to
susceptibility to the development of neurovascular complications. We therefore
examined middle cerebral artery (MCA) properties during MFS progression, and
subsequently the putative role of Nox4 in the potential alterations that have been

observed.

MATERIALS AND METHODS

Animals

Three-, six- and nine-month-old male and female mice were similarly distributed across

wild-type (n = 26) and Fbn1®'%*¢" (Marfan; n = 25) groups. Marfan mice began with
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matrices from the Jackson Laboratory (Charles River, Lyon, France). Moreover, 6-
month-old wild-type Nox4™ (n = 7) and Marfan Nox4” (n = 5) mice were used. To
establish the Marfan Nox4” mice colony, initially wild-type Nox4” female mice (42)
were bred with Fbn1¢'%%¢"* (Marfan Nox4**) male mice. From the resulting Nox4
heterozygous generation (Nox4""), Marfan male mice were crossed with wild-type
female mice to obtain Marfan Nox4” male mice that were selected and successively
bred with wild-type Nox4™ female mice. All mice were housed according to institutional
guidelines (constant room temperature at 22 °C, 12 h light/dark cycle, 60% humidity,
and water ad libitum). All of the experiments were performed under the guidelines
established by Spanish legislation (RD 1201/2005) and according to the Guide for the
Care and Use of Laboratory Animals, published by the United States National Institutes
of Health (NIH Publications 85-23, revised 1996). Experiments were approved by the
Ethics Committee of the Universitat de Barcelona, and were carried out in compliance

with European legislation.

Tissue preparation

MCA from the right and left hemisphere was dissected under a surgical microscope
and kept in ice-cold Krebs-Henseleit solution (KHS, composition in mM: NaCl 112.0;
KCl 4.7; CaCl, 2.5; KH,PO,4 1.1; MgSO,4 1.2; NaHCO; 25.0; and glucose 11.1) gassed
with 95% O, and 5% CO,. The proximal segment of the MCA was immediately used for
pressure myography, and at the end of the assay it was handled for nuclei distribution
microscopic fluorescence studies (36) and picrosirius red staining (16). Distal MCA
segments were used for immunofluorescence (36) and evaluation of superoxide anion
production (36). Branches of the MCA and the remaining cerebral arteries were

processed for analysis of mMRNA levels (36).
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Pressure myography

Structural, mechanical and myogenic properties of the MCA were studied with a
pressure myograph (Danish Myo Tech, model P100; J.P. Trading, Aarhus, Denmark),
as described (16, 36). Briefly, vessels were placed on two glass microcannulas and
carefully adjusted so that the vessel walls were parallel without stretching them.
Intraluminal pressure was then raised to 140 mmHg, and the artery was unbuckled by
adjusting the cannulas. Afterwards, the artery was left to equilibrate for 45 min at 40
mmHg in gassed KHS (37°C). Intraluminal pressure was reduced to 3 mmHg, and a
pressure—diameter curve (3-120 mmHg) was obtained. Internal and external diameters
(Dica and Deca) were measured for 3 min at each intraluminal pressure. The artery was
left to equilibrate for 30 min at 40 mmHg in gassed, calcium-free KHS (37°C; 0 Ca?":
omitting calcium and adding 10 mM EGTA,; Sigma-Aldrich, St Louis, MO) and a second
pressure-diameter curve (3-120 mmHg) was obtained in passive conditions. Structural,

mechanical and myogenic parameters were analyzed as described (16).

Nuclei distribution by confocal microscopy

Pressured (40 mmHg)-fixed intact MCA was stained with Hoechst 33342 nuclear dye
(10 pg/ml; Sigma-Aldrich) for 30 min (16, 36). Once washing had been completed,
arteries were mounted on slides with a well that was made from silicon spacers, to
avoid artery deformation. The slides were visualized with a Leica TCS SP2
(Heidelberg, Germany) confocal system. Stacks of serial optical slices (0.4 ym thick)
were captured from the adventitia to the lumen of each artery. The different MCA layers
stained with Hoechst 33342 were clearly distinguished with confocal microscopy,
according to the shape and/or orientation of the cell nuclei (1). At least two stacks of

images of several regions were captured in each arterial segment. MetaMorph Image
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Analysis software (Molecular Devices, Sunnyvale, CA) was used for quantification, as

reported (16).

Elastin determination

Total elastin content was studied in MCA cross-sections (14 ym thick) on the basis of
the autofluorescent properties of elastin, as described (35). The fluorescence intensity
value was used as an estimate of elastin concentration, following the assumption that
the concentration of elastin has a linear relationship with fluorescence intensity (3).
Preparations were viewed using a laser scanning confocal microscope (Leica TCS
SP2). All the images were taken under identical conditions of zoom (x1), laser
intensity, brightness, and contrast. Quantitative analysis of elastin autofluorescence
was performed with MetaMorph Image Analysis software (Molecular Devices). The
fluorescence signal per area was measured in at least two rings from each animal, and

the results were expressed as arbitrary units.

The content of elastic fibers in the internal elastic lamina (IEL) was studied in intact
pressure (40 mmHg)-fixed MCA using a Leica TCS SP5 confocal microscope. Stacks
of serial optical sections (0.3 ym thick) were captured from each artery. At least, two
stacks of images of several regions were captured in each arterial segment. All the
images were taken under identical conditions of zoom (x5), laser intensity, brightness,
and contrast. Quantitative analysis was performed with MetaMorph Image Analysis

software (Molecular Devices), as described (24).

Collagen determination by picrosirius red staining

MCA sections (14 pm thick) were stained with picrosirius red to determine total

collagen (16). Images were taken using a Leica Leitz DMRB microscope equipped with
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a Leica DC500 camera, and analyzed with MetaMorph Image Analysis software
(Molecular Devices). Total collagen content was calculated as a percentage of the
stained area of each image obtained under visible light in at least two rings from each

animal, and the results were expressed as arbitrary units.

Immunofluorescence

Frozen transverse sections (14 um thick) of MCA were incubated (1 h) with a goat
polyclonal antibody against matrix metalloproteinase (MMP)-9 (1:100; R&D Systems,
Inc., Minneapolis, MN). After being washed, sections were incubated (45 min) with the
secondary antibody (1:200), a donkey anti-goat IgG conjugated to Cyanine 3 (Jackson
ImmunoResearch Laboratories, West Grove, PA) at 37°C. The specificity of the
immunostaining was verified by omission of the primary antibody, which abolished the
fluorescence signal. Quantitative analysis of fluorescence was performed with
MetaMorph Image Analysis software (Molecular Devices) and the results were

expressed as arbitrary units (36).

Measurement of superoxide anion formation

The oxidative fluorescent dye dihydroethidium (DHE) was used to evaluate production
of superoxide anion in situ (14-um thick sections) (18). Quantitative analysis of DHE-
derived fluorescence was performed with MetaMorph Image Analysis software

(Molecular Devices), as reported (16, 36).

Quantitative real-time PCR (qRT-PCR)
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MRNA expression was quantified by Sybr green-based quantitative real time-PCR as
described (34). The expression of mMRNA for GAPDH of 18S ribosomal RNA was used
as an internal control. gRT-PCR reactions were set up following the manufacturer’'s
guidelines. Ct values obtained for each gene were referenced to GAPDH 18S (AACt)
and converted to the linear form using the term 22 as a value directly proportional to

the copy number of cDNA and the initial quantity of mRNA (34).

Statistics

Results are expressed as means + SE of the number (n) of mice indicated in the
legends for Figs. 1-6. The difference between wild-type or Marfan mice and the effect
of Nox4 deletion was assessed by a two-way ANOVA with Tukey’s post-test to
compare groups. Data analysis was carried out using GraphPad Prism version 6

software. A value of P < 0.05 was considered significant.

RESULTS

Structural, mechanical and myogenic properties of MCA during MFS progression

To obtain MCA structural parameters, external and internal diameters were measured
under fully relaxed conditions (0 Ca?*-KHS). We did not find a significant difference in
external (3 months; wild-type: 167.33 + 3.41 ym, n = 9; Marfan: 169.86 + 4.23 ym, n =
7; 6 months; wild-type: 171.00 £ 5.03 ym, n = 10; Marfan: 167.18 + 3.79 um, n = 11; 9
months; wild-type: 168.71 £ 6.09 ym, n = 7; Marfan: 163.14 + 2.78 ym, n = 7; 60
mmHg) or internal (3 months; wild-type: 143.00 + 2.46 ym, n = 9; Marfan: 145.00 %
4.53 ym, n = 7; 6 months; wild-type: 146.60 + 5.20 ym, n = 10; Marfan: 141.00 + 3.25
pm, n = 11; 9 months; wild-type: 143.43 + 6.36 um, n = 7; Marfan: 136.00 + 2.64 pm, n

= 7; 60 mmHg) diameter in wild-type versus Marfan mice in any age group under study.
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At 3 months, structural parameters were similar in vessels from control and Marfan
mice. However, at 6 months of age, unlike cross-sectional area (Fig. 1A) and wall
thickness (results not shown), the wall/lumen (Fig. 1B) was higher (P < 0.05) in Marfan
than in wild-type mice, difference that disappeared at 9 months of age. Additionally,
neither the cross-sectional area (Fig. 1A) nor the wall thickness (results not shown)

was modified in Marfan mice at this age.

Wall stiffness is a mechanical parameter that can be determined from the stress-strain
relationship (2). Since the stress-strain curve is not linear, it is more appropriate to
obtain the slope of the curve (B-value). At all mice ages studied, the stress-strain
relationship and the B-values were similar, which indicates that MCA stiffness is not

altered in Marfan mice (Fig. 2A).

We did not find a significant difference in internal diameter in active conditions in wild-
type versus Marfan mice in any age group under study (3 months; wild-type: 131.11 &
3.41 ym, n = 9; Marfan: 135.14 = 3.94 ym, n = 7; 6 months; wild-type: 121.00 £ 8.40
pm, n = 9; Marfan: 121.70 + 3.93 um, n = 10; 9 months; wild-type: 124.86 + 5.11 ym, n
= 7; Marfan: 116.57 + 4.98 ym, n = 7; 60 mmHg). The analysis of myogenic response
as a function of pressure obtained from internal diameter reductions in active relative to
passive (0 Ca?*-KHS) conditions revealed that arteries from 3-month-old wild-type mice
had less (P < 0.05) myogenic tone than arteries of mice from 6 and 9 months (Fig. 2B).
However, neither the analysis of myogenic response as a function of pressure (Fig. 2B)
nor the slope of these curves (myogenic reactivity; Table 1) showed significant

differences between wild-type and Marfan MCA in all age groups.

ROS production in cerebral arteries of Marfan mice and the impact of Nox4

deletion
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We next measured expression levels of the most relevant NADPH oxidases of brain
vasculature, as well as ROS production in cerebral arteries from wild-type and Marfan
mice (Fig. 3). We evaluated mRNA levels of NADPH oxidase (a major source of
vascular superoxide anion) catalytic (Nox1, Nox2, Nox4) and regulatory (p22°")
subunits. Marfan cerebral arteries did not show differences in Nox1 and p22°"* mRNA
expression levels compared with wild-type mice (Fig. 3A). In contrast, mRNA levels of

Nox4 were significantly higher (P < 0.05) in Marfan mice (Fig. 3A).

To understand the physiological meaning of increased Nox4 expression in MCA of
Marfan mice, we generated a Marfan mice model, which was deleted for Nox4 (Nox4™
). Taking into account the aforementioned results, we chose animals at six months, in
which the most significant vascular changes were observed. Absence of Nox4
expression per se did not alter either Nox1 or p22°"* mRNA levels (Fig. 3A). However,
Nox4 deficiency in Marfan mice led to higher (P < 0.05) Nox1 mRNA expression levels
than in wild-type mice (Fig. 3A). Unfortunately, Nox2 mRNA levels were undetectable.
We also analyzed mRNA levels of Poldip2, which binds to p22°"°* and enhances Nox4
activity (30), and no differences were observed (results not shown). ROS levels were
evaluated by DHE-derived fluorescence, and they were higher along the MCA wall of
Marfan (two-way ANOVA; P < 0.01) mice than in wild-type mice (Fig. 3B). However,
post-test analysis showed significant increases (P < 0.05) in Marfan compared to wild-

+H+

type mice, but not between Marfan Nox4** and Marfan Nox4™. This suggests that the
superoxide anion is not increased via Nox4, but probably through other Nox such as

Nox1.

TGF-B production in cerebral arteries of Marfan mice and the impact of Nox4

deletion
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We evaluated TGF-f expression in cerebral arteries from wild-type and Marfan mice in
the presence and absence of Nox4. Quantitative analysis of TGF-B mRNA levels
showed higher (P < 0.05) mRNA expression in Marfan than in wild-type mice (Fig. 4).
However, Nox4 deletion attenuated (P < 0.001) TGF- mRNA expression levels. These
results suggest that increases in local TGF-f expression might contribute to

augmenting Nox4 expression in the MCA of Marfan mice in a feed-forward fashion.

Structural, mechanical and myogenic properties of MCA after Nox4 deletion

We next studied the contribution of Nox4 to the MCA properties of wild-type and
Marfan mice (Fig. 5). External (wild-type: 170.40 £ 5.36 ym, n = 5; Marfan: 169.33 %
5.52 ym, n = 6; wild-type Nox4™: 159.80 + 4.64 ym, n = 5; Marfan Nox4™: 178.00 +
4.35 ym, n = 5; 60 mmHg) and internal (wild-type: 146.20 + 4.74 ym, n = 5; Marfan:
142.17 + 5.12 pm, n = 6; wild-type Nox4™: 134.60 + 5.14 ym, n = 5; Marfan Nox4™:
142.80 £+ 6.41 ym, n = 5; 60 mmHg) diameters under 0 Ca®*-KHS did not differ in wild-
type Nox4™ compared with wild-type or Marfan mice. However, external diameters in
MCA from Marfan Nox4”~ were more enlarged (P < 0.01) than in wild-type Nox4™ mice.
It is important to highlight that the absence of Nox4 expression per se did not alter the
MCA structure. In contrast, deletion of Nox4 in Marfan mice led to an increase (P <
0.05) at high intraluminal pressures (from 60 to 120 mmHg) in cross-sectional area
(Fig. 5A) and wall/lumen (Fig. 5B), but not wall thickness (results not shown).
Nevertheless, Nox4 deficiency did not alter the wall stiffness (Fig. 5C), the internal
diameter in active conditions (wild-type: 115.60 + 9.93 ym, n = 5; Marfan: 113.83 %
3.10 um, n = 6; wild-type Nox4™: 120.25 + 3.90 um, n = 4; Marfan Nox4™: 119.20 +
4.55 ym, n = 5; 60 mmHg), the myogenic response as a function of pressure (Fig. 5D),
and the myogenic reactivity (wild-type: 0.133 + 0.080, n = 4; Marfan: 0.077 £ 0.063, n =

6; wild-type Nox4™: 0.033 + 0.062, n = 4; Marfan Nox4”: 0.007 + 0.030, n = 5).
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Distribution of nuclei through the MCA wall

We next examined whether the aforementioned structural differences could be
attributed to changes in the cell density of the MCA wall. To this aim, we analyzed the
nuclei distribution from intact and pressurized MCA. As reported in Table 2, total wall,
adventitial and media MCA volumes, as well as smooth muscle and endothelial cell
number, were almost the same in Marfan and wild-type mice. However, the absence of
Nox4 in Marfan mice led to an augmented wall volume (P < 0.01) and a decrease (P <
0.05) in adventitial cell number. Taken together, these results suggest that the MCA
structural alterations occurring in Marfan mice of 6 months of age would not implicate
an increase in the number of wall cell nuclei, regardless of the presence or absence of

Nox4.

Elastin and collagen contents in the MCA wall

Total elastin fluorescence in MCA cross sections was similar among groups (wild-type:
91.8 £ 17.7, n = 6; Marfan: 66.8 + 9.9, n = 5; wild-type Nox4™: 80.8 + 15.5, n = 5;
Marfan Nox4™: 86.8 + 4.8, n = 4). In addition, analysis of internal elastic lamina (IEL)
thickness from intact pressurized MCA showed no differences among groups (Table 2).
Although values of the average fluorescence intensity per pixel indicated a similar
amount of elastin in wild-type and Marfan mice, a reduction (P < 0.05) in IEL

fluorescence was observed between Marfan Nox4™ and Marfan Nox4*"*mice (Table 2).

To investigate whether the observed MCA wall hypertrophy in Marfan mice could be a
consequence of excess collagen deposition, we measured the expression and content
of collagen and proteins involved in extracellular matrix (ECM) degradation. Neither

mRNA levels of collagen 1A1 (Fig. 6A) nor collagen deposition along the MCA wall
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(Fig. 6B) was altered in Marfan compared with wild-type mice. However, a Marfan-
associated increase (P < 0.05) in matrix metalloproteinase (MMP)-9 mRNA levels was
observed (Fig. 6A). Nox4” mice showed an intrinsic increase (P < 0.05) of MMP-9
mRNA (Fig. 6A) that was accompanied by decreased (P < 0.05) collagen 1A1 mRNA
levels (Fig. 6A), with unchanged collagen deposition (Fig. 6B). Importantly, Nox4
deficiency in Marfan mice led to augmented (P < 0.05) collagen deposition (Fig. 6B),
despite diminished (P < 0.01) collagen 1A1 and augmented (P < 0.01) MMP-9 mRNA
levels (Fig. 6A). Protein expression of MMP-9, assessed by immunofluorescence, was
higher (P < 0.05) in Marfan than in wild-type mice, and was attenuated (P < 0.05) by
Nox4 deletion (Fig. 6C). Overall, these results suggest that collagen degradation is
augmented in the MCA of Marfan mice, and that even though transcriptional negative
feedback modulation is initiated, net collagen deposition seem to contribute to MCA

hypertrophy in Marfan Nox4™ mice.

DISCUSSION

The aim of the present study was to characterize for the first time the cerebral artery
properties of a mouse heterozygous for a mutation in Fbnl (Fbn1®'%¢*) which
manifests many clinical features of MFS. We observed that cerebral arteries from
Marfan mice, along the progression of the disease (evaluated by the appearance of
aortic aneurysm), developed slightly increased wall/lumen, accompanied by unaltered
wall stiffness and myogenic autoregulation. At the same time, it is well-known that
Marfan mice show hyperactivation of TGF-3 signaling (19, 33), which in turn is known
that upregulates the expression of Nox4 (6, 13, 22). Consistently, MCA from Marfan
mice increased TGF-B and Nox4 mRNA levels. To investigate the potential influence of
the Nox4 signaling pathway in cerebral artery properties, we generated Marfan mice

with abrogated Nox4 expression. Strikingly, the loss of Nox4 in Marfan mice
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aggravated structural alterations, which reveals a critical role for Nox4 in preventing

cerebrovascular changes in MFS.

Large cerebral arteries, like the MCA, contribute substantially to cerebrovascular
resistance (21). In this scenario, cerebrovascular adaptations permit brain circulation to
maintain cerebral blood flow and meet metabolic demands, despite cardiovascular
disturbances (21, 25). In our mouse model of MFS, MCA wall/lumen was increased at
6 months of age, which suggests age-related (i.e. not pre-existing) minor cerebral
artery structural alterations in MFS. The increase in wall/lumen is a known adaptive
process that contributes to maintaining cerebrovascular resistance and protecting
downstream microcirculation from elevated arterial blood pressure, which can
subsequently lead to vascular dysfunction (2). However, we did not observe significant
wall/lumen differences in 9-month-old mice, most likely due to the slight age-dependent
decline of this parameter in wild-type mice. Remarkably, Marfan animals did not display
significant alterations in MCA wall stiffness during aging. In contrast, both aorta (8) and
mesenteric arteries (46) from Marfan mice showed enhanced wall stiffness. In addition,
the lack of changes in middle cerebral artery myogenic tone and reactivity suggest that
myogenic autoregulatory mechanisms are preserved. Taken together, the different
magnitude of changes observed during MFS progression in systemic (7, 8, 9, 45, 46,
50) compared to cerebral arteries suggests region-specific differences in sensitivity to

MFS, and highlights that cerebral blood flow is tightly regulated.

Increased ROS production and/or oxidative stress have been found to be involved in
systemic artery alterations related to MFS (46, 50). Accordingly, we observe that, MCA
from Marfan mice also showed augmented ROS generation when compared to wild-
type. Even though ROS production is often linked to an increase in vascular collagen
deposition (4), we did not detect significant collagen accumulation in MCA from 6-
month-old Marfan mice. ECM breakdown mediated by MMP has been associated with

thoracic aortic aneurysm in MFS (8). Here, we have found augmented MMP-9 protein
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expression in the MCA of Marfan mice, which could explain the increase in collagen
degradation. In addition, although fibrillin-1 is a scaffolding protein that is crucial for
elastin assembly (41), fibrillin-1 defects in Marfan animals do not seem to be coupled
with an apparent disruption of MCA wall elastin. Collectively, the absence of major
Marfan-induced ECM alterations in MCA are in contrast with changes reported in aorta
(8, 12, 14), but support previous findings that challenge the supposed association
between MFS and cerebral artery aneurysms (10, 48, 49). Nevertheless, we have to be
cautious in generalizing these results to human beings, as our study is limited to one of
the various available experimental murine models of MFS, whose clinical symptoms

are highly variable depending on their penetrance.

Unlike wild-type mice, Marfan Nox4” compared with Marfan Nox4** mice presented
greater MCA collagen deposition, which is a sign of fibrosis and vascular damage,
despite showing a transcriptional negative feedback loop involving decreased collagen
1A1 and increased MMP-9. Augmentation of collagen deposition probably contributes
to increased MCA cross-sectional area in Marfan Nox4™ mice, which was not
associated with alterations in wall stiffness. These data support previous findings that
changes in the quantity, distribution and organization of new collagen are determinant

to defining the stiffness of the arterial wall (4).

Recent studies report an inverse relationship between vascular H,O, production and
collagen deposition (31, 44, 51). Nox4 is an important source of oxidative stress in
cerebral arteries (32) that seems to play a pathophysiological role in the brain (40).
However, unlike Nox1 and Nox2, Nox4 also exerts a protective role in the vasculature
(20, 27, 42). This difference could be due to Nox4 capacity to produce H,O,, which is
the main detectable ROS that is produced, rather than the superoxide anion (43). It has
been suggested that Poldip2-mediated, and possibly, Nox4-derived H,O, production
could reduce aortic collagen deposition (30, 44). Consistent with this idea, studies

show convincing evidence that MMP-9 activation and expression is positively
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modulated by H,O, predisposing to aortic aneurysm formation (37). In our study, the
presence of Nox4 was associated with increased MMP-9 protein expression in the
MCA of Marfan mice. Besides, significant collagen deposition was only observed after
Nox4 deletion in Marfan mice. However, based on present data we cannot confirm
whether Nox4-derived H,O, might repress MCA collagen deposition in MFS. In
addition, upregulation of aortic Nox1 can promote superoxide anion production and
collagen formation (15). Thus, we cannot exclude the possibility that a Nox4-dependent
negative modulatory effect on Nox1-derived superoxide anion production might also

contribute to mitigating collagen accumulation in the MCA of Marfan mice.

Current evidence has not established a clear link between MFS and neurovascular
disorders (10, 48, 49), but since life expectancy increases in MFS patients who have
been diagnosed and treated, they could be exposed to more potential causes of
neurovascular disorders. The present study is the first to report the development of
modest but potentially relevant cerebrovascular alterations in an experimental murine
model of MFS. This study also contributes to our understanding of the role of the TGF-
B/Nox4 signaling pathway in cerebral vasculature in healthy, and particularly in Marfan
patients, since we show that genetic deletion of Nox4 in Marfan mice induces collagen
deposition which contributes to arterial wall hypertrophy, thereby causing overt MCA
structural alterations. In fact, previous evidence suggests a pathophysiological role of
Nox4 in brain damage (40). Overall, the results of the present study suggest that Nox4
has a role in regulating cerebrovascular resistance in Marfan animals. Thus, our
findings lead to the hypothesis that an overall reduction in TGF-f signaling, an ongoing
therapeutic approach against aortic aneurysm formation in MFS (29), might have a
negative impact on brain circulation. Similarly, recent evidence supports a critical role
of TGF-B signaling in maintaining postnatal aortic homeostasis (23, 28), and an early

protective role of TGF-B during aortic aneurysm progression (11). However, further
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evidence is required to corroborate that Nox4 activation could actually play a beneficial

role in the cerebral circulation of Marfan patients.
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FIGURE CAPTIONS

Fig. 1. Structural properties of middle cerebral arteries in 3-, 6- and 9-month-old wild-
type and Marfan mice. (A) Cross-sectional area (CSA)-intraluminal pressure in passive
conditions (0 Ca?*-KHS) and (B) wall/lumen-intraluminal pressure. Results are the
means + SE from wild-type (3 months: n = 9; 6 months: n = 9; 9 months: n = 7) and
Marfan (3 months: n = 7; 6 months: n = 11; 9 months: n = 7) mice. *P < 0.05 by two-

way ANOVA.

Fig. 2. Mechanical and myogenic properties of middle cerebral arteries in 3-, 6-, 9-
month-old wild-type and Marfan mice. (A) Stress-Strain (Di/D,). (B) Internal diameter in
active (2.5 mM Ca?*-KHS; Dica) relative to passive (Digca) conditions. D,, internal
diameter at 3 mmHg; D, observed internal diameter from a given intravascular
pressure. Results are the means + SE from wild-type (3 months: n = 9; 6 months: n =
7-8; 9 months: n = 7) and Marfan (3 months: n = 7; 6 months: n = 7-11; 9 months: n =

6-7) mice.

Fig. 3. Influence of Nox4 deletion (Nox4™) on reactive oxygen species production of
middle cerebral arteries in 6-month-old wild-type and Marfan mice. (A) Comparative
analysis of cerebral artery mRNA levels of the NADPH oxidase subunit Nox1, Nox4

and p22°"*. mRNA levels are expressed as 2724¢

using 18S as internal control. (B)
Representative photomicrographs and quantitative analysis of fluorescence intensity of
confocal microscopic middle cerebral artery sections labelled with the oxidative dye
dihydroethidium (DHE), which produces a red fluorescence when oxidized by
superoxide anion. END, endothelium; SM, smooth muscle; ADV, adventitia. Results
are the means + SE from wild-type (n = 5), Marfan (n = 5), wild-type Nox4” (n = 5-7)
and Marfan Nox4™ (n = 5) mice. *P < 0.05, **P < 0.01, ***P < 0.001 by two-way

ANOVA with Tukey’s post-test. All experimental groups were compared against each

other but only significant comparisons are indicated.
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Fig. 4. Influence of Nox4 deletion (Nox4"') on transforming growth factor (TGF)-B
MRNA levels of cerebral arteries in 6-month-old wild-type and Marfan mice. mRNA
levels are expressed as 27! using 18S as internal control. Results are the means +
SE from wild-type (n = 5), Marfan (n = 5), wild-type Nox4™ (n = 7) and Marfan Nox4™ (n
= 5) mice. *P < 0.05, **P < 0.001 by two-way ANOVA with Tukey’s post-test. All
experimental groups were compared against each other but only significant

comparisons are indicated.

Fig. 5. Influence of Nox4 deletion (Nox4™) on structural, mechanical and myogenic
properties of middle cerebral arteries in 6-month-old wild-type and Marfan mice. (A)
Cross-sectional area (CSA)-intraluminal pressure in passive conditions (0 Ca®*-KHS).
(B) wall/lumen-intraluminal pressure. (C) Stress-Strain (Di/D,). (D) Internal diameter in
active (2.5 mM Ca®"-KHS; Dic,) relative to passive (Djca) conditions. D, internal
diameter at 3 mmHg; D, observed internal diameter from a given intravascular
pressure. Results are the means + SE from wild-type (n = 5), Marfan (n = 6), wild-type
Nox4” (n = 5) and Marfan Nox4” (n = 5) mice. *P < 0.05 by two-way ANOVA. All
experimental groups were compared against each other but only significant

comparisons are indicated.

Fig. 6. Influence of Nox4 deletion (Nox4") on collagen expression and homeostasis of
middle cerebral arteries in 6-month-old wild-type and Marfan mice. (A) Comparative
analysis of cerebral artery mRNA levels of collagen 1A1 (Col1A1) and matrix

metalloproteinase (MMP)-9. mRNA levels are expressed as 2724

using 18S as internal
control. (B) Representative photomicrographs and quantitative analysis of total middle
cerebral artery collagen staining using picrosirius red. (C) Representative
photomicrographs and quantification of MMP-9 immunofluorescence of confocal
microscopic middle cerebral artery sections. Results are the means + SE from wild-

type (n = 5-7), Marfan (n = 5), wild-type Nox4™ (n = 4-5) and Marfan Nox4™ (n = 5)

mice. *P < 0.05; **P < 0.01 by two-way ANOVA with Tukey’s post-test. All experimental
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Table 1 Slope value (myogenic reactivity) of the myogenic response as a function of
pressure curve in middle cerebral arteries from 3-, 6- and 9-month-old wild-type and Marfan

mice.

wild-type Marfan
Age (months)
3 0.062 + 0.033 0.043 £ 0.033
6 0.095 £ 0.038 0.108 £ 0.061
9 0.104 £ 0.049 0.064 + 0.027

Results are the means + SE from wild-type (3 months: n = 9; 6 months: n = 7; 9 months: n =

7) and Marfan (3 months: n = 7; 6 months: n = 7; 9 months: n = 7) mice.



Table 2 Comparison of nuclei distribution and internal elastic lamina elastin content in

pressurized segments of middle cerebral arteries from 6-month-old wild-type and Marfan

mice in the presence and absence of Nox4.

Nox4*"* Nox4™"~
wild-type Marfan wild-type Marfan
Wall volume 0.006 + 0.007 + 0.006 + 0.008 +
(mmd) 0.0004 0.0002 0.0002 0.0008**
Asgﬁj”rgga' 0.004 + 0.004 + 0.004 + 0.004 +
A 0.0004 0.0008 0.0005 0.0015
(mm~)
Media volume 0.002 + 0.002 + 0.002 + 0.002 +
(mm?) 0.0007 0.0006 0.0006 0.0007
Number of 144 + 105 399 + 96 158 + 102 34 + 21*
AC/mm
Number of 1279 +129 1131 +118 1115+ 177 1302 + 232
SMC/mm? - - - -
Total ”Eg’ber of 781 + 71 553 + 133 745 + 138 897 + 66
IEL thickness 29+04 3.0+04 3.4+06 26+0.2
(Mm)
IEL fluorescence
intensity 236+65 286+38 223+35 13520

(average pixel)

AC, adventitial cells; SMC, smooth muscle cells; EC, endothelial cells; IEL, internal elastic

lamina. Results are the means + SE from wild-type (n = 5), Marfan (n = 5), wild-type Nox4 ™"~

(n = 5) and Marfan Nox4™ (n = 5) mice. * P < 0.05, ** P < 0.01, Marfan vs. Marfan Nox4™~ by

two-way ANOVA with Tukey's post-test.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6

A Col1A1 MMP-9
xk
16 ‘ ' 3 *k
B b r
— 1 wild-type . O wildtype
~ T = Harfan L~ T - Marfan
ﬁ 1.0 B i type Moxd ™ ﬁ 2l By type Moxd
o~ = parfan Noxd ™ o~ B3 parfan Moo 7
.
054 ]
= = 1 T
0.0 0
Nox4 */+ Nox4 /- Nox4 */+ Nox4 /-
ff )
. ‘/': .
wild-type L} j wild-type
; i
A
7
Marfan Marfan
50 um
—
*
I * I 50
150 —_— T il
* [ wild-type 8 * * 1 wild-type
cw - mm Marfan § g 404 T 1 1 mm Marfan
5 100 B ittty Nod 25 w0l B yild-type NOXi"'
s> — 3 Marfan Moxd ™ 'g' Pl B3 marfan Moxd
= £ = & 20
£ 5 %01 ?8
° 8 L& 10
e E &
0 o4




	Article File
	Table 1
	Table 2
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

