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Background and purpose: Marfan syndrome, a connective tissue disorder caused by mutations in FBNT encoding fibrillin-1,
results in life-threatening complications in the aorta, but little is known about its effects in resistance vasculature.
Experimental approach: Second-order mesenteric arteries from mice at 3, 6 and 10 months of age (n = 30) heterozygous for
the FbnT allele encoding a cysteine substitution (Fbn1<1°3¢/*) were compared with those from age-matched control littermates.
Key results: Stress—strain curves indicated that arterial stiffness was increased at 6 and 10 months of age in Marfan vessels.
Isometric force measurement revealed that contraction in response to potassium (60 mM)-induced membrane depolarization
was decreased by at least 28% in Marfan vessels at all ages, while phenylephrine (3 pM)-induced contraction was reduced by
at least 40% from 6 months. Acetylcholine-induced relaxation in Marfan vessels was reduced to 70% and 45% of control
values, respectively, at 6 and 10 months. Sensitivity to sodium nitroprusside was reduced at 6 months (pECso = 5.64 = 0.11,
control pECso = 7.34 = 0.04) and 10 months (pECso = 5.99 = 0.07, control pECso = 6.99 * 0.14). Pretreatment with
Ny-Nitro-L-arginine methyl ester (200 uM) had no effect on acetylcholine-induced relaxation in Marfan vessels, but reduced
vasorelaxation in control vessels to 57% of control values. Addition of indomethacin (10 uM) and catalase (1000 U-mL™)
further inhibited vasorelaxation in Marfan vessels to a greater degree compared with control vessels.

Conclusions and implications: Pathogenesis of Marfan syndrome in resistance-sized arteries increases stiffness and impairs
vasomotor function.
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Introduction

Marfan syndrome is an autosomal dominant disorder caused
by mutations in the gene encoding for fibrillin-1 and affects
many tissues including those of the cardiovascular, skeletal,
ocular and pulmonary systems (Dietz efal., 1991; Pyeritz,
2000; Judge and Dietz, 2005). Fibrillin-1 is the structural gly-
coprotein for microfibrils, which act as scaffolding proteins
for elastin deposition and formation of elastic fibres (Rein-
hardt et al., 1995). Abnormalities in the formation and integ-
rity of elastic fibres in Marfan syndrome cause weakening of
the blood vessel walls and are especially pronounced in the
aorta due to its high (~50%) elastin content, which normally
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allows it to buffer pressure variations during the cardiac cycle
and permit constant blood flow and organ perfusion (Rosen-
bloom, 1993; Safar and London, 1994). Weakening of the
aortic wall leads to root dilatation, dissection and eventual
rupture, the major cause of death in patients with Marfan
syndrome (Murdoch et al., 1972).

Marfan syndrome is associated not only with extensive
degeneration of elastic fibres, but also with endothelial dys-
function and reduction of smooth muscle contractility in the
vasculature (Chung efal.,, 2007a,b). The alteration of the
structural integrity of elastic fibres leads to reduced distensi-
bility and elasticity (Bunton ef al., 2001). Furthermore, alter-
ation of fibrillin-1 may also disrupt the attachment of elastic
fibres to the cells in the endothelial layer and impair endot-
helial permeability (Davis, 1994; Sheremet’eva et al., 2004).
Although elastic fibre composition is gradually reduced along
the arterial tree, elastin remains an important determinant of
passive mechanical properties in mesenteric arteries (Dobrin,
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1978; Milnor, 1989; Mulvany and Aalkjaer, 1990; Briones
et al., 2003; Gonzalez et al., 2005). However, little is known
about how Marfan syndrome affects vessel elasticity and
vasomotor function in the resistance vasculature, although
dysfunction of these vessels may have important clinical con-
sequences. For example, aneurysms in peripheral and resis-
tance vessels have been reported in patients with Marfan
syndrome (Savolainen et al., 1993; Hatrick et al., 1998; Goffi
et al., 2000; Lay et al., 2006), although no clear link has been
established between resistance artery dysfunction and aortic
dilatation and rupture (Jondeau et al., 1999). Furthermore,
maximum forearm blood flow in response to acetylcholine
(ACh) is reduced in patients with Marfan syndrome
(Nakamura et al., 2000), and impairment in flow-mediated
vasodilation is also observed (Wilson et al., 1999).

In the present study, we compared the stiffness and vascular
function of resistance-sized mesenteric arteries from a mouse
model of Marfan syndrome with those from their wild-type
littermates. We conclude that during the progression of
Marfan syndrome, mesenteric arteries show signs of increased
stiffness. Furthermore, the contractile function of smooth
muscle cells and endothelium-dependent and endothelium-
independent vasorelaxation are all markedly impaired. There-
fore, we suggest that Marfan syndrome should be considered
as a disorder not only in the aorta, but also in the peripheral
resistance vasculature.

Methods

Experimental animals and tissue preparation

All animal care and experimental procedures were approved
by the institutional Animal Ethics Board. Heterozygous
(Fbn1¢1%96") mice were mated to C57BL/6 mice to produce
equal numbers of Fbn1“'?¢* Marfan subjects and wild-type
controls as described previously (Judge et al., 2004; Ng et al.,
2004; Habashi et al., 2006; Chung et al., 2007a,b). Both strains
were housed in the institutional animal facility (Child and
Family Research Institute, University of British Columbia)
under standard animal room conditions (12 h light-12 h
dark, at 25°C, 2-5 in a cage, Purina Chow diet). Mice at ages
3 (n=30), 6 (n=30), and 10 (n = 30) months were anaesthe-
tized with a mixture of ketamine hydrochloride (80 mg-kg™)
and xylazine hydrochloride (12 mg-kg™) given i.p. for experi-
ments. The mesenteric arcade was excised and placed in ice-
cold oxygenated (95% O,-5% CO,) HEPES-PSS solution (see
below for composition). Second-order branches of the mesen-
teric artery with diameters 130-150 pm were dissected and cut
into 2 mm segments.

Mechanical properties

‘Vessel elasticity’ was deduced from the stress—strain curves. In
a small-vessel myograph (A/S Danish Myotechnology, Aarhus,
Denmark), a 2 mm mesenteric artery segment was stretched
by increasing the distance between the two stainless steel
wires (=increase in length of vascular smooth muscle cell) and
held at each length for 1 min. The chambers were kept at
37°C and bubbled continuously with 95% O,-5% CO, in
HEPES-PSS solution. Initially, the two wires were adjusted to
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L,, at which the vessel was not stretched. The inside circum-
ference of the mesenteric segment was measured as twice the
distance between the two wires, plus the wire circumference,
plus two wire radii (2 x 40 um). The distance between the two
wires was then increased by 25 um, and the new length was
denoted as ‘L. The developed force (mN) was divided by the
surface area (=inside circumference of the segment x length
of the segment) of the blood vessel segment (mm?) to calcu-
late the wall stress (mN-mm2). The procedure was repeated
until the vessel was unable to maintain its tone. The AL/L,
and the wall stress were fitted on an exponential curve.
‘Passive force’ was measured by repeating the above proce-
dures in a calcium-free HEPES-PSS solution prepared by
replacing CaCl, with 320 uM EGTA to eliminate smooth
muscle cell contractility. ‘Total force’ was determined by
assessing the active contractility at each level of stretch in
response to depolarization (60 mM KCI).

To study the ‘reversibility of vessel contractility’ after
stretching, the mesenteric segment was stimulated with
60 mM KCI at the optimal tension (AL/L, is approximately
equal to 2.0, a value that gives the maximal force generation
in response to KCl), then stretched to either AL/L, = 2.5, 3.0,
3.5 or 4.0 for 3 min, and restored to optimal tension. Con-
traction was induced after 3 min, and the percentage of devel-
oped force change compared with the optimal tension was
calculated.

Measurement of isometric force

Mesenteric artery segments were mounted isometrically in a
small-vessel wire myograph (A/S Danish Myotechnology,
Aarhus N, Denmark) for measuring generated force. The
chambers were kept at 37°C and bubbled continuously with
95% O,-5% CO, in HEPES-PSS solution. Optimal tension was
determined in preliminary experiments by subjecting arterial
segments to different resting tensions and stimulating with
60 mM KCI. The vessels were stretched to the optimal tension
(the maximal force generation given in response to 60 mM
KCI, which was the same for control and Marfan mouse
mesenteric arteries; 4 mN) for 60 min. The vessels were
challenged twice with 60 mM KCI before experiments were
continued.

Concentration-response curves of phenylephrine-induced
contraction were constructed. The negative logarithm (pD.)
of the concentration of phenylephrine giving half-maximum
response (ECso) was assessed by linear interpolation on
the semi-logarithm concentration-response curve [pD, =
—-log(ECsp)]. To determine endothelium-dependent and
endothelium-independent relaxations, vessels were pre-
contracted with 3 uM phenylephrine before making cumula-
tive applications of ACh or sodium nitroprusside (SNP; 1 nM-
10 uM) respectively. Control concentration response curves to
ACh were produced and compared with those in vessels pre-
treated with N,-Nitro-L-arginine methyl ester (L-NAME)
(200 uM), indomethacin (10 uM) or catalase (1000 U-mL™)
for 30 min. Other vessels were pretreated with L-NAME
(200 uM) and indomethacin (10 uM) for 30 min and
concentration-response curves to ACh were produced. These
responses were then repeated in the presence of catalase
(1000 U-mL™) or carbenoxolone (100 uM). Per cent relaxation



was calculated as the per cent decrease in force with respect
to the initial phenylephrine (3 uM)-induced precontraction,
and the per cent relaxation was used to construct the
concentration-response curves of ACh-induced relaxation.

Detection of H,O; production from endothelial cells

Mesenteric artery segments of control and Marfan mice were
cut into rings and then opened longitudinally. The vascular
strip was loaded with dichlorodihydrofluorescein diacetate
(DCF; 5 uM), a peroxide-sensitive fluorescence dye (Ohba
et al., 1994), for 10 min at 25°C. Images were acquired on an
upright Olympus BX50WI microscope with a 60x water-
dipping objective (NA 0.9) equipped with an Ultraview con-
focal imaging system (Perkin-Elmer, USA). The tissue was
illuminated using the 488 nm line of an argon-krypton laser
and a high-gain photomultiplier tube collected the emission
at wavelengths between 505 and 550 nm. The tissue was
preincubated with indomethacin (10 uM) and L-NAME
(200 uM) for 30 min, then stimulated with ACh (10 uM).
Additionally, the effect of catalase (1000 U-mL™) on the
ACh-induced increase in fluorescence intensities was also
determined.

Statistics

Values are expressed as mean = standard error from at least
four independent experiments. Statistical analysis and con-
struction of concentration-response curves were performed
using GraphPad Prism 4.0 software (San Diego, CA, USA).
Differences between control and Marfan groups were analy-
sed by Student’s two-tailed t-test. Differences between
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concentration-response curves were analysed by two-way
ANOVA. Statistical significance was defined as P-values <0.05.

Materials

HEPES-PSS containing (in mM) NaCl 130, HEPES 10, glucose
6, KCl 4, NaHCO; 4, CaCl, 1.8, MgSO, 1.2, KH,PO, 1.18 and
EDTA 0.03 (pH 7.4) was used for all studies. High-K* (60 mM
extracellular K*) PSS was identical in composition to normal
PSS with the exception of (in mM) NaCl 74 and KCI 60.
Phenylephrine, ACh, SNP, L-NAME, catalase, carbenoxolone
and indomethacin were obtained from Sigma-Aldrich
(Oakville, Ontario, Canada). DCF was obtained from Molecu-
lar Probes (Eugene, OR, USA). Superoxide dismutase was
obtained from Calbiochem (San Diego, CA, USA).

Results

Vessel stiffening and weakness in Marfan mesenteric artery

In the measurement of stiffness, stress increases exponentially
as a function of vessel diameter. At 3 months of age, the fitted
curves for the stress—strain relationship from control and
Marfan vessels were not significantly different (Figure 1A).
However, at 6 and 10 months of age, the slope of the stress—
strain curves from the Marfan vessels was increased compared
with that of the control vessels, which indicates increased
stiftness (Figure 1B and C).

However, true elasticity also implies the capability to return
to the original conformation or length, a situation analogous
to an elastic band. To test this elasticity, we measured the
‘reversibility of mesenteric artery elasticity’ by comparing two
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Vessel elasticity during ageing in mesenteric arteries from Marfan and control mice from (A) 3, (B) 6 and (C) 10 months of age
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Figure 2 Reversibility of mesenteric artery elasticity at 10 months of age in (A) control and (B) Marfan mice. Reversibility of elasticity was
tested by performing two consecutive stress—strain measurements. Vessel elasticity from the first and second measurement was compared in
each group. Representative results are shown from three independent experiments.

stress—strain curves from control and Marfan vessels at 6 and
10 months of age. As we did not observe any increase in
stiffness in the Marfan vessels at 3 months of age, these
measurements were not done in this group. We found that
the apparent vessel elasticity in the second measurement
remained for the most part unchanged in the control
vessels, but was highly increased in the Marfan vessels
(Figure 2). This may suggest a weakening of the vessel wall
at 10 months of age, and a similar observation was also
found at 6 months of age (data not shown). We also mea-
sured the effects of stretch on contractility in 6- and
10-month-old mice. After distending to AL/L, = 2.5, the KCI-
induced contraction in the Marfan vessels at both 6 and 10
months of age (normalized to the optimal contraction
recorded at AL/L, = 2.0) was not significantly decreased.
However, distending to AL/L, = 3.0 reduced the contraction
in the Marfan vessels , while contractions in the control
vessels were less affected, at 6 and 10 months of age respec-
tively (Figure 3). This Figure also shows that increasing AL/L,
to 3.5 and then to 4.0 induced further successive reductions
in contractility in both Marfan and control vessels, but with
clearly greater effect in the Marfan tissues.

Reduced contractile function of smooth muscle cells in Marfan
mesenteric artery

To determine if smooth muscle contractile function is also
affected in Marfan mesenteric arteries, we stimulated the
vessels with both KCl depolarization and phenylephrine.
From 3 months of age onward, vasoconstriction in response
to KCl-induced depolarization in Marfan vessels was signifi-
cantly less than that in age-matched controls, a 28% reduc-
tion (Figure 4A). At 6 and 10 months of age, contractility of
the Marfan vessels was reduced to by 30% and by 52%, respec-
tively, relative to the corresponding responses of the control
tissues.

Vasoconstriction in response to receptor-mediated stimula-
tion using phenylephrine was also studied. Although there
was no significant difference at 3 months of age, maximal
contraction was significantly reduced at 6 and 10 months of
age in the Marfan vessels, compared with the age-matched
controls (Figure 4B). However, there were no significant
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3.0, 3.5 and 4.0. After being stretched for 3 min and restored to
optimal tension, vessels were stimulated with 60 mM KCI (*P < 0.05
vs. control, n = 6-8). Values (%) are changes of force generation
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differences in pECs, values at all ages (3 months: control 6.37
+ 0.17, Marfan 6.02 = 0.25; 6 months: control 5.83 + 0.21,
Marfan 5.72 = 0.21; 10 months: control 5.95 *= 0.23, Marfan
5.66 * 0.42).

To further examine smooth muscle contractile function, we
measured the active force in response to depolarization with
KCI. Control arteries at 3 months of age generated active force
over a range of strain AL/L,; 0.2-1.7, while control arteries at 6
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and 10 months of age generated active force over a range of
strain AL/L,; 0.2-2.0 (Figure 5). However, this range was mark-
edly reduced in the Marfan vessels at all age groups. Further-
more, the maximum active force generated in the Marfan
mesenteric vessels was also markedly reduced at all age groups
by 52% (3 months), 56% (6 months) and 66% (10 months)
compared with the age-matched controls.

Reduced endothelium-dependent and -independent relaxation in
Marfan mesenteric artery

In phenylephrine (3 uM)-precontracted vessels from
control and Marfan mice, addition of ACh resulted in
a concentration-dependent relaxation at all age groups
(Figure 6). There was no difference in the maximal response
(Emax) to ACh (10 uM)-induced relaxation between Marfan
and control vessels in mice at 3 months of age, although E.x
in Marfan vessels at 6 and 10 months of age were 69.7% and
44.9% of the controls respectively. It should be noted that the
maximal relaxation values did not tend to change with
increasing age in the control animals. Values for pECs, for
ACh indicated that at 6 months of age, the Marfan vessels
were less sensitive to ACh than the controls (6.49 = 0.21 vs.
7.17 £ 0.30 respectively). This difference was not seen at 3
months (control pECso, 7.17 = 0.12; Marfan pECsy, 7.23 =
0.11) or at 10 months of age (control pECsy, 6.03 = 0.30;
Marfan pECso, 6.23 = 0.16).

Endothelium-independent vasodilatation was studied by
the addition of SNP, a NO donor that bypasses endogenous NO
production by endothelial cells, and resulted in complete
dilatation in phenylephrine-precontracted control and Marfan
mesenteric vessels at 6 and 10 months of age (Figure 7).
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Figure 5 Active force, the difference between total and passive force, was compared between control and Marfan vessels from (A) 3, (B) 6

and (C) 10 months of age (*P < 0.05 vs. control, n = 8-12).
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Although there was no difference in En.x of SNP-relaxation
between control and Marfan vessels, there was a significant
increase in the pECs, in Marfan vessels at 6 months (pECs =
5.64 £ 0.11, control pECso=7.34 £ 0.04) and 10 months (pECs,
=5.99 = 0.07, control pECso=6.99 = 0.14), indicating that the
Marfan vessels are less sensitive to NO at these ages. However,
there was no significant difference in pECso at 3 months of age
(data not shown).

We then assessed the ACh response in the presence of
L-NAME (200 uM), an inhibitor of NO synthase. Because
impairment of ACh-induced vasorelaxation was most evident
in the Marfan mice at 10 months of age, we focused our
experiments on this age group. L-NAME preincubation inhib-
ited maximal relaxation in the control vessels to ACh but did
not change potency (see Table 1). However, L-NAME affected
neither maximal relaxation to ACh nor its potency in Marfan
vessels. To determine the contribution of the cyclooxygenase
(COX) pathway, vessels were preincubated with indometha-
cin (10 uM), a non-selective COX inhibitor. In control vessels,
indomethacin significantly increased maximal relaxation and
potency (Table 1), while in vessels from Marfan mice,
maximal relaxation and potency were decreased (Figure 8A
and B; Table 1).

Neither maximal contraction to phenylephrine (Emay
without indomethacin: 4.20 = 0.70 mN; with indomethacin:
3.92 * 0.41 mN) nor its potency (pECso; without indometha-
cin: 5.95 = 0.23; with indomethacin: 6.12 = 0.20) was
affected by indomethacin in control mice. However, maximal
contraction was significantly increased in the Marfan mice
(Emax; Wwithout indomethacin: 2.60 =+ 0.31 mN; with
indomethacin: 4.62 = 0.35 mN) but did not significantly
change potency (pECso; without indomethacin: 5.66 + 0.42;
with indomethacin: 5.78 = 0.31).



Nature of EDHF

The contribution of H,O, to the EDHF-mediated relaxa-
tion was examined by the inhibitory effect of catalase
(1000 U-mL™), an enzyme that dismutates H,O, to form water

Table 1 Effects of different treatments on potency (pECso) and
maximal (% of maximal response,£m.) ACh-induced relaxation in
control and Marfan mice at 10 months of age

Strain Control Marfan

Emax
No treatment 84.4 = 4.8 449 + 3.2
L-NAME 57.1 = 4.6* 38.7 = 3.0
L-NAME + Indo 57.8 £ 4.3 25.3 = 4.1*
L-NAME + Indo + catalase 40.3 = 7.8* 14.3 + 2.3*
L-NAME + Indo + carbenoxolone 55.1 5.2 243 = 2.8
L-NAME + catalase 42.3 + 3.2* 18.6 = 1.7
Catalase 81.5 + 5.6* 30.2 = 2.4
Indo 99.4 + 2.2* 36.0 = 3.3*

pPECso
No treatment 6.03 = 0.30 6.23 = 0.16
L-NAME 5.88 + 0.16 5.95 + 0.20
L-NAME + Indo 5.73 £ 0.18 5.50 = 0.12*
L-NAME + Indo + catalase 6.13 = 0.32 5.27 = 0.31*
L-NAME + Indo + carbenoxolone 6.23 = 0.24 5.58 + 0.17
L-NAME + catalase 5.82 = 0.23 6.38 = 0.24
Catalase 5.99 = 0.20 5.80 = 0.14*
Indo 6.58 + 0.16* 5.56 + 0.17*

*P < 0.05 without inhibitors in corresponding groups; #P < 0.05 with L-NAME
+ Indo in corresponding groups.
L-NAME, Nw-Nitro-L-arginine methyl ester; Indo, indomethacin.
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and oxygen. In the presence of indomethacin (10 uM) and
L-NAME (200 uM), the addition of catalase to control vessels
markedly reduced maximal relaxation to ACh but did not
affect its potency (Table 1). Similarly, the addition of catalase
to Marfan vessels markedly reduced E..c and decreased
potency (Figure 8C and D; Table 1). To determine the role of
gap junctions in the EDHF-mediated relaxation response, we
used carbenoxolone (100 uM), a derivative of glycyrrhetinic
acid and uncoupler of gap junctions (Tare etal., 2002).
In both control and Marfan mice, carbenoxolone had no
inhibitory effect on the EDHF-mediated relaxation (Figure 8C
and D).

In the presence of L-NAME, catalase reduced E.« but did
not change potency in either control or Marfan vessels
(Table 1). Catalase alone did not change potency or maximal
relaxation in control mice, although in Marfan mice, this
treatment did decrease potency to ACh and decreased
maximal relaxation (Table 1).

Role of superoxide

To determine the role of reactive oxygen species, vessels were
preincubated with superoxide dismutase (150 U-mL™), an
enzyme that converts superoxide to H,O,. In the control
mice, superoxide dismutase had no significant effect on either
the maximal contraction to phenylephrine (3 uM)or its
potency. Moreover, ACh-induced relaxation was also not
affected. In contrast, superoxide dismutase potentiated the
phenylephrine (3 uM)-induced contraction in the Marfan

Marfan
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Figure 8 Effects of N,-nitro-L-arginine methyl ester (L-NAME), indomethacin (Indo) and catalase on acetylcholine (ACh)-induced relaxation,
from 10-month-old control and Marfan mice. The concentration-response curves of ACh are shown. (A) Control and (B) Marfan vessels were
preincubated with L-NAME (200 puM) or Indo (10 uM) for 30 min and then contracted with phenylephrine (3 uM). (C) Control and (D) Marfan
vessels were preincubated with catalase (1000 U-mL™") or carbenoxolone (100 uM) in the presence of L-NAME (200 uM) and Indo (10 uM) for

30 min and then contracted with phenylephrine (3 uM) (n = 8-12).
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vessels and increased maximal contraction to control levels.
Maximal relaxation to ACh was also improved and potency
was also increased (Figure 9).

H,O; production by endothelial cells

H,O, production by endothelial cells was detected in the
experiments using a laser confocal microscope with DCEF, a
peroxide-sensitive fluorescence dye. Exposure to ACh (10 uM)
caused a significant increase in the DCF fluorescence intensity
in endothelial cells, which was unaffected by pretreatment
with indomethacin (10 uM) and L-NAME (200 uM). When
the vessel was pretreated with catalase (1000 U-mL™) in the
presence of both indomethacin and L-NAME, the ACh-
induced increase in the fluorescence intensity was abolished
(Figure 10).

Discussion

Using a genetically defined and validated mouse model of
Marfan syndrome, we have demonstrated increased vessel
stiffness, reduced smooth muscle contractile function,
decreased resistance to mechanical stress and impaired
endothelium-dependent and endothelium-independent
relaxation in the small mesenteric arteries. We used appropri-
ate control littermates to distinguish between observations
derived from the pathogenesis of Marfan syndrome from
those due to the physiological process of ageing. We have
concluded that Marfan syndrome is a genetic disorder that
affects not only the aorta and other large blood vessels, but
also the smaller resistance vessels.
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Figure 10 Acetylcholine (ACh, 10 uM)-induced production of H,O,
by the endothelium, detected as an increase in fluorescence intensity
in dichlorodihydrofluorescein diacetate-loaded endothelial cells in
small mesenteric arteries of mice. The ACh-induced increase in fluo-
rescence intensity was abolished when the artery was preincubated
with catalase (1000 U-mL™"). All experiments were performed in
the presence of N,-nitro-L-arginine methyl ester (200 uM) and
indomethacin (10 uM). Representative traces shown are typical of the
responses obtained in 23 cells from four mice.

Degeneration of elastic fibres during the progression of
Marfan syndrome is expected to decrease blood vessel elastic-
ity. Indeed, vessel elasticity was decreased in Marfan vessels
compared with the age-matched controls, although this was
not apparent until 6 months of age (Figure 1). This delayed
effect may be due to the relative paucity of elastic fibres in the
resistance vessels, as decreased vessel elasticity can always be
seen in aorta from the same mouse model of Marfan syn-
drome starting at 3 months of age (Chung et al., 2007a).
Second, vessel wall weakening was also indicated by irrevers-
ible changes in vessel wall elasticity (Figure 2) and reduced



contractility after exposure to stretching (Figure 3). Reduced
contraction and irreversible changes in elasticity after stretch-
ing may be indicative of the ‘breakage’ of the physical linkage
between smooth muscle cells and elastic fibres, which results
in the changing of the phenotype in smooth muscle cells
(Bunton et al., 2001). It should be noted that ageing is also
associated with decreased vessel elasticity (Laurant etal.,
2004). Indeed, the elasticity of control vessels progressively
decreased during ageing, although the differences in elasticity
between Marfan and control vessels persisted. This suggested
that the increased vessel wall stiffness was due to the progres-
sion of Marfan syndrome.

The present study is the first to report aberrant contraction
of smooth muscle cells in resistance vessels in Marfan syn-
drome. We showed that contraction in response to membrane
depolarization and agonist stimulation is suppressed. The
decrease in the AL/L, range in which active force is generated
suggests that at high distention, the association between
smooth muscle cells and extracellular matrix might be dis-
rupted (Figures 4 and 5), while reduced active force may be
due to low intrinsic force generation of the contractile fila-
ments or modifications in the coupling between the contrac-
tile elements and the cytoskeleton in smooth muscle cells
(Rembold and Murphy, 1990). Additionally, decreased asso-
ciation between smooth muscle cells and elastic fibres would
reduce the strain on the smooth muscle cells and blunt their
response to agonist stimulation (Bunton ef al., 2001). Further-
more, up-regulation of matrix metalloproteinase-2 and matrix
metalloproteinase-9 in Marfan syndrome may inhibit calcium
entry from the extracellular space and reduce vessel contrac-
tion (Chew et al., 2004; Chung et al., 2007a; 2008), although
further investigation is required to elucidate possible involve-
ment of calcium signalling and myofilament contractile
mechanisms.

The endothelium releases a variety of vasoactive mediators,
including prostaglandins, NO and EDHF to regulate smooth
muscle contractility and thus vascular smooth muscle tone
(Ramsey et al., 1995; Boutouyrie et al., 1997; Wilkinson et al.,
2002; Vanhoutte, 2004). The present study demonstrated that
in Marfan mesenteric vessels, endothelium-dependent relax-
ation stimulated by ACh was significantly impaired at 6 and
10 months (Figure 6), suggesting an impairment of NO
release. In Marfan syndrome, the endothelium is a likely
target as Fbn-1-rich microfibrils are present in the connective
tissue immediately subjacent to arterial endothelial cells
(Davis, 1994; Kielty et al., 1996). Marfan syndrome is also
associated with elevated plasma levels of homocysteine,
which attenuate endothelial function and limit NO bioavail-
ability (Giusti et al., 2003; Jiang et al., 2005). Endothelial Akt/
eNOS phosphorylation and mechano-signalling can be
compromised through increased vessel wall stiffness, further
reducing endothelium-dependent vasorelaxation (Peng et al.,
2003). However, there are conflicting data with regard to
agonist-induced vasodilator responses in Marfan syndrome.
Nakamura et al. (2000) showed inhibition of ACh-induced
relaxation in the brachial artery of Marfan syndrome patients,
while Wilson ef al. (1999) showed that vasodilator responses
to ACh and bradykinin were unaffected in the same artery. In
addition, both groups found no impairment of the response
to exogenous nitrovasodilators, while our studies have shown

Resistance artery dysfunction in Marfan syndrome

HT Syyong et al 1605

an approximately 100-fold reduction of sensitivity of smooth
muscle cells from Marfan mice, to NO, at 6 months of age and
a 10-fold reduction at 10 months of age (Figure 7). This
reduced sensitivity may be attributed to a number of factors.
First, bioavailability of NO is decreased due to excessive
amounts of reactive oxygen species in the pathogenesis of
cardiovascular diseases (Cai and Harrison, 2000; Faraci and
Didion, 2004). NO bioavailability is also decreased during
ageing, which may explain the difference in SNP sensitivity
between control and Marfan vessels at 6 and 10 months of age
(Newaz et al., 2006; Donato et al., 2007). Finally, the predis-
position of the medial layer to degeneration and fibrosis in
Marfan syndrome may also physically inhibit the ability of
the vessel to dilate (Dietz et al., 1991; Pyeritz, 2000).

The findings from this study may have potentially impor-
tant clinical implications, but should be viewed in the context
of the existing in vivo data from human subjects. The apparent
discrepancies highlighted above between human subjects and
our studies may be explained by some of the following
reasons. Relatively small groups of Marfan syndrome and
non-Marfan syndrome patients were recruited for these
studies (usually 20 or less). Then, a wide range of ages of
Marfan patients were recruited (from 11 to 61 years old).
Finally, the vessels studied were not true resistance (<500 pm)
vessels. As indicated by the data from the present study and
others, pathogenesis of Marfan syndrome in the vasculature
with respect to the functional properties varied during ageing
(Chung et al., 2007a). Therefore, combining both paediatric
and adult patients in the same study may disturb the results
and data interpretation.

Furthermore, the conflicting results should also be viewed
in the context of our mouse model. There are over 600 genetic
mutations that have been identified to cause Marfan syn-
drome (Williams et al., 2008). While missense mutations
account for slightly over 60% of the mutations, 78% of the
point mutations locate in the cbEGF modules and affect
calcium binding. A further 12% of these mutations are recur-
rent and affect a mutation hotspot, CpG, for a cysteine
residue, representing the most common mutation in classic
Marfan syndrome and providing the basis of the mouse
model used in our studies (Gray and Davies, 1996; Boileau
et al., 2005). Therefore, although our model is useful to inves-
tigate the general pathogenesis of the most common type of
Marfan syndrome, it may not be representative of all cases of
Marfan syndrome.

Although advancing age is associated with derangement
of endothelial cells leading to a decrease in NO production
(Gerhard et al., 1996), the differences in ACh-induced relax-
ation between control and Marfan vessels persisted despite
increasing age. It is unlikely that the effect of ageing played
a significant role in this study, as changes in ACh-mediated
relaxation in control mice are not apparent until around 15
months of age (Bulckaen etal.,, 2008). The same ACh-
relaxation response in the control arteries between 3 and 10
month age groups could be related to up-regulation of alter-
native mechanisms to compensate for the decreasing NO
bioavailability. EDHF has been shown to play a greater role
in the face of reduced NO bioavailability during ageing
(McCulloch et al., 1997, Nishikawa et al., 2000; Gaubert
etal., 2007).
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ACh-mediated vasorelaxation is primarily dependent on
NO in the secondary branch of mouse mesenteric artery
(McGuire et al., 2002; Ceroni et al., 2007). Preincubation with
the NO synthase inhibitor, L-NAME, significantly reduced
ACh-mediated vasorelaxation in control vessels, but interest-
ingly did not have any effect on ACh-mediated vasorelaxation
in the Marfan vessels, suggesting that the endothelial NO
pathway is significantly compromised in Marfan syndrome.
COX-derived prostanoids are also involved in the regulation
of vasomotor function and prostacyclin (PGI,), produced
from arachidonic acid through the COX-2 enzyme, is the
most important of these (Smith ef al., 2000). Up-regulation of
COX-2 expression may also be induced through the loss of
vessel elasticity (Vitarelli etal., 2006), which leads to
increased production of PGIL, (Chung et al., 2007c). In our
study, blockade of the COX pathway with indomethacin
inhibited ACh-mediated vasorelaxation in Marfan vessels.
The up-regulation of prostanoid-mediated relaxation may
thus represent a compensatory mechanism of the Marfan
endothelial cells in the apparent absence of NO-mediated
vasorelaxation.

In addition to agonist-induced endothelium-dependent
vasorelaxation, EDHF plays an important role in modulating
vasomotor tone in the resistance vasculature through its
hyperpolarization of smooth muscle cells (Shimokawa, 1999).
However, its nature is still controversial; K*, gap junctions,
epoxyeicosatrienoic acids and H,O, are all thought to be
potential candidates and the contribution of each appears to
vary depending on the species tested and vessels used (Van-
houtte, 2004). In mouse mesenteric arteries, there are con-
flicting reports about the role of H,O, as an EDHF (Matoba
et al., 2000; Ellis et al., 2003). However, in our preparation the
addition of catalase, an enzyme that dismutates H,O, to form
water and oxygen and thus lowers H,O, concentration, in the
presence of L-NAME and indomethacin reduced ACh-
mediated vasorelaxation in the Marfan vessels to a greater
degree than in control vessels. This greater inhibition may be
due to the up-regulation of EDHF as a compensatory or
back-up mechanism, which occurs when endothelial produc-
tion of NO is impaired (Kilpatrick and Cocks, 1994; Corriu
et al., 1998). Although myoepithelial gap junctions have been
suggested to provide the pathway for EDHF in mouse mesen-
teric artery (Dora et al., 2003), we did not observe significant
inhibition of ACh-mediated relaxation with carbenoxolone,
an uncoupler of gap junctions, in either control or Marfan
vessels. Therefore, it is unlikely that gap junctions mediated
the EDHF response in our preparation.

It is well established that oxidative stress has a profound
influence on vascular function, although the effect of oxida-
tive stress on vasomotor response in the progression of
Marfan syndrome has never been investigated. Oxidative
stress has been reported to be involved in the pathogenesis of
various cardiovascular diseases (Cai and Harrison, 2000; Faraci
and Didion, 2004). Superoxide dismutase treatment was
shown to reverse the hypersensitivity of the arteries in dia-
betic and hypertensive animal models and normalize the
agonist-induced contraction to that of the control animals
(Kanie and Kamata, 2000; Alvarez et al., 2008). Although the
mechanism of action of reactive oxygen species on smooth
muscle cell contractility is still unclear (Lyle and Griendling,
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2006), reactive oxygen species have been proposed to have
multiple effects on calcium signalling in both vascular endot-
helial and smooth muscle cells (Elmoselhi etal., 1996;
Lounsbury et al., 2000; Walia et al., 2000). The impairment of
the calcium signalling pathway caused by oxidative stress
may consequently lead to the alteration of vascular reactivity
(Sener et al., 2004). Thus, the removal of superoxide with
superoxide dismutase may restore calcium signalling and
thereby the contractile responses. Furthermore, oxidative
stress may cause endothelial dysfunction through several
direct and indirect pathways, the best known being the scav-
enging of NO by superoxide. Superoxide radicals bind to NO
at a rate three times faster than they bind to superoxide
dismutase; therefore, excess superoxide production would
increase the rate of NO degradation (Cai and Harrison, 2000;
Schulz et al., 2004). The improvement of endothelial function
in the Marfan vessels brought about by superoxide dismutase
suggests that oxidative stress may be another contributor to
endothelial dysfunction in Marfan syndrome.

In conclusion, our study indicates that in Marfan
syndrome, endothelium-dependent and endothelium-
independent vasodilation is impaired in resistance vessels.
Furthermore, we have demonstrated that smooth muscle con-
tractility is compromised and vessel stiffness is increased.
Together, these vasomotor abnormalities in the resistance
vessel may have a negative and detrimental impact on the
overall cardiovascular function in Marfan syndrome.
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