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Abstract

Mutations in the dystrophin gene causing Duchenne’s muscular dystrophy (DMD), lead to pre-
mature stop codons. In mdx mice, a model for DMD, they can be suppressed by aminoglycosides
such as gentamicin. Dystrophin is likely to play a role in flow (shear stress) mediated endothelium-
dependent dilation (FMD) in arteries. Thus we investigated the effect of gentamicin on vascular,
structure and function in mdx mice.

Mice carotid and mesenteric resistance arteries (450 and 85um diameter, respectively) were
mounted in vitro in arteriographs allowing continuous diameter measurements. In mdx mice, NO-
dependent FMD and endothelial NO-synthase expression were lower than in control mice. In mdx
mice treated with gentamicin, dystrophin was recovered in vascular cells, FMD and NO-synthase
expression were identical to control in mdx mice treated with gentamicin. Smooth muscle-dependent
contractions as well as dilation to acetylcholine (endothelium-dependent) and sodium nitroprusside
(endothelium-independent) were not affected by the absence of dystrophin and/or by gentamicin.
FMD, attenuated in vimentin-null mice, was not restored by gentamicin.

These findings open important perspectives in the mechanism involved in the pathophysiology of

genetic diseases related to pre-mature stop codons such as DMD.

Key words: Duchenne’s muscular dystrophy, blood vessels, flow-mediated dilation, endothelium,

vasodilation.
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Introduction

Flow (shear stress) is the main physiological stimulus inducing the release of vasoactive
agents by vascular endothelial cells (1, 2). Flow-mediated dilation (FMD) allows the adaptation of
feeding arteries to the metabolic needs of each organ (1, 2). Mechanotransduction of shear stress
involves the extracellular matrix and cell structure proteins (2). Depolymerization of F-actin into G-
actin is rapid upon shear stress stimulation (3-5) and the absence of the intermediate filament
vimentin markedly lowers FMD (6). Dystrophin is involved in skeletal and cardiac muscle cells
mechanotransduction (7-11). Although dystrophin is present in vascular smooth muscle cells (12-
14), no obvious functional abnormality of the smooth muscle has been found in mice lacking
dystrophin (mdx mice) (14). In both mice and human endothelial cells the presence of dystrophin
has been recently shown (14). Endothelium-dependent dilation, due to mechanical stimulation by
flow (shear stress), is markedly and selectively attenuated in mdx mice, suggesting a role for
dystrophin in the endothelial mechanotransduction of shear stress (14). This specific vascular
dysfunction might disturb local blood flow supply to end-organs and would now required further
investigation in patients with Duchenne's muscular dystrophy (DMD). Indeed, ischemia has been
described in skeletal and cardiac muscles in patients suffering dystrophy (15-17). As shear stress
generated by flow is the main physiological stimulus triggering endothelium-dependent dilation, a
defect in flow-mechanotransduction might have serious consequences in the short-term (acute local
blood flow control) and in the long-term (arteries structure, protein expression). As flow regulates
the expression of endothelial NO-synthase (eNOS), we measured the level of this protein in arteries
isolated from mdx mice. In addition, eNOS expression and NO production have a key role in the
structural adaptation of the vessel wall in response to changes in hemodynamic environment (18).

A chronic treatment of mdx mice with the aminoglycoside gentamicin can suppress stop
codons in the gene encoding for dystrophin, thus inducing the recovery of the protein in skeletal
muscles (19). We tested the hypothesis that vascular mechanotransdution of flow could be
improved in mdx mice chronically treated with gentamicin. Indeed, the recovery of dystrophin
should restore the capacity of the endothelium to transduce shear stress into dilation, thus
supporting the hypothesis that the dystrophin has a key role in shear stress mechanotransduction
in vascular endothelium. This study could also open new perspectives in the pathophysiology of

genetic diseases such as DMD.

METHODS
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Animals:

Twelve-week old male mdx mice and their control (C57-Bl110; Iffa-Credo, L'Arbresle, France) were
treated with gentamicin (Sigma, St-Louis) using a dose inducing the recovery of dystrophin in mdx
mice (19) (34mg/kg per day, 14 days, Alzet minipumps implanted subcutaneously). Mice were
then anesthetized for blood pressure measurement through a catheter placed in the left carotid
artery (14). In another series of experiments twelve-week old male vimentin-null mice were treated
with gentamicin (34mg/kg per day, 14 days) in order to test the selectivity of the treatment. Indeed,
we have previously reported that FMD is markedly attenuated in vimentin-null mice (6). This

decrease in FMD is quantitatively equivalent to that observed in mdx mice (14).

Isolated arteries

After anesthesia with pentobarbital the right carotid artery and mesenteric resistance arteries were
isolated and cannulated at both ends in a video monitored perfusion system (20) (LSI, Burlington,
VT) as previously described (6, 14). Briefly, cannulated arteries were bathed in a physiological salt
solution. Diameter changes were measured when intraluminal pressure was increased step by step
from 10 to 150 mmHg. Pressure we then set at 75 mmHg and flow increased by steps. At the end
of each experiment arteries were bathed in a Ca2*-free physiological salt solution containing EGTA
(2 mmol/L) plus sodium nitroprusside (10 uM) and pressure steps were repeated in order to
determine the arteries passive diameter (6, 14). Contraction to phenylephrine, KCI (80 mmol/L) and
dilation to acetylcholine and sodium nitroprusside were tested in another arterial segments from the
same mouse and mounted in an arteriograph under an intraluminal pressure of 75 mmHg (6, 14).
Flow-mediated and acetylcholine-induced dilations were repeated after NO synthesis blockade with

L-NAME (10 umol/L), as previously described (6, 14).

Immunolocalization of dystrophin in isolated arteries.

Immunostaining of dystrophin was performed, as previously described (14). Briefly, arteries were
mounted in embedding medium and frozen. Immunostaining was then performed on transverse
cross section (5 pum thin) with anti-dystrophin antibodies (anti dys2, 1:200, Novacastra).
Secondary antibodies were anti-rabbit antibodies conjugated to peroxidase (Amersham) (14) or anti-
rabbit antibodies conjugated to biotin, which was then amplified by streptavidin-Texas-red reagent
(Amersham).

In another group of experiments immunostaining of dystrophin was performed in isolated

mesenteric arteries cannulated in arteriographs (pressure = 75 mm Hg, flow = 50 pl/min). Cell
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membranes were permeabilized with B-escin (90 mg/ml, 10 min). Anti-dystrophin antibodies
(dys2) were then perfused for 30 min. A secondary antibody, bound to streptavidine and Texas-
red, was used to labeled anti-dystrophin antibodies (14). Fluorescence staining was visualized using
an Axiophot inverted microscope (Nikon, Tokyo, Japan) and an Odyssey XL confocal scanning

system (Noran, Midleton, WI, USA).

Western-blot of dystrophin in isolated arteries.

Samples of carotid and mesenteric arteries were collected and homogenized (Ultrasonic Processor,
Bioblock Scientific, France). Proteins were separated by SDS-PAGE (Mini gel protean II system,
Bio-Rad, 100V, using 300 ml 25 mM Tris, 192 mM glycine, 0.1% SDS) using a 4% stacking gel
followed by a 4.5% running gel. After migration, proteins were transferred (50 V, overnight, 4°C
using 800 ml 25mM Tris, 192 mM glycine, 10% methanol) to PVDF blotting membranes
(Immobilon-P, Millipore). Membranes were then washed in TBS-T buffer (composition: 10 mM
Tris/base pH 7.5, 0.1 M NaCl, 1| mM EDTA, 0.1% Tween 20) and blocked for 2 hr at room
temperature (5% fat free dry milk in TBS-T). Membranes incubated 90 min with the primary
antibody (anti dysl, anti dys2 or anti dys3, 1:1000), washed again (3 times for 10 min) and
incubated with HRP-conjugated secondary antibody (Santa Cruz, 90 min RT, 1:2000). Membranes
were washed (3 times for 10 min) and Dystrophin was visualized using the ECL-Plus

Chemiluminescence kit (Amersham).

Western-blot of eNOS in isolated arteries.

Samples of carotid and mesenteric arteries were collected and homogenized (Ultrasonic Processor,
Bioblock Scientific, France). Proteins were separated by SDS-PAGE (Mini gel protean II system,
Bio-Rad, 100V, using 300 ml 25 mM Tris, 192 mM glycine, 0.1% SDS) using a 4% stacking gel
followed by a 7% running gel. After migration, proteins were transferred (50 V, overnight, 4°C using
800 ml 25mM Tris, 192 mM glycine, 10% methanol) to PVDF blotting membranes (Immobilon-P,
Millipore). Membranes were then washed in TBS-T buffer (composition: 10 mM Tris/base pH 7.5,
0.1 M NaCl, 1 mM EDTA, 0.1% Tween 20) and blocked for 2 hr at room temperature (5% fat free
dry milk in TBS-T). Membranes incubated 2 hours with the primary antibody (anti eNOS 1:5000),
washed again (3 times for 10 min) and incubated with HRP-conjugated secondary antibody
(Amersham, 1 hours RT, 1:2000). Membranes were washed (3 times for 10 min) and eNOS was

visualized using the ECL-Plus Chemiluminescence kit (Amersham).
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Data analysis

Results are expressed as means + standard error (s.e.mean). EC5¢ or IC50 (concentration of agonist
required to induce half the maximum response) and Eyx (maximal response) were calculated for
phenylephrine, SNP, and achetylcholine in each artery (6, 14). Significance of the differences
between groups was determined by analysis of variance (ANOVA) and paired t test or by

Bonferroni's test. P values less than 0.05 were considered to be significant.

Results

Body weight and blood pressure (n=10 per group) were not affected by the absence of dystrophin
and/or by gentamicin (table 1).

Immunolocalization and protein expression of dystrophin

Dystrophin was present in both vascular smooth muscle and endothelial cells in control and
gentamicin-treated mdx mice (fig.1a and b). In mdx mice it was absent in both cell types in
mesenteric and in carotid arteries (fig.1a and b). Immunolabelling and confocal microscopy analysis
were performed in cannulated arteries perfused under a pressure of 75 mmHg. As a consequence the
confocal scanning was performed at high speed, avoiding movement artifacts and shading, but
decreasing the image sharpness. Immunolabelling and confocal microscopy analysis of dystrophin
showed that the protein was present in endothelial cells, at the level of the plasma membrane, in
both control mdx mice treated with gentamicin (fig.1¢). Similarly, in smooth muscle cells,
dystrophin was present at the level of the plasma membrane, in control mice and in mdx mice
treated with gentamicin (data not shown). Dystrophin was not found in smooth muscle cells and
endothelium cells in mdx mice.

Western-blot analysis in carotid arteries showed that a full-length dystrophin was recovered after
treatment of mdx mice with gentamicin. Indeed, antibodies directed against the carboxy-terminus
(dys2), the N-terminus (Dys3) or the mid rod domain (dysl) of dystrophin were used (fig.1d).
Quantitatively, approximately 40% of dystrophin were recovered in gentamicin-treated mdx mice

(fig.le).

Structural analysis of mesenteric and carotid arteries
In isolated carotid and mesenteric resistance arteries bathed in a 0-calcium PSS containing EGTA

and sodium nitroprusside, increasing pressure by step induced a rise in diameter. In mdx mice this
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passive diameter was similar than in control mice in both carotid and mesenteric arteries (fig. 2a, b).
Passive arterial diameter was not affected by gentamicin in mesenteric and carotid arteries (fig. 2a,
b). Wall thickness (fig. 2¢, d) and cross sectional compliance (fig. 2e, f) were significantly lower in
mdx than in control mice (fig. 2). In mdx mice treated with gentamicin, wall thickness and

compliance were not different from those in control mice (table 2c-f).

Arterial responses to pressure and flow

Pressure-induced myogenic tone was not affected by the absence of dystrophin and/or by
gentamicin (fig.3a and b). Myogenic tone was antagonized by flow-mediated dilation (FMD).
Stepwise increases in flow induced a significant arterial dilation (fig. 3c,d,e). In both carotid and
mesenteric arteries FMD was lower in mdx than in control mice (fig.3c,e). Conversely, in
gentamicin-treated mdx mice FMD was similar to control (fig.3c,d). In vimentin-null mice FMD was
lower than in the corresponding control mice, but FMD in vimentin-null mice was not improved by

gentamicin (fig.3e).

NO-dependent dilation and NO-synthase in mesenteric and carotid arteries

Inhibition in NO-synthesis decreased FMD in mesenteric (fig.4a,b) and carotid arteries (not shown).
The effect of L-NAME was lower in mdx (fig.4c) than in control mice (figdd). In gentamicin-treated
mice the inhibitory effect of L-NAME on FMD was similar to that in control mice (fig.4c,d).

The expression of eNOS in carotid (fig.4e) and mesenteric arteries (not shown) was lower in mdx

than in control mice, whereas in gentamincin-treated mdx mice it was equivalent to control.

Pharmacological profil of mesenteric and carotid arteries

Phenylephrine-induced contraction, as well as endothelium dependent (acetylcholine) and
independent (sodium nitroprusside) dilation were not modified in mdx mice, relative to control mice
(tablel). Similarly, KCl (80 mmol/L)-induced contraction was not affected by the absence of
dystrophin (table 1). These parameters were not significantly affected by gentamicin, in either

control or mdx mice (tablel).

Discussion

This study demonstrates that the selective decrease in flow-mediated endothelium-

dependent dilation found in mdx mice was associated to a decreased of NO-dependent-dilation and a

[d
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decreased NO-synthase expression. Both structural and functional vascular defects found in mdx

mice could be recovered after a 2 week-long treatment with the aminoglycoside gentamicin.

Although dystrophin has been clearly shown to play a key role in force
mechanotransduction in striated muscles, it is only our recent study that we has suggested its
potential role in the mechanotransduction of flow (shear stress) in arteries (14). Other endothelium-
dependent (acetylcholine) and independent (sodium nitroprusside) forms of dilation, as well as the
arterial contractility were not affected by the absence of dystrophin. Flow (shear stress at the
surface of the endothelial cells) is a major stimulus for vascular cell growth, remodeling and
angiogenesis (2, 21). Thus, a defect in flow-mechanotransduction due to the absence of dystrophin
could be deleterious and affect blood flow supply to organs, especially when an increase in blood
flow is required in situations such as growth. Indeed ischemia occurs in skeletal and cardiac muscles
of dystrophin deficient patients (17) and a defect in FMD might be a cause of this deficiency. This
is supported by our finding showing that eNOS expression was decreased in mdx mice. The low
responsiveness to flow (shear stress) in mdx mice arteries might be the cause of the decrease in
eNOS expression. Indeed, flow is the main stimulus for eNOS expression (22, 23), and NO-
dependent and independent production and the corresponding dilation are normal or increased when
activated by other stimuli than flow, as shown in the present study and in a previous one (14).
Thus the decrease of eNOS expression is more likely the consequence of the low sensitivity to flow
in arteries from mdx mice. Nevertheless, the level of eNOS expression might be of importance for
vascular adaptation to chronic changes in blood flow (18). A microvascular dysfunction was initially
suspected in DMD. Although no definitive evidence could be provided, a deficiency in the capacity
of skeletal muscular cells to produce NO through neuronal NOS (or NOS-I) activation has been
found. Skeletal muscle contraction induces a NOS-I-dependent arteriolar dilation, which is decreased
in mdx mice (24). Similarly, disruption of the sarcoglycan-sarcospan complex, inducing
cardiomyopathy, is associated to a deficiency of the coronary vasculature (25). In addition, the
occurrence of ischemia has been shown in skeletal and cardiac muscles of dystrophin deficient
patients (15-17). These observations are in agreement with the existence of an endothelial
dysfunction in the microcirculation. Nevertheless, no functional study has been performed in
arteries, especially concerning the endothelial function. Our actual observations provide direct
evidence that, in physiological conditions, arterial responses to flow are blunted in dystrophin
deficient mice. Together with previous reports showing that NO production by skeletal muscle
during exercise (through the activation of the neuronal isoform of NOS) is decreased (17), our

findings provides a rational for a role of a microvascular dysfunction in the progression of DMD.

o)
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Gentamicin, after 2 weeks, restored FMD to control level. In addition, eNOS expression in
arteries was normalized. This allows postulating that blood flow supply might also be normalized
by gentamicin in any situation, rest or exercise. Although 40% of the dystrophin was recovered
after the treatment, the endothelial response to flow was fully recovered. Dystrophin, in mice
treated with gentamicin was probably a full-length protein as it was detected using antibodies direct
against the C-terminal, the N-terminal and the mid rod domain of the protein. This study seems at
variance with a recent work performed in 4 patients suffering DMD. In these 4 patients a similar
treatment (2 weeks, same dose) failed to induce the recovery of the protein (26). Nevertheless, as
pointed out by the authors, the dose and the duration of the treatment used in mice may not apply
to human. Indeed, the choice of a dose is crucial, as previously shown (19). Considering the
seriousness of the disease and the diversity of the mutations causing DMDs, and other genetic
diseases with nonsense mutations, it might be important to plan other studies in patients. In this
perspective the vascular side of the disease might also be considered, or reconsidered, in view of the
novel findings provided by our study. In addition, other molecules, related or not to the
aminoglycosides gentamicin, might be investigated in order to find drugs with less toxicity.
Gentamicin is a highly nephro- and oto-toxic drug. The recovery of a normal vascular endothelial
function and structure in mesenteric and carotid arteries after only 2-week long treatment with
gentamicin is in agreement with previous observations showing a rapid (significant after 2 days)
vascular remodeling due to a chronic blood flow change (18). Gentamicin in mdx mice induced the
recovery of NO-dependent FMD and eNOS expression. As stated above, eNOS expression was
probably recovered due to the normal shear stress sensing process due to the recovery of
dystrophin in endothelial cells. Shear stress stimulates membrane-bound proteins such as integrins
located in the focal adhesion sites (2, 27). In resistance arteries integrins such as the a3p5 integrin
are involved in FMD in rat coronary arteries (28). The signal is then transmitted to eNOS through
the activation of proteins such as Akt or HSP90 (29-31). The dissociation of eNOS from caveolin is
necessary for its activation (32). Although no direct evidence is available showing the involvement
of these proteins in the acute dilatory response of arteries to flow, dystrophin could interact in this
process and be located in the region where eNOS and caveolin interact. Nevertheless, in skeletal
muscle cells a relation between the neuronal form of NOS (nNOS), caveolin and dystrophin has

been shown (33, 34).

In conclusion we found that dystrophin can be recovered after a short treatment with the

aminoglycoside gentamicin. Gentamicin allows the recovery of dystrophin by suppressing a pre-
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mature stop codon in the gene encoding for dystrophin in mdx mice (19). This recovery of

dystrophin restored flow-mediated endothelial-dependent dilation and eNOS expression. These

findings open important perspectives in the mechanism involved in the pathophysiology of genetic

diseases related to pre-mature stop codons such as DMD.
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Table 1: Body weight, mean arterial blood pressure (MAP) and pharmacological profile of carotid
arteries and mesenteric resistance arteries isolated from mdx mice and their control treated with
gentamicin. Contraction to phenylephrine (PE) and potassium (KCI (80 mmol/L) and dilation to

z acetylcholine (ACh) and sodium nitroprusside (SNP) were performed.
>
3 Mice: mdx mdx control control
é gentamicin: - + - +
=)
(=
§_ Body weight 3242 30+2 34+3 312 g
= MAP 84+3 85+3 862 84+4 mmHg
=
&
3 Pharmacological profile of carotid and mesenteric arteries:
S
g Carotid artery:
= SNP: IC59 65+14 74+18 88+13 8017 nmol/L.
5 Imax 98+2 95+4 99+1 96+3 %
g. ACh: IC59 647£77 724+83 605167 671+80 nmol/L.
2 Imax 78+5 7443 84+£5 80+6 %
PE: ECs 417+106 496+82 404+58 475+68 nmol/L.
Emax 95+10 86=+11 112+7 93+8 um

Mesenteric resistance artery:

SNP: ICsg 52+6 66+9 4848 63+10 nmol/L
Imax 99+2 97+3 99+1 98+2 %

ACh: ICsg 80+11 92+12 68+10 85«11 nmol/L
Imax 95+4 93+5 98+3 9445 %

PE: ECsg 5249 63£12 38+8 47+11 nmol/L
Emax 4645 37+£5 4247 36+6 pum

Contraction to KCl (80 mmol/L):
Carotid arteries: 97+9 90+9 113+9 95+10 um
Mesenteric arteries:  52+6 48+6 44+5 42+6 pm

EC50 and ICs( represent the concentration necessary to reach 50% of the maximal effect; Eyax and
Imax give the maximal effect of the drug (n=10 per group). Maximal contraction is given as decrease
in diameter (um) for phenylephrine and as % dilation for SNP and acetylcholine.

No significant difference between groups was found.
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Figure 1: Immunolocalization of dystrophin in carotid arteries (revealed by peroxidase, a) and in
mesenteric resistance arteries (Texas-red immunofluorescence, b) was performed using Dys2 anti-
dystrophin antibodies. Arteries were isolated from control, mdx mice or mdx mice treated for two
weeks with gentamicin. In mesenteric resistance arteries dystrophin (Dys2) was localized to the
plasma membrane of endothelial cells, using immunofluorescence and confocal microscopy. This
was performed in arteries perfused under a pressure of 75 mmHg and a flow of 50ul/min (¢). (n=6
mice per group). Due to the movement generated by the perfusion of the arteries in physiological
conditions, the scanning of the vascular wall was performed at a speed of 10 images/sec.

The expression of dystrophin was determined in carotid arteries, using western-blot analysis. Dys1,
Dys2 and Dys3 antibodies were directed against C-terminus, N-terminus and mid-rod domains of
dystrophin, respectively (d and e). (n=8 mice per group).

*P <0.001; two-factor ANOVA, versus control.

#P <0.001; two-factor ANOVA, non-treated versus gentamicin-treated mdx mice.
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Figure 2: Passive vascular responses to pressure in carotid (left panel) and mesenteric resistance
arteries (right panel) isolated from control or mdx mice treated for two weeks with gentamicin
(genta, 34 mg/kg/day/14days). Arteries were submitted to stepwise increases in pressure when
bathed in a Ca?*-free physiological salt solution containing EGTA (2 mmol/L) and sodium
nitroprusside (10 pM), thus defining the passive arterial diameter, expressed as active tone (passive
diameter — active diameter ®'* (a, b). Arterial wall thickness was determined the same arteries (c, d).
Cross-sectional compliance (e and f) was calculated from the diameter values shown in a and b.
n=10 per group.

*P <0.05; two-factor ANOVA.
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Figure 3: Myogenic tone determined in carotid (a) and mesenteric resistance arteries (b) isolated
from control or mdx mice treated for two weeks with gentamicin (genta, n=10 per group).
Responses to flow were then determined in mesenteric (c¢) and carotid arteries (d) under a pressure
of 75 mmHg.

In another group of experiments, the same experiments (flow-mediated dilation) were performed in
vimentin-null mice mesenteric arteries (e).

*P <0.05; two-factor ANOVA, mdx versus control (c and d) or vim+/+ versus vim-/- (e)
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Figure 4: Effect of NO-synthesis blockade with L-NAME (LN) on flow-mediated dilation in
mesenteric resistance arteries isolated from control (a) or mdx mice (b) treated for two weeks with
gentamicin (genta). Data are represented as um dilation (a and b) and as percentage inhibition of
flow-mediated dilation by L-NAME (in control, ¢, and mdx, d, mice) (n=10 per group). NO-
synthase expression, determined in carotid arteries is shown in e.

#p <0.001; two-factor ANOVA, non-treated versus gentamicin-treated mice.

*p <0.01; two-factor ANOVA, versus control.



