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We examined whether mutation of the �-sarcoglycan
gene, which causes dilated cardiomyopathy, also al-
ters the vascular smooth muscle cell (VSMC) pheno-
type and arterial function in the Syrian hamster CHF
147. Thoracic aorta media thickness showed marked
variability in diseased hamsters with zones of atrophy
and hypertrophied segments. CHF-147 VSMCs dis-
played a proliferating/“synthetic” phenotype charac-
terized by the absence of the smooth muscle myosin
heavy chain SM2, dystrophin, and Ca2�-handling
proteins, and the presence of cyclin D1. In freshly
isolated VSMCs from CHF 147 hamsters, voltage-inde-
pendent basal Ca2� channels showed enhanced activ-
ity similar to that in proliferating wild-type (WT) cells.
The transcription factor NFAT (nuclear factor of acti-
vated T cells) was spontaneously active in freshly
isolated CHF 147 VSMCs, as in proliferating VSMCs
from WT hamsters. Mibefradil inhibited B-type chan-
nels, NFAT activity, and VSMC proliferation. CHF 147
hamsters had abundant apoptotic cells distributed in
patches along the aorta, and clusters of inactive mito-
chondria were observed in 25% of isolated CHF 147
cells, whereas no such clusters were seen in WT cells. In
conclusion, mutation of the �-sarcoglycan gene in-
creases plasma membrane permeability to Ca2�, acti-
vates the Ca2�-regulated transcription factor NFAT, and
leads to spontaneous mitochondrial aggregation, caus-
ing abnormal VSMC proliferation and apoptosis. (Am J
Pathol 2007, 171:162–171; DOI: 10.2353/ajpath.2007.070054)

Disruption of the plasma membrane-associated sarcogly-
can-sarcospan complex as a result of genetic defects

causes muscular dystrophy and/or cardiomyopathy in hu-
mans (limb-girdle muscular dystrophy).1 There are six sar-
coglycan family members: �-, �-, �-, �-, �-, and �-sarcogly-
can.2 In hamster and mouse models, �-sarcoglycan gene
deletion results in myopathy of cardiac and skeletal mus-
cles, with focal areas of necrosis3–5 and autophagic cardi-
omyocyte death.6 Most of the studies on �-sarcoglycan-
deficient animals have been conducted on skeletal and
cardiac muscles. The few studies on smooth muscle con-
cerned the vasospasm of coronary arteries, but there are no
data on the peripheral vessels. Sarcoglycans are trans-
membrane components of the dystrophin-glycoprotein
complex, which links the cytoskeleton to the extracellular
matrix.7 At the cellular level, disruption of the dystrophin-
glycoprotein complex leads to increased permeability to
divalent cations through channel-blocker-sensitive path-
ways and entry of calcium via nonspecific cation chan-
nels.8–11 The mechanisms of this enhanced Ca2� influx are
not fully understood, but changes in the activity of several
Ca2� channels have been described in dystrophin-defi-
cient myocytes.12–15 Dystrophin, through PDZ domain-con-
taining adaptor proteins known as syntrophins, can link the
cytoskeleton to various membrane proteins carrying a PDZ
domain, including ion channels.16 This cytoskeleton-ion
channel interaction contributes to receptor/channel local-
ization and to the regulation of voltage-, ligand-, and store-
operated ion channels. Indeed, restoration of functional
dystrophin-sarcoglycan complex formation by gene trans-
fer of minidystrophin or �-sarcoglycan normalizes ion chan-
nel function in dystrophic myocytes.10,12,17,18

In vascular smooth muscle cells (VSMCs), Ca2� ho-
meostasis not only controls vessel tone but also defines
the cell phenotype (from quiescent/contractile to prolifer-
ating/“synthetic”). The proliferating/synthetic phenotype
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is associated with a reduction in contractile performance
owing to the loss of adult isoforms of contractile proteins
and dystrophin.19 Moreover, proliferating VSMCs lose
RyR and sarco(endo)plasmic reticulum Ca2� ATPase
(SERCA) 2a,20 LTCC (L-type Ca2� channels) are re-
placed by TTCC (T-type Ca2� channels), and SOC (store-
operated channels) as well as TRPCs (transient receptor
potential protein family C) are up-regulated.21 This results in
an increased cytosolic Ca2� concentration and changes in
the spatiotemporal pattern of Ca2� signals, which can alter
gene expression by activating various protein kinases and
phosphatases and Ca2�-sensitive transcription factors.22,23

For instance, a sustained increase in cytosolic Ca2� is
necessary to activate calcineurin, a Ca2�/calmodulin-de-
pendent serine/threonine-specific protein phosphatase 2B
(PP2B) that dephosphorylates nuclear factor of activated
T cells (NFAT), inducing its translocation into the nucleus
and transcriptional activation. NFAT is involved in the
control of cell cycle-related proteins required for VSMC
proliferation24,25

The aim of this study was to determine the conse-
quences of �-sarcoglycan gene mutation on vessels of
CHF 147 myopathic Syrian hamsters. We postulated
that alterations of the dystrophin/sarcoglycan complex
would be associated with enhanced transmembrane
Ca2� influx and with activation of Ca2�-dependent pro-
cesses in VSMCs.

Materials and Methods

Animals

Animals were treated in accordance with institutional
guidelines. The study was performed on thoracic aortas
from 6- to 12-month-old male and female cardiomyo-
pathic Syrian hamsters of the strain CHF 147 (raised by
INSERM U582, Paris, France) and their control Golden
hamsters (WT) obtained from Janvier-France breeders.

Materials

All media, sera, and antibiotics were from Invitrogen (Cergy
Pontoise, France). All chemicals were from Sigma-Aldrich
(Saint Quentin Fallavier, France). The following primary an-
tibodies were used: anti-SERCA 2a and anti-SERCA 2b
(provided by Dr. F. Wuytack, University of Leuven, Leuven,
Belgium),26 anti-RyR (provided by I. Marty, INSERM U607,
Département Réponse et Dynamique Cellulaires-Grenoble,
France),27 anti-SM2 (Ab 683; Abcam plc, Cambridge, UK),
anti-NM-MHC-B (Ab 684; Abcam), anti-dystrophin (NCL-
DYS2; Novocastra, Newcastle, UK), anti-caveolin 1
(ab2910; Abcam), anti-PMCA (ab2825; Abcam), anti-cyclin
D1 (556470; BD Biosciences), and anti-NFATc1 (K-18;
Santa Cruz Biotechnology, Santa Cruz, CA).

Histology and Immunofluorescence Studies

Media thickness was measured on hematoxylin and eo-
sin-stained frozen cross sections with a computer-based
morphometric system (Lucia; Nikon, Tokyo, Japan). Ten

measurements were made on each section, and five
discontinuous sections were analyzed in each animal.
Ten CHF 147 and 10 WT hamsters were studied.

Apoptosis was analyzed by terminal deoxynucleotidyl
transferase dUTP nick-end labeling staining of fixed cross
sections with a standard protocol (ApopTag Red; Serologi-
cals Corporation, Norcross, GA). Immunocytochemical
analysis was applied to methanol-fixed cells or acetone-
fixed sections according to a standard protocol (Santa Cruz
Biotechnology). Proteins were visualized by using either
secondary antibodies directly conjugated to Texas Red or
the biotin/streptavidin-Texas Red-conjugated amplification
method (GE Healthcare, Little Chalfont, Buckinghamshire,
UK). Nuclei were labeled with Hoescht.

Cell Culture

VSMCs were isolated from the thoracic aorta of Syrian
CHF 147 and WT hamsters and cultured as described
elsewhere.28 Proliferation was measured by using the
CellTiter96 Cell Proliferation Assay kit (Promega, Char-
bonnières, France).

Single-Channel Recordings and Data Analysis

Experiments were performed with the cell-attached
and/or inside-out patch-clamp configuration. Patch pi-
pettes (10 to 15 mol/L�) were pulled from borosilicate
glass capillaries (Corning Kovar Sealing 7052; WPI, Sara-
sota, FL). Currents were recorded with an Axopatch 200B
amplifier (Axon Instruments, Foster City, CA). Channel
activity (relative mean membrane patch current) was cal-
culated as previously reported.29 All experiments were
conducted at room temperature (20 to 24°C). The super-
fusion control and bath solutions contained 128 mmol/L
potassium aspartate, 2 mmol/L KCl, 1 mmol/L BaCl2,
5 mmol/L ethylene glycol bis(�-aminoethyl ether)-
N,N,N�,N�-tetraacetic acid, 10 mmol/L HEPES, and 10
mmol/L glucose; pH was adjusted to 7.4 with KOH. The
pipette solution contained 48 mmol/L BaCl2 and 10
mmol/L HEPES; pH was adjusted to 7.4 with CsOH. When
the patch pipette contained 48 mmol/L Ba2�, and the
patch membrane potential was continuously held at �80
mV (no voltage pulses being applied), spontaneous in-
ward currents corresponding to channel opening were
recorded. Ba2� was used as charge carrier because it is
generally considered that Ba2� ions are more permeable
than Ca2� ions through several types of Ca2� channels
(L- and T-type), and this property seems to hold for
B-type Ca2� channels.30 Because Ba2� blocks practi-
cally all known K�, Na�, and Cl� channels, it is useful for
studying Ca2� channels. We also wanted to avoid acti-
vating Ca2�-activated K� or Cl� channels by Ca2� flow-
ing through these channels. We used blockade by eosin
applied to the internal face of the membrane patch to
confirm the presence of B-type channels.

Confocal Microscopy

Slides were examined with a Zeiss LSM-510 laser
scanning confocal microscope (Carl Zeiss GmbH,
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Jena, Germany) equipped with a 30-mW argon laser
and a 1-mW helium-neon laser, using a 20X/NA 0.75
Plan-Apochromat or 63X/NA 1.40 Plan Apochromat oil
immersion objective. Green fluorescence was ob-
served with a 505- to 550-nm band-pass emission filter
under 488-nm laser illumination. Red fluorescence was
observed with a 560-nm long-pass emission filter un-
der 543-nm laser illumination. Pinholes were set at 1.0
Airy unit. Stacks of images were collected every 0.9 �m
along the z axis. All settings were kept constant for
reasons of comparability. Three median slices were
projected for NFAT samples. For double immunofluo-
rescence, dual excitation using the multitrack mode
(images acquired sequentially) was obtained with the
argon and He/Ne lasers.

Promoter Reporter Assay

Cells were transfected using FuGene 6 (Roche, Basel,
Switzerland) with NFAT-promoter-luciferase construct
(NFAT-Luc; Stratagene, Cambridge, UK). They were cul-
tured for 48 hours without fetal calf serum (FCS) and then
treated with 10% FCS alone or together with 5 �mol/L
mibefradil or 10 �mol/L cyclosporine A (CsA) for 5 hours.
The luciferase activity was measured by using “the lucif-
erase assay kit” (Promega). It was expressed as percent-
age of control in relative luciferase units.

Mitochondrial Architecture and Activity

For live cell confocal microscopy, cells were plated on a
collagen-coated coverglass chamber (Lab-Tek II Cham-
ber 1.5 German Cover Glass System; Nalge Nunc Inter-
national, Rochester, NY) and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% FCS
for 24 to 48 hours. Then, the medium was replaced by
Ham’s F-12, with 25 mmol/L HEPES, without phenol red
(Promocell, Heidelberg, Germany). To assess changes in
mitochondrial membrane (�m potential), live cells were
double-labeled with the mitochondrion-sensitive �m-in-
dependent probe MitoTracker Green (500 nmol/L,
M7514; Invitrogen, Carlsbad, CA) and the �m-sensitive
dye MitoFluor Red (500 nmol/L, M22422; Invitrogen)
according to manufacturers’ instructions. Cells were
observed in an inverted confocal microscope equipped
with a chamber at 37°C. Fluorescence was recorded
by means of confocal laser scanning microscopy (Leica
TCS4D; Wetzlar, Germany) (�ex, 490 and 598 nm; �em,
516 and 630 nm, respectively).

Statistical Analysis

All quantitative data are means � SEM of at least three
independent experiments. An unpaired t-test was used to
compare means. The nonparametric Mann-Whitney test
was used to compare media thickness. Differences were
considered significant when P � 0.05.

Results

Altered Phenotype of CHF 147 Thoracic Aorta
VSMCs

In WT hamsters, media thickness was homogenous (Fig-
ure 1, A and C), whereas in CHF 147 hamsters, there
were numerous zones of atrophy and marked hypertro-
phy (Figure 1B). One CHF 147 animal had global hyper-
trophy of the media, two had aspects similar to WT, and
seven were globally atrophic. The mean CHF 147 value
was lower than the WT value (15.8 � 6.9 versus 19.4 �
2.8 �m; P � 0.001).

To characterize the phenotype of CHF 147 VSMCs,
aorta sections from six WT and six CHF 147 animals were
labeled with antibodies specific for the contractile or
synthetic phenotype and were then examined by immu-
nofluorescence (Figure 2). The adult smooth muscle my-
osin heavy chain SM2 was present in aortic VSMCs from
WT hamsters but was extensively replaced by the non-
muscular myosin heavy chain NM-B, a marker of the
synthetic phenotype, in CHF 147 hamsters. Dystrophin,
another marker of the contractile phenotype, was present
in WT and absent in CHF 147 aortas, whereas caveolin-1,
a specific marker of membrane caveolae, was expressed
in both WT and myopathic animals.

Both SERCA 2a and RyR were present in the media of
WT hamsters but absent from CHF 147 animals, as pre-
viously shown in proliferating VSMCs.20,28 The other
SERCA isoform, SERCA 2b, and the plasma membrane
Ca2� pump PMCA were present in both WT and CHF 147
animals. This suggested that CHF 147 VSMCs had a
synthetic phenotype. Labeling with anti-cyclin D1, a
marker of proliferation, confirmed the presence of prolif-
erating cells in the media, and especially in the luminal
part of the aorta, in five out of six CHF 147 animals
studied; WT aortas were negative for cyclin D1 staining
(Figure 2C). Cyclin D1 expression was variable along the
aorta, with zones of strong expression and other zones of
no expression. Thus, the CHF aorta displayed a hetero-
geneous pattern of undifferentiated/proliferating VSMCs.
The apparent discrepancy between the proliferative phe-
notype of the VSMCs and the atrophic phenotype of the
vessel might be due to apoptosis in the vessel wall (see
VSMCs from CHF 147 Undergo Apoptosis).

Proliferative Properties of Isolated VSMCs

Freshly isolated VSMCs from WT hamsters expressed
markers of the differentiated phenotype, such as SM2
and SERCA 2a, whereas these markers were absent from
freshly isolated VSMCs from CHF 147 hamsters while
NM-B MHC was present. Freshly dissociated VSMCs
from CHF 147 hamsters resembled proliferating VSMCs
from WT hamsters (Figure 3). When stimulated with se-
rum (10%), the number of VSMCs in WT increased 4.5-
fold after 2 days in culture, compared with less than
twofold with VSMCs from CHF 147 hamsters cultured in
the same conditions (Figure 4A).
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Effect of Ca2� Inhibitors on Proliferation

Increased plasma membrane permeability to Ca2� has
been described in cardiac and skeletal myocytes lacking
�-sarcoglycan.8–11 In VSMCs, elevated cytosolic Ca2�

levels induce proliferation and phenotypic changes.21

We therefore tried to detect enhanced Ca2� entry in CHF
147 VSMCs by using various Ca2� inhibitors (Figure 4B).
Diltiazem, an inhibitor of LTCC, had no effect on the
proliferation of VSMCs from WT hamsters. Nifedipine,
another LTCC inhibitor, prevented WT VSMC proliferation
but only at a high concentration. Mibefradil, a putative
T-type Ca2� channel blocker, completely blocked VSMC
proliferation when used at a low concentration (5 �mol/L).
Carboxyamidotriazole and 2-aminoethoxydiphenyl bo-
rate, two nonspecific inhibitors of capacitative calcium
entry, inhibited proliferation only partially and only at high
concentrations. Because mibefradil most efficiently inhib-
ited the proliferation of WT hamster VSMCs, we also
tested its effect on serum-induced proliferation of CHF
147 VSMCs. As in WT, 5 �mol/L mibefradil completely
inhibited the increase in cell numbers induced by serum.
Because of the small amount of cells obtained from mu-
tant hamsters, we were unable to test the other inhibitors.
These results indicate that Ca2� entry is involved in
VSMC proliferation. The calcineurin inhibitor CsA partially

Figure 1. Morphometric analysis of the thoracic aorta from WT and cardio-
myopathic (CHF 147) hamsters. Histological cross sections from WT (A) and
CHF 147 hamsters (B) stained by hematoxylin-eosin are shown. The right
panels are magnifications of the aortic wall. C: Distribution of media
thickness.

Figure 2. Phenotype of smooth muscle cells from thoracic aorta. Confocal
immunofluorescence. A: Expression of markers of the synthetic phenotype:
nonmuscular myosin heavy chain B (NM-B) and the contractile phenotype:
smooth muscle myosin heavy chain 2 (SM2) and dystrophin. Expression of
caveolin 1 is also shown. B: Expression of calcium-handling proteins: SERCA
2a, SERCA 2b, RyR, and PMCA. C: Expression of cyclin D1, a marker of cell
proliferation. m, media; L, lumen.
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blocked the proliferation of VSMCs from WT hamsters
(Figure 4B), suggesting the involvement of the calcium-
dependent calcineurin/NFAT-signaling pathway in the
proliferation of hamster VSMCs.

Analysis of B-Type Channels in VSMCs from
Control and CHF 147 Hamsters: Effect of
Mibefradil

To examine further the possibility of enhanced Ca2� entry
in CHF 147 VSMCs, we performed cell-attached and
inside-out patch recordings using membranes of VSMCs
freshly isolated from WT (Figure 5A) and CHF 147 ham-
sters (Figure 5B). In WT cells, single-channel activity
(observed in 15% of membrane patches tested) exhib-
ited rare bursts of intense activity followed by long-lasting
quiescent periods. Channel activity, assessed as the rel-
ative mean patch current, was 0.030 � 0.075 (mean �
SD, n � 35) (Figure 5E) in WT VSMCs. In contrast, in
freshly isolated VSMCs from CHF 147 hamsters, sponta-
neous channel activity (35% of tested membrane
patches) exhibited longer bursts of intense activity, sep-
arated by shorter quiescent periods (Figure 5B). The
relative mean patch current was markedly enhanced to
0.45 � 0.06 (n � 24) (Figure 5E) and was very similar to
that observed in proliferating WT VSMCs (0.38 � 0.09).
Cultured CHF 147 VSMCs also showed marked channel
activity (0.615 � 0.10, n � 27) (Figure 5, D and E). The
expanded-time scale trace designated “a” in Figure 5D
shows the complex gating pattern of B-type channels,
which was very similar to that previously observed with
cardiac myocytes when B-type channel activity was in-

Figure 3. Characterization of primary VSMCs. A: Analysis of the phenotype
of freshly dissociated or cultured (3 days, 10% FCS) VSMCs. Confocal immu-
nofluorescence with specific antibodies to smooth muscle myosin heavy
chain 2 (SM2), to the nonmuscle myosin heavy chain-B (NM-B), and to
SERCA 2a and SERCA 2b is shown.

Figure 4. Proliferation of primary VSMCs in culture. A: Analysis of the
growth capacity of VSMCs from WT (Œ) and CHF 147 (F) in culture. Freshly
isolated cells were cultured in the presence of serum (0.1 or 10%) for 24 to
72 hours. Each point represents the mean of three to five independent
experiments. At each time point the number of cells was normalized to the
number of cells in 0.1% FCS (control). Values are plotted as a percentage of
the control value. *P � 0.05, ***P � 0.01 WT versus CHF 147 at the same time
point. B: Pharmacological analysis of the calcium signaling pathways of
serum-induced proliferation. VSMCs (passages 1 to 3) were cultured for 48
hours in the presence of 0.1 or 10% FCS, either alone (control) or together
with drugs at the indicated concentrations. Dil, diltiazem; Nife, nifedipine;
CAI, carboxyamidotriazole; 2APB, 2-aminoethoxydiphenyl borate; Mib, mi-
befradil. Data are expressed as a percentage of the cell number in control
wells. The results represent the average of at least four independent exper-
iments performed in tetraplicate. **P � 0.05, ***P � 0.001 versus control.
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duced by chlorpromazine.31 Eosin (10 �mol/L) com-
pletely blocked the channel activity (Figure 5C), an effect
characteristic of B-type Ca2� channels.31 When channel
recordings were made with mibefradil (20 �mol/L) in the
pipette, channel activities in freshly isolated and cultured
CHF 147 VSMCs were markedly reduced (to 0.24 � 0.02
and 0.19 � 0.02, respectively; Figure 5E).

Thus, freshly isolated VSMCs from CHF 147 possess
voltage-independent basal Ca2� channels with en-
hanced activity similar to that of proliferating WT cells.
Mibefradil inhibited the activity of these channels.

NFAT Is Activated in CHF 147 VSMCs

The fact that cyclosporine A blocks proliferation suggests
the participation of the calcineurin/NFAT pathway. In
freshly isolated CHF 147 VSMCs, NFAT was already lo-
cated in the nucleus (ie, activated), as in proliferating WT
VSMCs. Serum stimulation had no effect on NFAT activity
in CHF 147 VSMCs (Figure 6A). After treatment of WT
VSMCs with mibefradil (5 �mol/L) or CsA (10 �mol/L) for
24 hours in the presence of 10% FCS, NFAT was arrested
in the cytosol. Mibefradil and CsA also both inhibited the
activity of an NFAT-driven luciferase construct trans-
fected into WT VSMCs (Figure 6B). These data show that

Figure 5. B-type Ca2� channel activity in primary VSMCs. B-type Ca2�

channel activity detected in membrane patches of freshly isolated WT VSMCs
(A), freshly isolated CHF 147 VSMCs (B), cultured WT VSMCs (C), and
cultured CHF 147 VSMCs (D). E: Bar graphs compare the relative mean patch
current in experiments conducted as shown in A–D. The top traces are
representative cell-attached recordings of spontaneous bursts of activity,
showing the sporadic bursting nature of this channel activity obtained during
application of control superfusion to the cell. The bottom traces are ex-
panded time-scale extracts, as indicated. Arrows indicate zero current
(closed level), and the downward deflexions are inwardly directed mem-
brane currents. In D, bottom traces noted a and b are expanded time-scale
extracts, as indicated. Numbers and bars denote the numbers of measure-
ments obtained with different patches and corresponding SD value, respec-
tively. P value was determined with Student’s t-test. The membrane patch
holding potential was �80 mV.

Figure 6. Involvement of NFAT in VSMC proliferation. A: Confocal immu-
nofluorescence with anti-NFAT showing its cytosolic or nuclear localization
in VSMCs. B: Promoter-reporter assay of NFAT transcriptional activity in WT
VSMCs. Cells were transfected with NFAT-Luc and cultured for 48 hours
without FCS. In A and B, cells were then treated with 10% FCS alone or
together with 5 �mol/L mibefradil (Mib) or 10 �mol/L CsA for 5 hours. RLU,
relative luminescence units. The bars represent mean � SEM of three exper-
iments in triplicate. ***P � 0.001 versus control (0.1% FCS).
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NFAT is spontaneously active in CHF 147 VSMCs and
suggest the involvement of enhanced Ca2� channel en-
try sensitive to mibefradil.

VSMCs from CHF 147 Undergo Apoptosis

The atrophic zones observed in the media of CHF147
aorta prompted us to screen for apoptotic cells with the
terminal deoxynucleotidyl transferase dUTP nick-end la-
beling method. No apoptosis was observed in WT aortas,
whereas CHF 147 aortas contained abundant apoptotic
cells distributed in patches along the aorta (Figure 7A).
The percentages of apoptotic cells in freshly dissociated
CHF 147 and WT VSMCs were 29.7 � 5.6 and 4.3 �
1.3%, respectively (P � 0.05). When cultured for 3 days
with 10% serum, the proportion of apoptotic cells was
24.2 � 5.2% in CHF 147 VSMCs and 1.7 � 1.7% in WT
VSMCs (P � 0.05).

Mitochondrial dysfunction is a major cause of apopto-
sis and is associated with cellular redistribution of mito-

chondria.32 We used MitoTracker Green to locate mito-
chondria and MitoFluor Red to measure their membrane
potential. Aggregation of mitochondria near the nucleus
was observed in 25% of CHF 147 VSMCs but in no WT
cells (Figure 7B, left panel). These mitochondria were not
labeled with MitoFluor Red, indicating that they were
inactive (Figure 7B, middle and right). Merge images
showed the colocalization of MitoTracker Green and Mit-
oFluor Red signals in WT cells, whereas in CHF 147
VSMCs, the red and green signals were superimposed in
some cells but clearly distinct in others.

Discussion

We demonstrate that the �-sarcoglycan deficiency in
myopathic CHF 147 hamsters leads to peripheral vascu-
lar smooth muscle disorders characterized by anarchic
proliferation and apoptosis. This vascular remodeling is
associated with an increased transmembrane Ca2� entry
and with activation of a Ca2�-dependent transcription
pathway.

Vasospasm of small arteries such as coronary arteries
is well documented in �-sarcoglycan mutant ani-
mals,5,33–35 but VSMC dysfunction is not the primary
cause of �-sarcoglycan-deficient muscular dystro-
phy.2,36–38 Ca2� channel blockers such as verapamil
and mibefradil suppress vasospasm and improve car-
diac function.2,35,39–41 Here, we describe another vascu-
lar disorder in this genetic disease, characterized by
media remodeling of large vessels.

Several arguments indicate that, in CHF 147 hamsters,
VSMC proliferation is due to increased calcium entry.
First, the Ca2�-dependent calcineurin/NFAT-signaling
pathway was activated as in control proliferating cells.
Second, voltage-independent Ca2� channel activity was
markedly enhanced in VSMCs of �-sarcoglycan-deficient
animals and also in proliferating WT cells. These Ca2�

channels resemble basal Ca2� channels described in
cardiac myocytes (B-type channels), which are charac-
terized by high conductance (	20 pS) and by their per-
meability to Ca2� and Ba2�. They are inhibited by La3�,
AlF3, eosin, and, as shown here, by mibefradil, a drug
that blocks several calcium channels, including Cav1.2
L-type Ca2� channels42,43 and store-operated chan-
nels.44 Third, VSMC proliferation and NFAT translocation
to the nucleus were both suppressed by mibefradil, sug-
gesting a link between enhanced Ca2� channel activity
and phenotypic changes.

Mibefradil prevented VSMC proliferation in vitro and
neointima formation in a carotid balloon injury model in
rats.45 It is unlikely that the antiproliferative effect of mi-
befradil is due to TTCC. TTCC were shown to control
proliferation of human pulmonary myocytes,46 but the
absolute magnitude of whole-cell inward currents was
small (5 � 2 pA) compared with the currents measured in
the present study. In addition, in our study Ca2� entry
was voltage-independent, whereas in Rodman’s study
the current was activated at �40 mV. Moreover, mibe-
fradil inhibited TTCC expression and proliferation,47

whereas functional voltage-gated TTCC could not be

Figure 7. Apoptosis of CHF 147 VSMCs. A: Analysis of apoptosis in thoracic
aorta cross-sections by the terminal deoxynucleotidyl transferase dUTP nick-
end labeling method. The media are identified by elastin autofluorescence
(green), apoptotic cells are terminal deoxynucleotidyl transferase dUTP nick-
end labeling-positive (red), and nuclei are marked by Hoechst staining
(blue). B: Mitochondrial aggregation in cultured CHF 147 VSMCs. Confocal
microscopy of live cells double-immunolabeled with MitoTracker Green and
MitoFluor Red was used to assess the mitochondrial architecture and mito-
chondrial membrane potential changes. The green and red images were
superimposed to visualize mitochondria that had lost their �m.
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detected in these tumor cell lines.48 Thus, inhibition of
proliferation by mibefradil was due to an effect indepen-
dent of voltage-gated channels.48 Furthermore, overex-
pression of TTCC generated by the human �1G and �1H

subunits in human embryonic kidney 293 cells increased
Ca2� influx but not proliferation.49

Evidence of abnormal voltage-independent basal
Ca2� current in dystrophin-lacking skeletal muscle fibers
has already been reported.12 In this latter case, the cur-
rent was attributed to SOC activation. Moreover, minidys-
trophin gene transfer normalizes SOC activity.12 An in-
crease in SOC activity has also been found during VSMC
proliferation,50,51 and inhibition by RNA silencing or
by pharmacological agents (carboxyamidotriazole and
2-aminoethoxydiphenyl borate) strongly inhibits cell
proliferation.52 In our study, carboxyamidotriazole and
2-aminoethoxydiphenyl borate inhibited VSMC prolifera-
tion, but only at high concentrations (50 �mol/L) at which
they are less specific for these channels. Moreover, SOC,
which have very low conductance (24 fS to 2 pS) and
which are regulated by submembrane calcium, cannot
account for the strong channel activity recorded here in
highly calcium-buffered proliferating hamster VSMCs.
However, we cannot exclude the participation of other
Ca2� entry processes. Given that mibefradil can nonspe-
cifically block multiple channels, the strong inhibition of
mibefradil on proliferation of VSMCs could be due to
additive effects on multiple channels. This is supported
by the observation that, in our study, mibefradil only
blocks half of the activity of B-type channels at a higher
dose than used to almost fully block VSMC proliferation.

Resting VSMCs from rat cerebral arteries show nearly
continual Ca2� influx, called “Ca2� sparklets” due to the
opening of single or clustered L-type Ca2� channels in a
voltage-independent manner at resting potential.53,54 It is
unlikely that LTCC contribute significantly to the strong
channel activity in CHF 147 VSMCs. Moreover, diltiazem
or nifedipine had little effect on VSMC proliferation, in
keeping with the absence of LTCC in proliferating
cells.55–57 However, similarly to the data of Santana
group,53,54 our results point to the role of calcium channel
bursts in the regulation of calcium-dependent processes
in VSMCs.

One major finding of this study is that increased mibe-
fradil-sensitive Ca2� entry is coupled to the transcription
factor NFAT pathway in freshly isolated CHF 147 and WT
VSMCs. Increased calcineurin/PP2B and NFAT activity
has also been detected in ventricular myocytes from
�-sarcoglycan-deficient J2N-k and UM-X7.1 cardiomyo-
pathic hamsters.58,59 NFAT is strongly required for VSMC
proliferation. Indeed, NFATc3 is activated in rat VSMCs in
vitro by agonists that lead to proliferation28,60–63 and after
balloon-induced restenosis in vivo.24,25 Forced expres-
sion of the NFAT-competing peptide VIVIT blocked
VSMC proliferation both in vitro and in vivo.24,62 Finally,
NFAT is involved in the control of cyclin D1 and pRb, and
its inhibition leads to cell cycle arrest in the G1 phase24

We also observed abundant apoptosis in the vascular
wall of CHF 147 hamsters, accompanied by mitochon-
drial abnormalities. Apoptosis and mitochondrial dys-
function have been observed in several models of myop-

athies, such as �-sarcoglycan-deficient mice,64 desmin-
related cardiomyopathy,65 and collagen deficiency-
related myopathy.66 An important feature of the
mitochondrial dysfunction observed here in CHF 147
VSMCs is their redistribution and aggregation around the
nucleus, possibly representing an early step of apopto-
sis.32,67 Mitochondria are dynamic organelles and their
movements result in spatial rearrangement of ATP pro-
duction and Ca2� buffering. For instance, elevation of the
global [Ca2�]c to 1 �mol/L results in almost complete loss
of mitochondrial movement.68 An increase in mitochon-
drial Ca2� is observed in dystrophin-lacking myo-
cytes,12,69 whereas lowering calcium entry by minidys-
trophin expression results in shorter calcium transients
and reduced calcium uptake by mitochondria.12 We have
no evidence of a link between enhanced voltage-inde-
pendent channel activity, mitochondria calcium loading
and apoptosis. However, we have previously shown that
B-type Ca2� channels can modulate mitochondrial cal-
cium loading during cardiac myocyte apoptosis induced
by ceramide.70 The fact that both proliferation and apo-
ptosis are observed in the same vessel suggests that the
aortic vessel wall is able to regenerate at the difference of
the myocardium.

In conclusion, we demonstrate that the mutation of a
cytoskeleton protein affects the activity of voltage-inde-
pendent Ca2� channels and triggers the activation of
Ca2� signaling pathways in vascular smooth muscle
cells, resulting in major changes in phenotype and sur-
vival. Such a mechanism may not be restricted to sarco-
glycanopathy but may concern other diseases charac-
terized by dystrophin disruption and sarcolemma
instability such as heart failure.71
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