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Genetic defects in the plasma membrane-associated
sarcoglycan complex produce cardiomyopathy char-
acterized by focal degeneration. The infarct-like pat-
tern of cardiac degeneration has led to the hypothesis
that coronary artery vasospasm underlies cardiomy-
opathy in this disorder. We evaluated the coronary
vasculature of �-sarcoglycan mutant mice and found
microvascular filling defects consistent with arterial
vasospasm. However, the vascular smooth muscle
sarcoglycan complex was intact in the coronary ar-
teries of �-sarcoglycan hearts with perturbation of the
sarcoglycan complex only within the adjacent myo-
cytes. Thus, in this model, coronary artery vaso-
spasm derives from a vascular smooth muscle-cell
extrinsic process. To reduce this secondary vaso-
spasm, we treated �-sarcoglycan-deficient mice with
the calcium channel antagonist verapamil. Verapamil
treatment eliminated evidence of vasospasm and
ameliorated histological and functional evidence of
cardiomyopathic progression. Echocardiography of
verapamil-treated, �-sarcoglycan-null mice showed
an improvement in left ventricular fractional shorten-
ing (44.3 � 13.3% treated versus 37.4 � 15.3% un-
treated), maximal velocity at the aortic outflow tract
(114.9 � 27.9 cm/second versus 92.8 � 22.7 cm/sec-
ond), and cardiac index (1.06 � 0.30 ml/minute/g ver-
sus 0.67 � 0.16 ml/minute/g, P < 0.05). These data
indicate that secondary vasospasm contributes to the
development of cardiomyopathy and is an important
therapeutic target to limit cardiomyopathy progression.
(Am J Pathol 2004, 164:1063–1071)

Cardiomyopathy occurs from mutations in genes encod-
ing the dystrophin glycoprotein complex in both humans
and mice.1–3 In heart and skeletal muscle, genetic muta-
tions destabilize components of the dystrophin glycopro-
tein complex leading to membrane defects and myocyte
loss. Dystrophin is a large cytoskeletal protein that binds

to the transmembrane and cytoskeletal elements of the
dystrophin glycoprotein complex.4 Dystroglycan and sar-
coglycan comprise the transmembrane dystrophin gly-
coprotein complex elements.5,6 Dystroglycan directly
binds the extracellular matrix protein laminin completing
the link from the internal cytoskeleton through the mem-
brane to the extracellular matrix.7 The sarcoglycan com-
plex consists of single transmembrane domain-contain-
ing proteins that form a multimeric complex.6 The
sarcoglycan complex serves a mechanosignalling role
through its interactions with dystroglycan and filamin-2.8

There are six sarcoglycan family members: �-, �-, �-,
�-, �-, and �-sarcoglycan.6,9 Mutations in the �-, �-, and
�-sarcoglycan genes produce muscular dystrophy and
dilated cardiomyopathy, and mouse models of sarcogly-
can mutations recapitulate the human phenotype.10–13

Cardiomyopathy in the murine models is progressive. By
8 to 10 weeks of age, small foci of degeneration are
present and regional uptake of the vital tracer Evans blue
dye into cardiomyocytes is distributed randomly and is
typically present in 1 to 2% of cardiomyocytes. With time
regional fibrosis becomes more evident. Sarcoglycan
mutant mice have an increased mortality without evi-
dence of severe edema, consistent with the human clin-
ical course in sarcoglycan deficiency.14

The infarct-like pattern of necrosis in �-sarcoglycan or
�-sarcoglycan-null mice and in another model of sarco-
glycan deficiency, the �-sarcoglycan mutant BIO14.6
cardiomyopathic hamster, suggested that coronary vas-
cular spasm leads to cardiomyopathy progres-
sion.10,15–18 Disruption of the smooth muscle sarcogly-
can complex was noted in both �-sarcoglycan and
�-sarcoglycan mutant mice10,11,18 and proposed as a
mechanism underlying vasospasm and responsible as a
primary etiology of cardiomyopathy. Supporting this, mi-
crovascular-filling experiments of coronary arteries dem-
onstrated focal stenoses in �-sarcoglycan and �-sarco-
glycan mice consistent with vasospasm. To reduce
vasospasm, �-sarcoglycan mutant mice or the BIO14.6
hamster model were treated with the calcium channel
antagonist verapamil with reduction of the pathological
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features of cardiomyopathy and microvascular filling de-
fects.18,19

�-Sarcoglycan mutant mice lack exon 2 and represent
a null allele.13 Like other sarcoglycan gene mutations,
disruption of �-sarcoglycan destabilizes the entire sarco-
glycan complex at the plasma membrane with secondary
reduction of the remaining sarcoglycan subunits.20 Focal
degeneration develops in the heart and skeletal muscle
of �-sarcoglycan mutants similar to �- or �-sarcoglycan
mutants. We now evaluated the role of smooth muscle
sarcoglycan disruption and vasospasm in mice lacking
�-sarcoglycan. Despite an identical pattern of cardiomy-
opathy to �-sarcoglycan-null mice, we found no disrup-
tion of the vascular smooth muscle sarcoglycan complex
in �-sarcoglycan mutant mice. However, microvascular-
filling defects were present in �-sarcoglycan-null coro-
nary arteries. As there is no intrinsic defect in �-sarcogly-
can-mutant vascular smooth muscle, these findings
support a paracrine mechanism whereby degenerating
cardiomyocytes produce vascular spasm. Vascular
spasm, in this model, may further contribute to cardiomy-
opathy progression and the development of congestive
heart failure. To test whether inhibition of secondary va-
sospasm limits cardiomyopathy progression, we treated
�-sarcoglycan mutant mice with verapamil and found that
verapamil-treated mice had improved cardiac function.
These data support that secondary vasospasm arises
from primary cardiomyocyte degeneration and identify
secondary vasospasm as an important target for thera-
peutic intervention.

Materials and Methods

Animals

Mice lacking �-sarcoglycan (gsg�/�) or �-sarcoglycan
(dsg�/�) were previously reported.12,13 Mice were main-
tained by backcrossing heterozygous null animals into
the 129T2/SvEmsJ strain. Animals used in the treatment
study were products of a gsg�/� � gsg�/� mating after
one gsg�/�/gsg�/� cross and seven generations of
crosses between gsg�/� and normal 129T2/SvEmsJ mice
(Jackson Laboratories, Bar Harbor, ME). Animals were
housed, treated, and handled in accordance with the
guidelines set forth by the University of Chicago’s IACUC,
the Animal Welfare Act regulations, and the NIH Guide for
the Care and Use of Laboratory Animals.

Immunofluorescence

Heart and quadriceps skeletal muscle were dissected
and processed as described.12 Cryosections of 7 to 10
�m thickness were incubated with polyclonal anti-�-sar-
coglycan (1:1000),21 polyclonal anti-�-sarcoglycan
(1:500),12 polyclonal anti-�-sarcoglycan (1:150),22 affini-
ty-purified polyclonal anti-�-sarcoglycan (1:50),23 affinity-
purified polyclonal anti-�-sarcoglycan (1:500),9 polyclonal
anti-dystrophin (1:5000),24 monoclonal anti-dystrophin
(NCL-Dys2, 1:200; Novocastra Laboratories, Newcastle on
Tyne, UK), monoclonal anti-�-sarcoglycan (NCL-asarc,

1:100; Novocastra), or monoclonal anti-smooth muscle
�-actin (clone 1A4, 1:1000; Sigma, St. Louis, MO). Second-
ary goat anti-rabbit or goat anti-mouse Cy3 or fluorescein
isothiocyanate-conjugated antibodies (Jackson Immunore-
search, West Grove, PA) were used. Images were acquired
using an Axioscope (Carl Zeiss, Oberkochen, Germany),
Axiocam, and Axiovision.

Preparation of Smooth Muscle Lysates and
Immunoblotting

Whole aorta, bladder, and uterus were dissected from
strain-matched control mice, dsg�/� or gsg�/� and solu-
bilized in lysis buffer [50 mmol/L HEPES, pH 7.5, 150
mmol/L NaCl, 2 mmol/L ethylenediaminetetraacetic acid,
10 mmol/L NaF, 10 mmol/L Na pyrophosphate, 1 mmol/L
Na orthovanadate, 10% glycerol, 1% Triton X-100, 50
�mol/L phenylmethyl sulfonyl fluoride, plus Complete
protease inhibitor (Roche, Mannheim, Germany)]. Heavy
microsomes were prepared from normal control mouse
skeletal muscle as described.12,25 Five �g of skeletal
muscle microsomes and 50 �g of smooth muscle lysate
were separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis. Equal loading was verified by
Coomassie staining of duplicate gels. Protein was trans-
ferred to Immobilon-P membranes (Millipore, Bedford,
MA) and incubated with polyclonal anti-�-sarcoglycan
(1:5000), polyclonal anti-�-sarcoglycan (1:1000), or anti-
smooth muscle actin (clone 1A4, 1:200; Sigma). Goat
anti-rabbit or goat anti-mouse horseradish peroxidase-
conjugated antibodies were used (1:10,000). Blots were
imaged using ECLPLUS (Amersham Pharmacia, Piscat-
away, NJ) and Biomax MS film (Eastman Kodak, Roch-
ester, NY).

Vital Staining with Evans Blue Dye

Evans blue dye (20 mg/ml) (Sigma) was dissolved in
sterile phosphate-buffered saline. Mice were given intra-
peritoneal injections at 5 �l/g body weight 18 hours be-
fore sacrifice.13 Hearts were excised and frozen for im-
munofluorescence analysis.

Verapamil Treatment

Verapamil was administered to mice through dissolution
in their drinking water at a concentration of 1 mg/ml.18,26

Average daily water consumption of 3.5 ml per day pro-
vides an average daily dose of 3.5 mg/mouse/day or
�100 mg/kg/day. Steady-state serum concentration us-
ing this protocol was approximated at 1 �g/ml.26 gsg�/�

mice (n � 10) were treated with oral verapamil starting at
4 weeks of age and treated for 22 weeks. gsg�/� control
mice (n � 11) were housed under identical conditions
without verapamil. All animals were monitored daily.

Microvascular Filling

Coronary microvascular perfusion was performed as de-
scribed.11,27 Microfil red (1 to 1.5 ml; FlowTech, Carver,
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MA) was injected directly into the left ventricular apex.
Heart contractions perfused the coronary microvascula-
ture, after which the heart was rapidly excised; fixed in
10% formalin for 24 hours; and cleared by sequential
incubations in 25%, 50%, 75%, 95%, and 100% ethanol
followed by storage in methyl salicylate. Hearts were
scored for the presence or absence of stenosis in coro-
nary vessels, and filled major coronary vessel trees and
branches were scored for presence or absence of ste-
nosis. Data collection was performed blinded to treat-
ment group and genotype.

Echocardiography

All animals in the verapamil treatment study, plus normal,
age-matched 129T2/SvEmsJ controls (n � 11), under-
went echocardiographic study at age 6 months as pre-
viously described28,29 blinded to treatment group and
genotype. Anesthesia was induced by administering
isoflurane in a closed chamber at 3 to 5% (Ohmeda
Fluotec 3; Matrix Medical, Orchard Park, NY) in 80%
room air/20% O2, followed by 0.5 to 2.0% isoflurane
through a nose cone throughout the experiment. A high-
frequency 15-MHz linear transducer was used (Sonos
5500; Agilent, Andover, MA) at a frame rate of 120
frames/second. Measurements were performed as de-
scribed previously.28,29 Stroke volume was determined
from aortic Doppler recordings and two-dimensionally
targeted M-mode echocardiographic measurements of
the diameter of the proximal ascending aorta during sys-
tole from the parasternal long axis view. Stroke volume
was calculated from the flow velocity integral of each
beat multiplied by the aortic cross-sectional area. Car-
diac output was calculated as the product of stroke vol-
ume and heart rate. Cardiac index was calculated from
cardiac output correcting for animal weight.

Telemetry

Six animals from each treatment group were monitored
for 24 to 72 hours by radio frequency telemetry after
implantation of an electrocardiographic radio transmitter
(TA10EA-F20; Data Sciences International, St. Paul,
MN).27 Additionally, more than 40 untreated gsg�/� mice
ranging in age from 6 weeks to 1 year of age have
similarly been examined with a minimum of 72 hours
monitoring.

Exercise Protocol

gsg�/� mice (ages 3 to 4 months) underwent 10 minutes
of exercise by running downhill 10 minutes per day for 3
days at 9 m/minute on a 14 degree incline. After the
exercise session on day 3, mice were immediately sac-
rificed for study.

Data Analysis

Data are presented as means � SD. Groups were tested
for statistical significance using one-way analysis of vari-

ance followed by Student-Newman-Keuls post test
(echocardiography); the chi-square test for indepen-
dence followed by Fisher’s exact test (microvascular fill-
ing); and Student’s unpaired t-test (heart rate variance).
All values given are two-tailed P values.

Histolopathology Analysis

Heart sections were taken through the short axis from
apex to base from the verapamil-treated and untreated
groups (n � 4 in each group). Masson Trichrome staining
was used to evaluate fibrosis. Sections were scored
blinded to genotype and drug treatment status using a
scale as follows: 0, no fibrosis; 1, fewer than three areas
of fibrosis; 2, greater than three areas of fibrosis; 3,
greater than three areas of fibrosis and at least one area
greater than 10 �m in diameter. Sections were each
assigned a score, and the average score from each
animal was determined. The mean score from each treat-
ment group was then determined and analyzed using a
Student’s t-test. Ten to 65 sections were examined from
each animal.

To assess inflammation, three different biotinylated an-
tibodies were used: CD45.2, Ly-6G/Ly-6C, and CD11b/
Mac-1. Sections were taken from five different animals in
each treatment group. Fifteen fields per animal were
examined for the number of immunoreactive cells in each
field at �20 magnification. The number of cells in each
treatment group was averaged and compared.

Results

The Coronary Artery Vascular Smooth Muscle
Complex Is Intact in �-Sarcoglycan Mutants

�-Sarcoglycan mice develop cardiomyopathy between
12 and 24 weeks of age.13 To determine how the �-sar-
coglycan-null allele affects expression of the vascular
smooth muscle complex, we used antibodies specific to
each of the sarcoglycan subunits on sections from car-
diac tissue that contained arterial structures. When the
vascular smooth muscle layer of coronary arteries from
normal mice was examined, we found that �-, �-, �-, and
�-sarcoglycan were expressed (Figure 1A). In the adja-
cent normal cardiomyocytes, �-sarcoglycan in addition to
�-, �-, �-, and �-sarcoglycan were expressed (Figure 1A).
An anti-smooth muscle actin antibody was used to con-
firm the integrity and identity of vascular smooth muscle
and to demonstrate that �-sarcoglycan was not ex-
pressed in the arterial smooth muscle (data not shown).

Mutations in a single sarcoglycan subunit produce
disruption of the remainder of the sarcoglycan sub-
units.12 Consistent with this, �-, �-, and, to a lesser extent,
�- and �-sarcoglycan, were reduced in gsg�/� cardiomy-
ocytes (Figure 1A, adjacent cardiomyocytes). In contrast,
the vascular smooth muscle expression pattern did not
differ between normal coronary artery vascular smooth
muscle and �-sarcoglycan mutant (gsg�/�) coronary
vascular smooth muscle. �-Sarcoglycan, �-sarcoglycan,
�-sarcoglycan, and �-sarcoglycan were all found at levels
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comparable to that seen in normal coronary smooth mus-
cle. �-Sarcoglycan was not found in coronary vessels
(data not shown).

Using antibodies specific to �- or �-sarcoglycan, we
tested aorta, bladder, and uterus isolated from gsg�/�,
dsg�/�, and normal mice. �-Sarcoglycan could not be
detected in any of the smooth muscle-containing tissues
studied (Figure 1B). Furthermore, �-sarcoglycan was
readily detected in skeletal muscle from control animals.
�-Sarcoglycan was detected in gsg�/� smooth muscle
tissues comparable to levels seen in wild-type tissues.
�-Sarcoglycan mutants (dsg�/�), by contrast, show a
complete absence of �-sarcoglycan in the smooth mus-
cle tissues, and loss of other smooth muscle sarcogly-
cans.11 The smooth muscle sarcoglycan complex is
composed of �-, �-, �-, and �-sarcoglycan. In mice mutant
for �-sarcoglycan, there is disruption of the vascular
smooth muscle sarcoglycan complex whereas in �-sar-
coglycan mutant mice, the vascular smooth muscle sar-
coglycan complex remains intact.

�-Sarcoglycan-Deficient Animals Show
Evidence of Vasospasm

Microfil microvascular filling was used to examine coro-
nary vessels for the presence of stenoses and dilatations

in gsg�/�, dsg�/�, and control animals. This approach
was used previously to show that �-sarcoglycan mutant
mice and hamsters have coronary artery narrowings as
an anatomical indicator of vasospasm.11,15 Filled coro-
nary vessels were scored for presence or absence of
stenoses blinded to genotype. Included in this study are
data from Sur2�/� mice. Sur2�/� mice develop severe
vascular spasm as a consequence of the loss of KATP

channel activity in vascular smooth muscle.27 Although
the underlying molecular defect differs, Sur2�/� mice
serve as a model of primary vascular smooth muscle
spasm. gsg�/� mice were found to have microvascular
filling defects in the coronary vessels (Figure 2) similar in
appearance and quality to those seen in Sur2�/� mice,
but at a frequency approximately half that of Sur2�/�

mice (Table 1). The frequency of vascular stenoses in
gsg�/� hearts was equivalent to that seen in dsg�/�

hearts. Normal control mouse hearts were occasionally
scored positive for microvascular stenoses but were sta-
tistically significantly different from all of gsg�/�, dsg�/�,
and Sur2�/� mice (Table 1).

We performed radio frequency electrocardiograph te-
lemetry monitoring on gsg�/� animals of multiple ages
ranging from 6 weeks to 1 year of age, but we found none
of the ST elevation that characterizes vasospasm in
Sur2�/� mutant mice (data not shown).27 Thus, the mech-

Figure 1. A: The coronary vascular smooth muscle sarcoglycan complex. Sections from normal (top) or gsg�/� hearts, including coronary vessels with
surrounding cardiomyocytes, were stained with antibodies specific to �-, �-, �-, �-, and �-sarcoglycan (anti-�, anti-�, anti-�, anti-�, and anti-�, respectively).
Vascular smooth muscle expresses �-, �-, �-, and �-sarcoglycan in both normal and gsg�/� hearts. In gsg�/� hearts, the cardiomyocytes surrounding the coronary
vessels have no �-sarcoglycan and reduced �- and �-sarcoglycan. �-Sarcoglycan is not present in vascular smooth muscle. B: Immunoblots of �-sarcoglycan and
�-sarcoglycan in smooth muscle-containing tissues. Aorta, bladder, and uterus whole protein extracts were made from wild-type (WT), gsg�/� and dsg�/� tissues.
Skeletal muscle microsomes from wild-type animals (SM) were used as a positive control. �-Sarcoglycan is striated muscle-specific, and �-sarcoglycan is expressed
in gsg�/� smooth muscle indicating no disruption of the smooth muscle sarcoglycan complex in gsg�/�. An anti-smooth muscle actin (sm actin) antibody was
used to demonstrate loading for the lanes containing smooth muscle-derived lysates (bottom).
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anism or severity of vasospasm may differ in these two
models of vasospasm. Because gsg�/� animals do not
have disruption of the smooth muscle sarcoglycan com-
plex, vasospasm must occur from a cell extrinsic process.

Verapamil Treatment Reduces Vasospasm in
gsg�/� Hearts

Calcium channel antagonists are frequently used in the
treatment of vasospasm. We treated gsg�/� animals from
4 weeks to 6 months of age with verapamil in their drink-
ing water for an average daily dose of 3.5 mg. Unanes-
thetized electrocardiograph telemetry did not show sig-
nificant differences in average heart rate or rhythm
between treated and untreated (average heart rate:
542 � 27 beats per minute verapamil-treated gsg�/�

mice versus 555 � 34 beats per minute untreated gsg�/�

mice). Abnormal heart rhythms did not differ between
treated and untreated animals. Treated mice did show a
statistically significant decrease in the variation of heart

rate from one 10-second segment to the next versus
untreated gsg�/� mice [7.32 � 3.29 beats per minute per
10 seconds (BPM/10s) versus 16.26 � 2.73 BPM/10s,
P � 0.0001] consistent with effective verapamil delivery
to treated gsg�/� mice.

Microvascular filling on a limited cohort of the treated
gsg�/� mice and their untreated congenic gsg�/� con-
trols revealed that verapamil-treated gsg�/� mice had
normal coronary arteries (Table 1). To determine whether
exercise exacerbates secondary vascular spasm, a co-
hort of gsg�/� mice (n � 5) was subjected to 3 days of 10
minutes/day of running downhill. Immediately after the
third round of exercise, mice were perfused with Microfil.
We found that 100% of exercised gsg�/� mice had evi-
dence of coronary artery stenoses compared to 36% of
unexercised gsg�/� and 0% of verapamil-treated, unex-
ercised gsg�/� mice (Table 1). Untreated, unexercised
gsg�/� and dsg�/� mice had similar frequencies of ste-
noses. Thus, exercise increased coronary artery vaso-
spasm.

Verapamil treatment reduced histological defects seen
in gsg�/� hearts, including areas of focal necrosis, fibro-
sis, and inflammation (Figure 3). A blinded scoring sys-
tem, ranging from 0 to 3, was used to evaluate pathology
and revealed average scores of 0.93 � 0.23 for verapam-
il-treated gsg�/� mice and 1.68 � 0.80 for untreated
gsg�/� mice (P � 0.06). The P value for this comparison
approached, but did not achieve, statistical significance
reflecting the regional distribution and variation in focal
degeneration that is a pathological hallmark of sarcogly-
can-mediated cardiomyopathy. Moreover, this analysis
underscores that focal degeneration was still present in
verapamil-treated gsg�/� mice. As shown in Figure 3,
areas of fibrosis and inflammation surrounding coronary
vessels were also attenuated but not eliminated. We
quantified the degree of inflammatory cellular infiltrate
using antibodies to leukocytes and macrophages in sec-
tions taken from the verapamil-treated and untreated
gsg�/� mice. No significant differences were detected
suggesting that the inflammatory cell infiltrate present in
gsg�/� hearts is unaffected by verapamil treatment. Mac-
rophages were equally present in treated versus un-
treated hearts 14.3 � 10 versus 18.0 � 18 cells per field,
as were neutrophils, 11.73 � 11.39 versus 13.06 � 11.20,
respectively. Additionally, cardiomyocyte plasma mem-
brane defects, as assessed by uptake of Evans blue dye
also remained present. Thus verapamil treatment does
not eliminate the primary cardiomyocyte degeneration seen
in gsg�/� mice. The degree of improvement produced from
verapamil treatment likely reflects the contribution of sec-
ondary vasospasm to the progression of cardiomyopathy
seen in untreated �-sarcoglycan-null animals.

Echocardiography Demonstrates Functional
Improvement in Verapamil-Treated gsg�/�

Hearts

To examine cardiac function, we performed echocardi-
ography on all untreated gsg�/� mice, verapamil-treated
gsg�/� mice, and 11 age- and strain-matched normal

Figure 2. Microvascular filling defects in �-sarcoglycan-null mice. Microfil
microvascular filling was used to examine the coronary arterial tree of normal
(wt), dsg�/�, and gsg�/� hearts. In normal hearts, vascular trees show no
evidence of focal narrowing or constriction and generally have smoothly
tapered vessels and vessel junctions. In contrast, gsg�/� and dsg�/� hearts
show evidence of vasospasm with focal narrowings (arrows). Representa-
tive images of gsg�/� microvascular filling typical of the abnormalities seen
in both young and old animals (8 and 26 weeks).

Table 1. Quantitation of Microfil Microvascular Filling

Genotype n
% Hearts
positive

% Vessels
positive

P versus
normal

Normal 21 9.5 2.5 n/a
gsg�/� 25 36.0 14.3 �0.05
Verap gsg�/� 4 0.0 0.0 1
Exercise gsg�/� 5 100 28.5 �0.001
dsg�/� 19 42.9 12 �0.05
Sur2�/� 7 100 22.9 �0.0001

Microfilled hearts were scored for number of major vascular
branches filled, and these vessels were scored for evidence of
vasospasm (stenosis). Scoring was done blinded to genotype and
treatment group. n � number of filled hearts scored; Hearts positive,
filled hearts scored positive for stenosis; Vessels positive, filled major
vascular branches scored positive for stenosis; P versus normal,
Fisher’s Exact test P value versus normal.
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mice, at age 6 months. gsg�/� mice were found to have
significant functional impairment when compared to nor-
mal mice. The calculated cardiac index from Doppler
flow at the aortic valve was 0.68 � 0.16 ml/minute/g
untreated gsg�/� mice versus 1.55 � 0.51 ml/minute/g
normal (P � 0.001). Verapamil-treated gsg�/� mice
showed a trend toward improvement in percent fractional
shortening (44.3 � 13.3% treated versus 37.4 � 15.3%
untreated). The high variability in fractional shortening
reflects the regional cardiac degeneration in �-sarcogly-
can mutant mice. Evidence for hypertrophy was not seen
because LV mass was not increased in gsg�/� compared
to control (LV mass index, systole 3.39 � 0.36 mg/g

untreated gsg�/� versus 3.72 � 0.40 mg/g normal; com-
puted by area-length method).29

Evidence for frank left ventricular dilation was present
only in untreated gsg�/� mice (3 of 10). In contrast, none
of the verapamil-treated gsg�/� mice were found to have
evidence of left ventricular dilatation. A younger cohort
(age 3 to 4 months) of gsg�/� mice showed the same
distribution (two of five) of dilated cardiomyopathy. Four
untreated gsg�/� mice had shortening fractions under
30%, and had significantly different shortening fractions
from normal (48.9 � 9.6%) as a group (P � 0.05 versus
normal). No verapamil-treated gsg�/�mice had a frac-
tional shortening below 30%, and as a group, verapamil-

Figure 3. Verapamil treatment ameliorates but does not eliminate evidence of cardiomyocyte damage. A, C, and E: Representative images of hearts from untreated
26-week-old gsg�/� mice. B, D, and F: Representative images from hearts of gsg�/� mice treated with oral verapamil for 5 months. A–D: Masson trichrome staining
of 26-week-old heart sections showing focal necrosis, fibrosis, and inflammatory infiltrate. A reduction in focal necrosis is seen with verapamil treatment.
Perivascular inflammation is also reduced with verapamil treatment. E and F: Evans blue dye staining (red) shows areas of cardiomyocyte membrane damage.
The plasma membranes of cardiomyocytes are stained with anti-dystrophin antibody (green). Scale bar, 10 �m.
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treated gsg�/� mice were comparable to normal control
mice (P � 0.28 treated versus normal) (Figure 4). Hemo-
dynamic data collected by Doppler echocardiography
showed that treated gsg�/� mice developed greater peak
velocity at the aortic outflow tract consistent with improved
ventricular function with verapamil treatment (114.9 � 27.9
cm/second treated versus 92.8 � 22.7 cm/second un-
treated, P � 0.08). Cardiac indices were significantly im-
proved for treated gsg�/� mice (1.07 � 0.30 ml/minute/g
treated versus 0.68 � 0.16 ml/minute/g untreated, P �
0.05), demonstrating that overall, cardiac function was sig-
nificantly improved with verapamil treatment.

Lastly, we evaluated whether verapamil treatment has
an effect on residual expression of the nonmutated sar-
coglycans. Mutation of �-sarcoglycan causes disruption
of the remaining sarcoglycans in that they are no longer
stable at the plasma membrane (Figure 5).12,13 We pre-
viously showed that mRNA for these remaining sarcogly-
cans was normal and that protein levels of the remaining,
nonmutated sarcoglycan ranged from 10 to 40% of nor-
mal levels.12 Although protein expression can be de-
tected, little to no protein is expressed at the plasma
membrane owing to defective assembly and/or instability
of the sarcoglycan complex at the plasma membrane.
We evaluated whether sarcoglycan expression was qual-
itatively altered by verapamil treatment, but found that
sarcoglycan expression at the plasma membrane re-
mained low to undetectable at the plasma membrane
(Figure 5).

Discussion

Vasospasm has previously been suggested to mediate
the progression of cardiomyopathy in sarcoglycan gene
mutations and was thought to reflect a primary vascular
smooth muscle defect.11,15 Because �-sarcoglycan mice
have no intrinsic vascular smooth muscle defect, vaso-
spasm is a vascular smooth muscle extrinsic process.
We now show that �-sarcoglycan is not a component of
the normal coronary vascular smooth muscle complex
and is expressed exclusively in striated muscle. This
expression pattern for �-sarcoglycan is consistent with
some previous reports30–32 but differs from one other.33

These data are reconciled by the recent identification of
the highly related sarcoglycan gene, �-sarcoglycan.9

�-Sarcoglycan shares significant sequence identity with
�-sarcoglycan, so antibodies directed against �-sarco-
glycan may cross-react with �-sarcoglycan.9 Further-
more, we now demonstrate, with sarcoglycan-specific
antibodies,9 that �-sarcoglycan deficiency does not dis-
rupt the expression of the other sarcoglycans in smooth
muscle, leaving the normal pattern of vascular smooth
muscle sarcoglycan expression intact.

�-Sarcoglycan, like �-sarcoglycan, is a striated mus-
cle-specific protein. Therefore, the primary defect that
produces cardiomyopathy in this model must derive from
a defective striated muscle-specific process. It has been
suggested that severe skeletal muscle disease can pro-
duce cardiomyopathy from compromised respiratory
muscle dysfunction.34 We recently showed that cardio-

Figure 4. Verapamil treatment improves cardiac function. A–C: Measure-
ments from echocardiography of 6-month-old normal mice (gray triangles),
gsg�/� mice (open circles), and verapamil-treated gsg�/� mice (filled
circles) are shown. Means � SDs are represented for normal (gray dia-
mond), untreated gsg�/� (open diamond), and verapamil-treated gsg�/�

(filled diamond) cohorts. Fractional shortening (A), maximal developed
velocity at the aortic outflow tract (B), and cardiac index (C) all show
functional improvement with verapamil treatment of gsg�/� mice. *, P � 0.05
versus normal; †, P � 0.05 versus untreated gsg�/�.
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myocyte focal necrosis persisted despite transgenic res-
cue of the skeletal muscle defect in �-sarcoglycan mutant
mice.35 Therefore, severe skeletal muscle dysfunction is
not responsible for the cardiac degeneration in �-sarco-
glycan mutant mice. Interestingly, secondary vasospasm
as it occurs in �-sarcoglycan mutant mice was similar in
quality and frequency to that in �-sarcoglycan mice. This
suggests that secondary vasospasm may potentially be
the major mechanism in �-sarcoglycan gene mutations.
Interestingly, gsg�/� and dsg�/� mice do not display the
same frequency of vasospasm as do Sur2�/� mice, a
model of variant angina with primary vasospasm. Addi-
tionally, the temporal pattern of vasospasm in sarcogly-
can mutant mice may differ because vascular spasm in
this model does not produce characteristic EKG changes
seen in both humans and mice with vascular spasm.

Cardiomyopathy in gsg�/� mice is not hypertrophic,
but is variably dilated. Treatment of gsg�/� mice with
verapamil inhibited secondary vasospasm and attenu-
ated cardiomyocyte damage. Cardiomyopathy progres-
sion was significantly slowed, but not eliminated, by ve-
rapamil treatment of gsg�/� mice. The degree to which
cardiomyopathy progression was slowed reflects the de-
gree to which vasospasm contributes to cardiomyopathy
in sarcoglycan deficiency. In these studies, we initiated
verapamil treatment early, before the onset of reduced
cardiac function and histologically evident cardiomyop-
athy. We found continued evidence of cardiomyocyte
degeneration, seen on histology and vital dye uptake.
Cardiomyocyte degeneration remains in gsg�/� mice
treated with verapamil although these degenerative foci
appear smaller in area, suggesting that verapamil may
aid in protecting cardiomyocytes from damage by their
neighboring cells that are undergoing degeneration. It
should be noted that the average cardiac index of vera-
pamil-treated gsg�/� mice was still less than wild-type
strain-matched controls. We believe this difference re-
flects the intrinsic cardiomyocyte defect from sarcogly-

can deficiency. Alternatively, the known negative inotro-
pic action of verapamil may be depressing cardiac
function and reducing cardiac output. Additional studies
with newer calcium antagonists that lack negative inotro-
pic activity may be more appropriate when considering
human trials.

Loss of sarcoglycan complex at the cardiomyocyte
membrane leads to cell membrane disruption and mem-
brane permeability defects that are likely to have second-
ary effects on nearby cardiomyocytes. The observed
clustering of Evans blue dye-positive and damaged car-
diomyocytes supports a paracrine action that alters
nearby cardiomyocytes as well as nearby vascular struc-
tures. The mechanism whereby cardiomyocyte damage
produces secondary vasospasm may not be limited to
this rare form of genetically mediated cardiomyopathy.
Indeed, any form of cardiomyocyte damage may lead to
secondary vasospasm further propagating the region of
cardiomyocyte degeneration. Vasospasm may play a
significant role in causing tertiary effects including im-
pairment of function and defects in cardiac conduction.
Ultimately, secondary vasospasm may be a significant
mechanism for sudden death as well as cardiomyopathy
progression.
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