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Introduction
Sarcoglycan is a multimember transmembrane complex found in all
muscle types and is a component of the dystrophin glycoprotein com-
plex (DGC). Sarcoglycan has a complex mechanosignaling role for the
maintenance of striated muscle cells (1). In striated muscle, sarcogly-
can interacts with dystrophin and dystroglycan connecting the intra-
cellular cytoskeleton to the ECM and contributing to the structural
integrity of muscle cells (2–4). Dystrophin, taken together with sarco-
glycan, dystroglycan, syntrophins, and dystrobrevins, plays an impor-
tant role in anchoring diverse signaling proteins to the plasma mem-
brane (5). Sarcoglycan is thought to stabilize the linkages between
dystroglycan and dystrophin on the intracellular surface and between
dystroglycan and laminin-2 on the extracellular surface.

Mice with null mutations in γ-sarcoglycan, δ-sarcoglycan, or 
β-sarcoglycan develop cardiomyopathy that is characterized by focal
degeneration. δ-Sarcoglycan– and β-sarcoglycan–null mice display
disruption of the vascular smooth muscle (VSM) sarcoglycan com-
plex (6–8). In contrast, mice lacking α-sarcoglycan develop muscu-
lar dystrophy but not cardiomyopathy (9). In α-sarcoglycan mutant
mice, the VSM sarcoglycan complex remains intact. Therefore, it
was reasoned that VSM sarcoglycan complex disruption promotes
cardiomyopathy (7). Consistent with this, microvascular filling
defects were found in β- or δ-sarcoglycan mutant mice, but not 
α-sarcoglycan mutant mice (6, 7). Moreover, long-term treatment
with calcium channel antagonists reduced vasospasm and slowed
cardiomyopathy progression (10).

The sarcoglycan complex varies in composition in different mus-
cle tissues. In mice, the major sarcoglycan complex type found in
skeletal and cardiac muscle consists of α-, β-, γ-, and δ-sarcoglycans
(11). In addition, ζ- and ε-sarcoglycan are expressed in a subset of
cardiac and skeletal muscle sarcoglycan complexes performing an
as yet unclear function, which may include substituting for other
subunits or acting in discreet locations of cells, such as at the neu-
romuscular junction (11, 12). In contrast, the arterial VSM sarco-
glycan complex consists of β-, δ-, ε-, and ζ-sarcoglycan (12, 13).

We examined the role of the VSM sarcoglycan complex as a direct
mediator of vascular spasm in sarcoglycan-mediated cardiomyopa-
thy by generating a series of tissue-specific transgenes to express 
δ-sarcoglycan or γ-sarcoglycan in the background of mice lacking 
δ-sarcoglycan (dsg–/–) (8) or γ-sarcoglycan (gsg–/–) (14), respectively.
Using the α-myosin heavy chain (α-MHC) gene promoter (15) to
drive expression exclusively in cardiomyocytes, we showed that car-
diomyocyte sarcoglycan restoration is sufficient to correct VSM
vasospasm. Additionally, rescue of cardiomyocyte sarcoglycan
expression corrected the focal degenerative process that leads to car-
diomyopathy. Alternatively, using the SM22α promoter (16) to
drive expression of sarcoglycan exclusively in arterial VSM, we
showed that restoration of the VSM sarcoglycan complex was not
sufficient to ameliorate vascular spasm, nor does it correct cardiac
or skeletal muscle pathology. We postulate that the mechanism
underlying VSM cell-extrinsic spasm involves cytokines released
from damaged cardiomyocytes. We previously noted that eNOS was
upregulated in regions of cardiomyocyte damage (17), and we now
postulate that gradients of NO may create substrate for vascular
spasm. We treated mice with a broad spectrum inhibitor of NOS
and showed a reduction in vascular spasm. As cardiomyocyte dam-
age occurs in response to a variety of stimuli including infarction,
toxic, metabolic, and genetic defects, damage-responsive vascular
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spasm may be a broad mediator of cardiovascular pathology and a
target for therapeutic intervention.

Methods
Transgenic constructs. The MHG transgene was generated with the 
α-MHC promoter (15) and full-length murine γ-sarcoglycan ampli-
fied from a mouse skeletal muscle cDNA. This resulting PCR prod-
uct was ligated to KpnI-digested pMHC. The pMHC plasmid con-
tained the 5,571 bp mouse α-MHC promoter (15) and SV40
polyadenylation signal sequence. The transgene MHD was gener-
ated by PCR amplification of mouse δ-sarcoglycan from mouse
skeletal muscle cDNA. The resulting PCR product was ligated to
TOPO TA vector (Invitrogen Corp., Carlsbad, California, USA).

The mouse δ-sarcoglycan insert was ligated to pMHC
linearized using KpnI.

SMG was generated using the SM22α promoter (16).
The p-441SM22α-luc (a generous gift from M. Strobeck
and M. Parmacek, University of Pennsylvania, Philadel-
phia, Pennsylvania, USA) was digested with XhoI and
HindIII. The MCKgsg vector (18) was digested with XhoI
and HindIII, and the SM22α promoter was ligated 5′ of
mouse γ-sarcoglycan. The bovine growth hormone termi-
nation and polyadenylation signal sequence from
pcDNA3 (Invitrogen Corp.) was previously added at the
XbaI site. SMD was generated by using δ-sarcoglycan,
amplified by PCR from mouse skeletal muscle cDNA. This
PCR product was ligated into TOPO TA and the resultant
vector digested with HindIII and BglII and ligated in pBlue-
script II KS (Stratagene, La Jolla, California, USA). The
SM22α promoter was cloned as above 5′ to the δ-sarco-
glycan coding sequence. The bovine growth hormone
polyadenylation signal sequence from pcDNA3 (Invitro-
gen Corp.) was added at the XbaI site. All constructs were
verified by sequencing.

MHG and MHD transgene fragments were liberated
from their respective vectors by digestion with XhoI. SMG
and SMD transgenes were digested with XhoI and NotI.
Transgene fragments were isolated, purified, and injected
after dialyzing against injection buffer (10 mM Tris, pH
7.5, 5 mM NaCl, 0.1 mM EDTA) (19).

Animals. γ-Sarcoglycan–null and δ-sarcoglycan–null mice
were described previously (8, 14). Mice were derived in the
C57Bl/6 strain following ten generations of heterozygote
matings with C57Bl/6 control mice (The Jackson Labora-
tory, Bar Harbor, Maine, USA). Transgenes were injected
into fertilized oocyte pronuclei generated from a cross
between C57Bl/6/C3H females and C57Bl/6 males (19).
The MHC and SMG transgenic mice were bred to gsg–/–

mice through two generations to generate transgene-pos-
itive, genomic-null mice (gsg–/–/MHG or gsg–/–/SMG). Sim-
ilarly, MHD and SMD transgenic mice were each bred to
dsg–/– mice through two generations to generate transgene-
positive, genomic-null mice (dsg–/–/MHD or dsg–/–/SMD).
Subsequent genotyping was performed by PCR using
transgene-specific primers, and phenotypic assessment
was performed in the sarcoglycan-null mice (gsg–/– or dsg–/–)
with or without the transgene. All comparisons were made
to littermate controls. Animals were housed, treated, and
handled in accordance with the guidelines set forth by the
University of Chicago’s Institutional Animal Care and Use

Committee, the Animal Welfare Act regulations, and the NIH Guide
for the Care and Use of Laboratory Animals.

Immunoblot analysis. Whole protein lysates were prepared from
mouse hearts at 12 weeks of age. Protein was extracted with lysis
buffer: 50 mM HEPES, pH 7.5, 150 mM NaCl, 2 mM EDTA, 10 mM
NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate,
10% glycerol, 1% Triton X-100, 50 µM PMSF, plus complete pro-
tease inhibitor (Roche Molecular Biochemicals, Mannheim, Ger-
many). After quantitation of protein content, 50 µg was separated
on 10% polyacrylamide-SDS gels and blotted to Immobilon P mem-
brane (Millipore Corp., Bedford, Massachusetts, USA). Membranes
were blocked in 5% milk in Tris-buffered saline with 0.1% Tween 20
and incubated with polyclonal γ-sarcoglycan Ab (1:1,000) (20), poly-

Figure 1
Construction and expression of cardiomyocyte-specific sarcoglycan transgenes. (A)
Full-length murine γ-sarcoglycan (γ-sg) or δ-sarcoglycan (δ-sg) cDNA was ligated into
a vector containing the 5.6-kb murine α-MHC promoter (15) to create MHG or MHD,
respectively. Transgenic mice with the MHG transgene were crossed with γ-sarco-
glycan–null (gsg–/–) mice to generate gsg–/–/MHG mice. Transgenic mice with the
MHD transgene were crossed with δ-sarcoglycan–null (dsg–/–) mice generating
dsg–/–/MHD mice. pA, polyadenylation signals. (B) Immunoblot of whole heart extracts
from normal, gsg–/–, dsg–/–, gsg–/–/MHG, and dsg–/–/MHD animals at 12 weeks of age
using γ-sarcoglycan Ab showed γ-sarcoglycan expression was absent in the hearts
of gsg–/– and dsg–/– animals, but was restored in transgenic animals. Quantitative
Western blot analysis determined the level of γ-sarcoglycan expression in gsg–/–/MHG
animals to be sevenfold above normal. (C) δ-Sarcoglycan expression was restored to
normal levels by expression of the MHD transgene in dsg–/–/MHD hearts. Expression
of δ-sarcoglycan from the MHD transgene also resulted in recovery of γ-sarcoglycan
to normal levels (last lane). (D) Immunoblots for the remaining sarcoglycan subunits
showed that α-sarcoglycan (ASG) expression is recovered in hearts with either γ- or
δ-sarcoglycan transgene expression. β-Sarcoglycan protein (BSG) is increased to nor-
mal levels, and ζ-sarcoglycan protein (ZSG) levels are not significantly different in
transgenic hearts. Loading control is shown for B, C, and D . Coom., Coomassie blue.
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clonal δ-sarcoglycan Ab (1:2,000) (8), polyclonal ζ-sarcoglycan Ab
(1:1,000) (12), polyclonal β-sarcoglycan Ab (1:2,000) (21), or mono-
clonal α-sarcoglycan Ab (NCL-ASG, 1:200; Novocastra, Newcastle-
Upon-Tyne, United Kingdom). Goat anti-rabbit or goat anti-mouse
Ab’s conjugated to HRP (1:10,000; Jackson ImmunoResearch Lab-
oratories Inc., West Grove, Pennsylvania, USA) were used as sec-
ondary Ab’s, and blots were developed with ECL PLUS and imaged
with Kodak film and/or chemiluminescent phosphorimaging.
Duplicate gels were run and stained with Coomassie brilliant blue
to assess loading equivalence.

Histology. Mice of each genotype were sacrificed at 4, 12, 26, and 52
weeks of age, and tissues were fixed in saline-buffered 10% formalin.
Sections from heart and skeletal muscle were stained with Masson’s
trichrome or H&E.

Vital staining with Evans blue dye. Evans blue dye (EBD; 20 mg/ml)
(Sigma-Aldrich, St. Louis, Missouri, USA) was dissolved in sterile PBS.
Eighteen hours before sacrifice, a subset of mice that did not under-
go surgical manipulation was given intraperitoneal injections at 100
µg EBD/g body weight (14).

Immunofluorescence. Mice were sacrificed and hearts were frozen in
liquid nitrogen–cooled isopentane. Frozen sections, 7–8 µm, were
fixed in ice-cold methanol. Slides were rinsed with PBS and blocked
with 5% FBS in PBS. Sections were incubated overnight at 4°C with
polyclonal anti–γ sarcoglycan Ab, polyclonal anti–δ sarcoglycan Ab,
and monoclonal anti–smooth muscle α-actin Ab (Sigma-Aldrich).
Following washes with PBS, goat anti-rabbit antibody was conju-
gated with Pacific Blue (1:5,000; Molecular Probes Inc., Eugene, Ore-
gon, USA) or Cy3 (1:10,000, Jackson ImmunoResearch Laboratories

Figure 2
Cardiomyocyte-specific transgenes rescue sarcoglycan at the
membrane and restore membrane-permeability defects.
Immunofluorescence microscopy was performed on sections of
hearts containing coronary vessels from normal, gsg–/–, dsg–/–,
gsg–/–/MHG, and dsg–/–/MHD mice at 26 weeks of age. In the left
column, smooth muscle α-actin (sm actin) staining coronary VSM
is shown in green; in the middle column, EBD staining is shown
in red and sarcoglycan staining is shown in blue.The third column
shows a merged view. (A) δ-Sarcoglycan Ab is present at the
membrane of cardiomyocytes of normal and dsg–/–/MHD hearts
but not dsg–/– hearts. EBD uptake (red) is found in the cardiomy-
ocytes of dsg–/– animals but is never found in normal or
dsg–/–/MHD cardiomyocytes. δ-Sarcoglycan is normally
expressed in coronary arteries. Transgene expression in
dsg–/–/MHD does not induce δ-sarcoglycan expression in the
coronary artery tree (bottom row). (B) γ-Sarcoglycan Ab localizes
γ-sarcoglycan in the membrane of normal and gsg–/–/MHG car-
diomyocytes. EBD uptake (red) is seen in gsg–/– cardiomyocytes
but is never seen in gsg–/–/MHG or normal cardiomyocytes. Scale
bars: dsg–/– and gsg–/– are 100 µm; others are 20 µm.
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Inc.), and goat anti-mouse antibody conjugated with FITC (1:2,500;
Jackson ImmunoResearch Laboratories Inc.) for 1 hour at room
temperature. Following another series of PBS washes, coverslips were
mounted with Vectashield containing DAPI media (Vector Labora-
tories, Burlingame, California, USA).

Microvascular filling. Microvascular filling experiments were per-
formed essentially as previously described (6, 7, 10, 22, 23). This
method has been validated in an animal model of Prinzmetal-like
vascular spasm where it was corroborated with electrocardiograph-
ic evidence of vascular spasm (22). Animals were anesthetized with
methoxyflurane (Metofane; Schering Plough, Omaha, Nebraska,
USA), and a midsternotomy exposed the free wall of the heart. Fresh-
ly prepared Microfil red (Flowtech Inc., Carver, Massachusetts, USA)
was injected into the apex of the heart with a 26-gauge needle. Pres-
sure was applied by hand, and the heart was excised approximately
1 minute after initiation of injection. Hearts were immediately

placed in ice-cold saline-buffered formalin and fixed overnight.
Hearts were dehydrated by 24-hour incubations in successively
increasing concentrations of ethanol. A final incubation in methyl
salicylate cleared the dehydrated tissue, leaving the plastic cast of the
coronary vessels. Hearts were examined and scored for evidence of
stenoses. This assessment was performed blinded to genotype. Ves-
sels found to be filled with Microfil were scored for presence or
absence of focal narrowings, representing areas of focal vasospasm.
Where indicated, an intraperitoneal miniosmotic pump (Alza Corp.,
Mountain View, California, USA) containing L-NAME (NG-nitro-L-
arginine methyl ester hydrochloride) was implanted so that mice
received 0.2 mg/g/day. Mice were treated for 6 days with L-NAME
prior to microvascular filling studies.

Blood pressure monitoring. The unanesthetized, ambulatory arterial
blood pressures of three to six animals (6 and 12 months of age) per
genotype were analyzed by implantable pressure-sensing catheter-
connected radiofrequency transmitters as described (22). Catheter-
ization of the left carotid artery was performed with the implantable
TA11-PAC20 transmitter (Data Sciences International, St. Paul,
Minnesota, USA). Animals were then allowed to recover 24–72 hours
prior to recording. Pressure recordings of 24–72 hours from each
animal were analyzed by Dataquest A.R.T. Analysis (Data Sciences
International). Average systolic, diastolic, pulse pressure, and mean
arterial pressures were calculated by averaging the 10-second wave-
form averages calculated by the analysis program for each animal,
followed by averaging of the animals of each genotype studied. Sta-
tistical tests were performed using InStat3 (GraphPad Software for
Science Inc., San Diego, California, USA).

Results
Cardiomyocyte-specific replacement of γ-sarcoglycan or δ-sarcoglycan. To
determine the mechanism of coronary artery vascular spasm in
sarcoglycan-mediated cardiomyopathy, we generated mice that
expressed sarcoglycan solely in the cardiomyocytes but not in skele-
tal or VSM. We used the α-MHC promoter because this promoter
results in sustained ventricular expression from late embryonic
stages through adulthood (15). Full-length δ-sarcoglycan was placed
under the control of the α-MHC promoter to generate the MHD
transgene (Figure 1A). Mice harboring the MHD transgene were
bred to mice null for δ-sarcoglycan to create mice with (dsg–/–/MHD)
and without the transgene (dsg–/–). Southern blot analysis demon-
strated a copy number of eight for MHD (data not shown). Similar-
ly, full-length γ-sarcoglycan was placed under the control of α-MHC
to generate the MHG transgene (Figure 1A). MHG transgenic mice
were bred to γ-sarcoglycan–null (dsg–/–) mice to generate mice with
cardiomyocyte-specific γ-sarcoglycan expression (gsg–/–/MHG).

Figure 3
Focal areas of fibrosis and necrosis are eliminated with cardiomyocyte-
specific sarcoglycan expression. Shown is Masson’s trichrome staining
of midventricular cross sections of hearts from 26-week-old animals. (A)
Areas of fibrosis and necrosis are seen throughout dsg–/– hearts; arrow
in high-power view shows an area in right ventricle. Evidence of ventric-
ular wall thickening is seen in the low-power view. Expression of δ-sarco-
glycan specifically in cardiomyocytes (dsg–/–/MHD) eliminates foci of
fibrosis and necrosis. Transgenic hearts are indistinguishable from nor-
mal hearts. (B) Foci of fibrosis, necrosis, and inflammation are also seen
in gsg–/– hearts, shown here in the intraventricular septum. In contrast,
exclusive expression of γ-sarcoglycan in cardiomyocytes eliminates areas
of degeneration. Scale bars: left column, 1 mm; right column, 100 µm.
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Immunoblotting with sarcoglycan-specific Ab’s against whole heart
extracts showed expression in the hearts of transgenic animals (Figure
1, B and C). Quantitative immunoblotting of γ-sarcoglycan expression
in gsg–/–/MHG determined expression to be between fivefold and sev-
enfold higher than normal (data not shown). We previously examined
the effect of overexpression of γ-sarcoglycan on striated muscle and
found that levels between 30-fold and 50-fold over normal are required
for striated muscle toxicity (18). Thus, the level of γ-sarcoglycan expres-
sion produced from MHG is not expected to produce pathology.
Quantitative immunoblotting to determine the level of expression pro-
duced from dsg–/–/MHD indicated that δ-sarcoglycan was approxi-
mately twofold to threefold normal level. Expression of γ-sarcoglycan
or δ-sarcoglycan in cardiomyocytes restored the sarcoglycan complex
in gsg–/–/MHG and dsg–/–/MHD hearts (Supplemental Figure 1; supple-
mental material available at http://www.jci.org/cgi/content/full/113/
5/668/DC1). Expression levels of the remaining sarcoglycans (α, β, and
ζ) were increased in transgene-rescued mice compared with gsg–/– and
dsg–/– mice (Figure 1D).

Expression of sarcoglycan subunits at the cardiomyocyte membrane of
MHG and MHD hearts. Transgenic expression of δ- and γ-sarcoglycan
produced sarcoglycans correctly targeted to the plasma membrane.
Figure 2 shows sections from hearts stained with Ab’s against
smooth muscle actin (green) and Ab’s specific to either γ- or δ-sarco-
glycan (blue). In normal hearts, δ-sarcoglycan is expressed in both
cardiomyocytes and VSM (Figure 2A, top row, merged image). Fig-
ure 2A shows that the expression of δ-sarcoglycan is restored to the
cardiomyocyte membrane in dsg–/–/MHD transgenic hearts, similar
to what is seen in normal hearts. γ-Sarcoglycan is normally only
expressed in striated muscle (Figure 2A). In gsg–/–/MHG hearts (Fig-
ure 2B) expression of γ-sarcoglycan (blue) is restored.

Mice were injected with EBD, a small molecular tracer dye to
which normal cardiac and skeletal myocytes are impermeable.
Mutations that disrupt the sarcoglycan complex alter membrane
permeability so that EBD uptake can be seen scattered through-
out heart and skeletal muscle. These membrane-permeability
defects indicate impending or ongoing cell degeneration. Micro-
scopically, EBD uptake is seen as red fluorescence in cardiomy-
ocytes of gsg–/– and dsg–/– hearts (Figure 2). In Figure 2, EBD uptake
is seen in immediate proximity to a smooth muscle actin con-
taining coronary vessels. EBD uptake was never seen in
dsg–/–/MHD or gsg–/–/MHG transgenic hearts, indicating restora-
tion of membrane permeability and correction of the underlying
defect. In contrast, skeletal muscle of dsg–/–/MHD and gsg–/–/MHG
mice showed complete absence of δ-sarcoglycan or γ-sarcoglycan.
These data indicate that the transgenic constructs successfully
rescued the acute membrane damage seen in the hearts of δ- and
γ-sarcoglycan–deficient animals.

Cardiomyocyte sarcoglycan expression corrects focal cardiac degeneration.
Masson trichrome staining was performed on both dsg–/–/MHD and
gsg–/–/MHG paraffin-embedded hearts. The histopathologic process
in both dsg–/– and gsg–/– mutant hearts is one of focal degeneration
accompanied by fibrosis. In Figure 3A, fibrosis (arrow) seen in the
dsg–/– heart is corrected by the presence of the MHD transgene. Phe-
notypically, dsg–/–/MHD hearts were indistinguishable from normal
hearts. Similarly, the patchy fibrosis seen in gsg–/– mutant hearts
(Figure 3B) was eliminated in gsg–/–/MHG transgenic hearts. Cardiac
pathology in sarcoglycan mutant mice can be fully corrected with
cardiomyocyte-transgene rescue of sarcoglycan expression.

Cardiomyocyte expression corrects vascular spasm. The focal nature of
fibrosis in sarcoglycan mutant hearts is consistent with the pres-

ence of microinfarction. It was suggested that vascular spasm was
responsible for cardiomyopathy in sarcoglycan mutations (7, 10,
23). Supporting this suggestion, disruption of the VSM sarcogly-
can complex and microvascular filling defects were noted in mice
in δ-sarcoglycan–null hearts (7). We analyzed dsg–/–/MHD and
gsg–/–/MHG using microvascular filling to evaluate whether
vasospasm arises as a VSM cell-extrinsic process. Figure 4 (top)
shows examples of vasospasm with focal narrowings and microvas-
cular filling defects in both dsg–/– and gsg–/– mutant hearts. Notably,
gsg–/– coronary vessels had an equivalent frequency of vascular
spasm to coronary vessels in strain-matched dsg–/– hearts (Table 1).
Microvascular filling of transgene-rescued hearts showed no evi-
dence of vasospasm in either dsg–/–/MHD or gsg–/–/MHG transgenic
hearts. Representative photomicrographs of microvascular filling
experiments in dsg–/–/MHD and gsg–/–/MHG hearts show smoothly
tapered, well-filled coronary arterial vessels and filling of capillar-
ies (Figure 4, bottom). Restoration of γ-sarcoglycan or δ-sarcogly-
can specifically in cardiomyocytes was sufficient to eliminate
vasospasm in these transgenic hearts.

Cardiomyopathy occurs despite expression of γ-sarcoglycan or δ-sarcogly-
can in VSM. To evaluate the role of the sarcoglycan complex in VSM,
we specifically restored VSM sarcoglycan expression. We used the
SM22α gene (16) to generate transgenes expressing δ-sarcoglycan
(SMD) or γ-sarcoglycan (SMG) in arterial smooth muscle (Figure
5A). In the case of γ-sarcoglycan, we expressed γ-sarcoglycan in
smooth muscle to determine whether γ-sarcoglycan can substitute
for δ-sarcoglycan in VSM. Founder mice carrying the SMD or SMG
transgenes were bred to mice lacking δ-sarcoglycan or γ-sarcoglycan,
respectively. The copy number for the gsg–/–/SMG transgene was
approximately 19, while for dsg–/–/SMD, it was approximately 2 (data
not shown). Figure 5B shows that δ-sarcoglycan or γ-sarcoglycan
expression was restricted to VSM in dsg–/–/SMD and gsg–/–/SMG
(shown in blue). Smooth muscle actin Ab staining is shown in green
and colocalized with δ- and γ-sarcoglycan expression. No evidence
of cardiomyocyte membrane δ-sarcoglycan or γ-sarcoglycan expres-

Figure 4
Vascular spasm is present in dsg–/– and gsg–/– but not in dsg–/–/MHD or
gsg–/–/MHG animals. Microvascular filling defects were seen in dsg–/– and
gsg–/– animals at similar frequencies. Examples of focal narrowings are
shown (arrows). In contrast, no focal narrowings were ever seen in
dsg–/–/MHD and gsg–/–/MHG animals. Well-filled vascular trees with
smoothly tapered vessels are shown at lower power (bottom row).
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sion was seen in hearts of dsg–/–/SMD and gsg–/–/SMG animals,
respectively. In both dsg–/–/SMD and gsg–/–/SMG hearts, EBD uptake
was evident (Figure 5C). Therefore, restoration of VSM sarcoglycan
expression was insufficient to prevent cardiomyocyte damage. Sup-
porting this, both dsg–/–/SMD and gsg–/–/SMG hearts develop cardiac
degeneration (Supplemental Figure 2). The cardiac pathology is
identical to that which is seen in dsg–/– and gsg–/– hearts; that is, it is
relatively mild at 8 to 12 weeks and progresses to more extensive and
widespread lesions at 6 months to 1 year.

Microvascular-filling experiments in dsg–/–/SMD and gsg–/–/SMG
transgenic hearts revealed ready evidence of vascular spasm
(arrows, Figure 5D). Quantitation of these microvascular filling
experiments showed that microvascular filling defects were equal-
ly present in VSM sarcoglycan-rescued mice as they were in sarco-

glycan-null mice, as shown in Table 1. Therefore, it is the absence
of δ- or γ-sarcoglycan in cardiomyocytes, and not in VSM, that
promotes vascular spasm.

To evaluate VSM, we measured blood pressures from dsg–/–, gsg-–/–,
dsg–/–/MHD, gsg–/–/MHG, dsg–/–/SMD, gsg–/–/SMG, and strain-matched
normal control mice at 1 year of age. These mice have fully developed
histopathology and would be most likely to show systemic hemody-
namic changes. Blood pressure was not altered in sarcoglycan mutant
or transgene-rescued mice (Supplemental Figure 3).

Regional NO release influences vascular tone. The mechanism by which
primary degeneration in cardiomyocytes can lead to vascular spasm
may relate, in part, to cytokine release elicited from degenerating car-
diomyocytes or infiltrating inflammatory cells. In sarcoglycan-medi-
ated cardiomyopathy, regional or focal degeneration occurs. The earli-
est cellular pathologic signs relate to abnormal membrane permeability
evidenced by uptake of EBD. The subsequent cytokine release that
accompanies cellular degeneration may affect neighboring vessels in a
paracrine fashion. Supporting this, we imaged EBD uptake and
vasospasm simultaneously. An example of this is shown in Figure 6,
where a large focus of EBD uptake can be seen upon gross examination
as blue staining in juxtaposition to a vascular stenotic lesion.

We noted previously that sarcoglycan-null cardiomyocytes with
EBD uptake exhibit marked upregulation of eNOS and NO (17).
Because regions of cardiomyocyte degeneration in sarcoglycan-null
animals typically constitute less than 5% of the myocardium, an
increase in eNOS is not detected in whole cell lysates. We hypothe-
sized the focal upregulation of eNOS may paradoxically contribute
to vascular pathology. To evaluate this possibility, we pretreated six
mice (n = 4, gsg–/–; n = 2 dsg–/–) with L-NAME, an inhibitor of NOS.
Blinded analysis found five focal arterial narrowings in 24 filled coro-
nary artery branches (20.8%) in the saline-treated group (n = 4 each
of gsg–/– and dsg–/–) compared with two focal arterial narrowings of 21
filled branches (9.5%) in the L-NAME–treated group. Thus, NOS inhi-
bition can reduce the frequency of coronary artery vasospasm in
sarcoglycan mutant mice supporting the concept that cytokine
release from damaged cardiomyocytes predisposes to vascular spasm.

Figure 5
VSM sarcoglycan expression does not prevent vascular spasm. (A) Full-
length δ-sarcoglycan was placed under the control of the smooth mus-
cle–specific SM22α 441-bp promoter (16). Mice harboring the transgene
were bred with dsg–/– mice, creating dsg–/–/SMD mice. Similarly, full-
length γ-sarcoglycan was placed behind the SM22α promoter, and
gsg–/–/SMG mice were generated. (B) Expression of δ-sarcoglycan, left
column, is seen in the VSM of dsg–/–/SMD coronary arteries. δ-Sarco-
glycan, in blue, colocalizes with smooth muscle α-actin (green) in coro-
nary vessels, as seen in the merged image. Expression of γ-sarcoglycan
(blue), right column, is found in coronary VSM of gsg–/–/SMG mice and
colocalizes with smooth muscle α-actin (green). Cardiomyocytes of
gsg–/–/SMG mice do not express γ-sarcoglycan. Although γ-sarcoglycan
is not normally found in VSM, we generated gsg–/–/SMG to determine if
γ-sarcoglycan could substitute for δ-sarcoglycan in VSM. (C) EBD uptake
(red) is found in cardiomyocytes of dsg–/–/SMD and gsg–/–/SMG mice,
similar to that which is seen in dsg–/– and gsg–/– mice, indicating that car-
diomyocyte membrane defects persist despite correction of VSM sarco-
glycan expression. (D) Restoration of coronary VSM sarcoglycan does
not prevent evidence of coronary vasospasm. Microvascular filling exper-
iments (Microfil) demonstrate areas of focal narrowing (arrows) in
dsg–/–/SMD (left) and gsg–/–/SMG (right) coronary arteries. An ectatic
area of a gsg–/–/SMG coronary vessel is also seen (arrowhead), as is
often identified in gsg–/– and dsg–/– hearts (not shown). Scale bars: B and
C, gsg–/–/SMG, 20 µm; dsg–/–/SMD, 50 µm.
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Discussion
Vascular spasm is an important contributor to cardiac pathology.
In myocardial infarction, there is acute coronary artery occlusion
and oxygen deprivation to the tissue normally supplied by the
occluded vessel. In Prinzmetal variant angina or primary coronary
artery vascular spasm there is damage to cardiac tissue in the pres-
ence of minimal to no atherosclerotic disease. In Prinzmetal
vasospasm, VSM is unusually hyperreactive, leading to spasm and
tissue infarction (24, 25). Using a model of focal degeneration that
leads to cardiomyopathy, we now demonstrate that vascular spasm
arises from a cardiomyocyte-intrinsic process. Mice lacking either
γ-sarcoglycan or δ-sarcoglycan display progressive focal cardiomy-
ocyte degeneration that ultimately leads to reduced cardiac func-
tion, irregular heart rhythms, and death. This model of cardiomy-
opathy closely parallels what is seen in humans with sarcoglycan
and dystrophin gene mutations (26–29).

We previously described vascular spasm in mice lacking sulfony-
lurea receptor 2 (SUR2), a model for Prinzmetal variant angina and

primary vascular spasm (22). We now compared vasospasm in SUR2
mutant mice with vasospasm in mice lacking sarcoglycan. Cell-
intrinsic vasospasm, as it occurs in SUR2 mutant mice, is character-
ized by approximately double the frequency of focal arterial nar-
rowings than that seen in hearts that lack sarcoglycan. Moreover,
vasospasm as it occurs in SUR2 mutant mice is such that transient
cardiomyocyte injury/infarction can be detected on a surface ECG.
Similar ECG changes were not seen in sarcoglycan mutant mice
(data not shown) and may reflect a slower time course of vascular
spasm. While every SUR2 heart examined had evidence for vascular
spasm as found by the microvascular filling technique, only a frac-
tion of sarcoglycan mutant hearts showed filling defects. Thus, VSM
cell-intrinsic spasm differs qualitatively and quantitatively from
VSM cell-extrinsic spasm.

Cytokine release accompanies cardiomyocyte degeneration. Lib-
erated cytokines may derive from damaged cardiomyocytes or may
derive from the inflammatory infiltrate that accompanies striated
muscle damage. Invading macrophages and lymphocytes are com-
monly noted in sarcoglycan mutant muscle (8, 14) and may serve as
a source of NO. In sarcoglycan mutant hearts, eNOS is focally
upregulated coincident with EBD uptake into cardiomyocytes (17),
suggesting that the degenerating myocyte is the major source of
NO. Concomitant with eNOS upregulation, NO is focally increased
as well (17). We find that gradients of NO dispersed throughout the
myocardium likely have a pathologic effect on neighboring VSM
because we now show that inhibition of NO reduced vascular
spasm. It should be noted that NO inhibition produced only a par-
tial reduction of vascular spasm suggesting that additional factors
contribute to cell-extrinsic vasospasm. There is precedent for the
involvement of NO in vascular spasm because a paradoxical
response to NO has been described in human patients with
Prinzmetal or atheromatous vascular disease (30, 31). In sarcogly-
can mutant hearts, the paradoxical response to NO arises as a
cardiomyocyte-driven, VSM cell-extrinsic mechanism.

Inhibition of vascular spasm is a therapeutic target to slow car-
diomyopathy progression. Vascular spasm, as it occurs in sarcogly-
can-deficient cardiomyopathy, likely contributes to the pathogenic
process. Supporting this, the calcium channel antagonist verapamil
was used to inhibit vascular spasm in the BIO 14.6 cardiomyopathic

Table 1
Quantitation of microvascular filling experiments

Genotype n Hearts positive Vessels positive P vs. null
(%) (%)

dsg–/–/MHD 12 0 0 0.005
dsg–/– 12 58 25 N/A
dsg–/–/SMD 9 56 19 1
gsg–/–/MHG 10 0 0 0.04
gsg–/– 12 42 18 N/A
gsg–/–/SMG 11 55 18 0.68

Hearts were examined for presence or absence of focal narrowings of
coronary arterial trees. Filled vessels were scored for focal narrowings.All
hearts were scored blinded to genotype and age. Hearts positive indicates
percentage of hearts scored with at least one vessel positive for focal nar-
rowing.Vessels positive indicates percentage of total filled vessels scored
positive for stenosis. P versus null determined using two-sided P value of
Fisher’s exact test comparing percentage of hearts positive for stenosis of
transgenic animals to nontransgenic sarcoglycan-null animals.

Figure 6
Vasospasm occurs as a consequence of focal cardiomyocyte degener-
ation in sarcoglycan deficiency. (A) Evidence for focal cardiomyocyte
damage leading to coronary vasospasm. EBD uptake appears pale blue
at gross examination and is seen in a heart from a γ-sarcoglycan–defi-
cient animal (left, demarcated by arrowheads). Microvascular filling in the
same heart (left, orange, and right) shows evidence of vasospasm with
focal narrowings (arrows) and poor perfusion of the area that has taken
up EBD. (B) Diagram of cardiomyocyte degeneration and vasospasm.
Disruption of the sarcoglycan complex through gene mutation causes
loss of the sarcoglycan complex at the membrane in cardiomyocytes and
impairs the function of the dystrophin glycoprotein mechanosignaling
complex. The early marker of degeneration in cardiomyocytes, EBD
uptake (blue cardiomyocytes in schematic), indicates the active disrup-
tion and degenerative changes in the cardiomyocyte due to loss of sarco-
glycan in cardiomyocyte sarcolemma. Coronary vessels, in proximity to
the areas of local cardiomyocyte degeneration, undergo vasospasm (red
arrows, right) due to local changes in the surrounding myocardium (solid
arrow). Transient ischemia downstream of these events may lead to fur-
ther degeneration within the myocardium (dashed arrow).
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hamster and in mice mutant for δ-sarcoglycan (10, 23, 32). The
BIO14.6 hamster model harbors a large deletion in the δ-sarcoglycan
gene and displays a similar phenotype to humans and mice with
sarcoglycan gene mutations (32). Verapamil is effective in reducing
vascular spasm since it acts directly on VSM calcium channels. Cal-
cium channel antagonists that lack negative inotropic action, how-
ever, are likely to be better tolerated in cardiomyopathic hearts. In the
sulfonylurea mutant model of Prinzmetal vasospasm, the dihy-
dropyridine calcium channel antagonist nifedipine was effective in
suppressing vascular spasm (22). Therefore, in animal models inhi-
bition of vasospasm has been achieved at many levels and may prove
useful clinically in human disease.

Finally, cardiomyocyte degeneration is common to many forms of
cardiac pathology including myocardial infarction, myocarditis, and
idiopathic dilated cardiomyopathy. Some forms of hypertrophic car-
diomyopathy have been associated with microvascular disease and
focal degeneration occurring within the myocytes (33, 34). The
mechanism of VSM cell-extrinsic vascular spasm may occur in any
of these pathologic states if the paracrine pathway for vascular
spasm is simply one that derives from cardiac degeneration itself.
Studies on human subjects with myocardial infarction are consis-
tent with vascular spasm, but further investigation is warranted to

identify additional cytokines that mediate this effect and to estab-
lish whether this process can be exploited therapeutically.
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