
Introduction
Of nine diagnosed phenotypes of muscular dystrophy (MD),
most result from a disruption in the dystrophin-associated
membrane proteins known as the dystrophin glycoprotein
complex (DGC). One component of the DGC is γ-sarcoglycan
(γSG) whose absence leads to a particular form of MD, referred
to as limb-girdle MD2C (LGMD2C) (Noguchi et al., 1995;
Bushby, 1999). The DGC colocalizes with integrins and other
adhesion proteins at the sarcolemma (Lakonishok et al., 1992;
Paul et al., 2002), motivating studies of whether the components
of the DGC contribute to adhesion and integrity of skeletal
muscle (Kaariainen et al., 2000; Kramarcy and Sealock, 1990).
Sarcoglycans have been shown to colocalize specifically with
focal adhesion proteins (Yoshida et al., 1998) and a loss of α-
sarcoglycan inhibits cell adhesion to collagen substrates
(Yoshida et al., 1996). Nevertheless, little is directly known of
the normal role of γSG in adhesion, signaling or contractility.

As dystrophin and the DGC contribute to the tensile strength
of muscle as well as membrane integrity and elasticity (Bradley
and Fulthorpe, 1978; Grady et al., 1997; Straub et al., 1997),
γSG was initially expected to also play a role in the strength

and integrity of the sarcolemma. In work with muscle from
knockout mice however, no decrease in tensile strength or
membrane integrity was found in γSG-deficient muscle
compared with normal muscle. Apoptosis is reported to
increase (Hack et al., 1998), but the underlying mechanism for
the MD phenotype is unclear.

A possible role for γSG in adhesion, and perhaps anchorage-
dependent signaling, is suggested by integration of γSG into
the DGC and adhesion complexes, however, connections to
cytoskeletal processes are also possible. Membrane adhesion
complexes generally mediate a balance between cytoskeletal
tension, contractility, or ‘prestress’ and a mechanical resistance
of extracellular substrates or matrix (ECM) (Lee et al., 1998;
Stamenovic et al., 2002). Prestress has been measured for many
cell types under various conditions (Hubmayr et al., 1996;
Potard et al., 1997; Wang et al., 1993; Wang et al., 2002), and
various components of the cytoskeleton have been individually
associated with this prestress, including actin, myosin,
microtubules, and intermediate filaments. Signaling aspects of
such sustained contractility are unclear, especially in relation
to γSG function.
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The functions of γ-sarcoglycan (γSG) in normal myotubes
are largely unknown, however γSG is known to assemble
into a key membrane complex with dystroglycan and its
deficiency is one known cause of limb-girdle muscular
dystrophy. Previous findings of apoptosis from γSG-
deficient mice are extended here to cell culture where
apoptosis is seen to increase more than tenfold in γSG-
deficient myotubes compared with normal cells. The
deficient myotubes also exhibit an increased contractile
prestress that results in greater shortening and widening
when the cells are either lightly detached or self-detached.
However, micropipette-forced peeling of single myotubes
revealed no significant difference in cell adhesion.
Consistent with a more contractile phenotype, acto-myosin

striations were more prominent in γSG-deficient myotubes
than in normal cells. An initial phosphoscreen of more than
12 signaling proteins revealed a number of differences
between normal and γSG–/– muscle, both before and after
stretching. MAPK-pathway proteins displayed the largest
changes in activation, although significant phosphorylation
also appeared for other proteins linked to hypertension.
We conclude that γSG normally moderates contractile
prestress in skeletal muscle, and we propose a role for γSG
in membrane-based signaling of the effects of prestress and
sarcomerogenesis. 
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We provide initial evidence here of signaling pathways that
are perturbed in γSG–/– muscle. First, however, we used novel
micromanipulation techniques to examine the prestress and
adhesion dynamics of both normal and γSG–/– myotubes. In
decoupling the effects of adhesion from the effects of cellular
prestress, we found that γSG–/– cells have similar adhesive
properties to normal cells, but they appear to have enhanced
prestress associated with contractility. This seems to be
moderated in its effects by downregulation of apoptotic signals
that contribute to the MD phenotype. The results here may
suggest new approaches to influence the course of disease.

Materials and Methods
Cell culture
Primary skeletal myoblasts were harvested from 1-day-old mice as
previously described (Neville et al., 1998). Both normal (C57) and
homozygous knockout mice for γ-sarcoglycan (γSG–/–) (Hack et al.,
1998) were used. After harvesting, ~105 cells were plated onto either
collagen-coated Aclar (Ted Pella, Redding, CA) or interpenetrating
network (IPN)-patterned glass. Cultures were maintained in DMEM
(Gibco Laboratories, Grand Island, New York) supplemented with
22% horse serum (Gibco), 8% embryo extract (US Biological,
Swampscott, MA), 1% L-glutamine (Gibco) and 1% penicillin/
streptomycin at 10,000 U/ml and 10,000 µg/ml, respectively (Gibco).
Medium was changed every other day.

Microscopy 
All microscopy was done with a Nikon TE300 inverted microscope.
Fluorescently labeled cells and/or nuclei were imaged with either a
40× 0.45 NA objective (TUNEL assays) or a 60× 1.45 NA oil
objective (immunofluorescence). Images were recorded with a
Cascade CCD camera (Photometrics, Tucson, AZ), and fluorescence
intensity was measured using Scion Image (Scion Corporation,
Frederick, MD). Relaxing or peeling of cells were observed through
a 10× 0.17 NA phase-contrast objective and images were recorded
onto video through a video-rate camera (model JE8242, Javelin
Systems, Torrance, CA).

TUNEL assay 
TUNEL assays were performed on formaldehyde-fixed samples using
the ApopTag in situ apoptosis fluorescein detection kit (Chemicon
International, Temecula, CA).

Fluorescence staining
Both C57 and γSG–/– cells were stained for actin, myosin, α-
sarcoglycan (αSG) and γSG. Cells were rinsed with PBS and fixed in
10% formaldehyde. Cells were then permeabilized in 0.1% Triton X-
100 and incubated in a 5% bovine serum albumin blocking solution
at 37°C for 1 hour. After blocking, the cells were incubated overnight
at 4°C in one of the following four primary antibody solutions in PBS:
1:50 mouse anti-myosin (Zymed, San Francisco, CA, 18-0105), 1:10
mouse anti-utrophin (NovoCastra, Newcastle-upon-Tyne, UK, NCL-
DRP2), 1:100 mouse anti-αSG (NovoCastra, NCL-a-SARC), or 1:100
mouse anti-γSG (NovoCastra, NCL-g-SARC). Control samples were
incubated in pure PBS without primary antibody. Cells were then
fluorescently labeled by incubation for 1 hour at 37°C in 1:100 FITC-
conjugated anti-mouse IgG (F2761; Molecular Probes, Eugene, OR)
in PBS. Cells previously labeled for myosin were co-labeled for actin
at this point by adding 60 µg/ml TRITC-phalloidin (Sigma) to the
secondary antibody solution. Finally, the cell nuclei were labeled with
1:100 Hoechst 33342 (Molecular Probes), and the samples were
mounted onto slides using Gel/Mount (Biomedia, Foster City, CA).

For quantification of fluorescence, a relative intensity RI was
defined. As RI=1 means there is no increase in fluorescence over the
control, the RIs are represented with a minus sign for RI�1 and a
single plus sign for 1<RI�1.5. An additional plus sign is added for
every 0.5 increase after 1.5, so an RI of 2.7, for example, is represented
as ‘+++’.

Single cell relaxation
Patterned myotubes were allowed to relax as previously described
(Griffin et al., 2004a). In brief, one end of an isolated myotube was
mechanically detached from the substrate with a micropipette pre-
incubated in BSA. The myotube then recoiled or relaxed for up to 6
minutes. The relative length of the myotube during the process was
monitored by video, and at times, the stage was repositioned in order
to keep the cell in the field of view.

Single cell peeling
Isolated myotubes were also forcibly peeled from the substrate using
the micropipette peeling technique described (Griffin et al., 2004a).
Briefly, a large-bore micropipette with an inner diameter of 75 µm
(Polymicro Technologies, Phoenix, AZ) was pre-incubated in BSA to
minimize cell-pipette interactions. The pipette was attached to a
syringe pump (model SP120p-300, World Precision Instruments,
Sarasota, FL) with a flow rate that ranges from 0.001 µl/minute to 602
µl/minute. After one end of the cell was mechanically detached, the
syringe pump was used to initiate a flow and cells were peeled from
the substrate using a motorized stage. Because of the large size of the
micropipette compared with the dimensions of the cell, the shear
stress, τcell of the aspirating fluid drove the cell peeling, and the
peeling tension Tpeel is simply the integral of τcell over the length of
cell inside the pipette, Lasp. Peeling experiments were recorded in the
same manner as relaxation experiments, and the velocity of the peel,
Vpeel, was measured as a function of Tpeel.

Phosphoscreen on TA muscle
Whole cell lysates were prepared from samples of unstretched and
stretched TA (tibialis anterior) muscle obtained from juvenile (8-
week-old) C57 and γSG–/– mice according to published protocols
(Pelech et al., 2003). Stretching of ~10% for 20 minutes was done
after dripping calcium-free PBS on the muscle. 300 µg of these
protein lysates were separated by SDS-PAGE and were
immunoblotted in a 20-lane Immunetics multiblotter using
commercially available antibodies as recently described for the
Kinexus KPSS5.0-phospho and KPSP-1 phosphoscreen (Pelech et al.,
2003). The immunoblots were then subjected to enhanced
chemiluminescence, and were identified based upon human protein
sequences. Finally, the bands were detected with a Bio-Rad FluorS
Max Multi-imager (Bio-Rad Laboratories, Hercules, CA) and the
relative intensities were quantified with Quantity One software (Bio-
Rad) and reported as arbitrary units (a.u.), normalized to correct for
differences in protein concentration. The results are accurate to within
25%.

Results
Apoptosis is increased in γSG–/– cells
As in human patients, muscle in γSG–/– mice develops
significant fibrosis, particularly in the heart (Hack et al., 1998).
Fibrosis stiffens tissue, and this stiffness was emulated here by
growing cells on a rigid glass substrate (with a pre-adsorbed
collagen monolayer for adhesion). For comparison, cells were
also grown on a thick and soft collagen film on Aclar, serving
as a control substrate for TUNEL staining of cells. The extent
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of apoptosis was quantified by calculating the ratio of TUNEL
fluorescence intensities for nuclei in cells grown on glass
(NIglass) to the intensities for nuclei in cells grown on Aclar
(NIAclar).

NIglass/NIAclar was determined for C57 and γSG–/– cells at
both 2 and 7 days after plating (Fig. 1). In comparing day 7 to
day 2, we found a 17-fold increase in the NIglass/NIAclar for
γSG–/– cells. The ratios for C57 cells at both days were not
significantly different, and also compared well with the
NIglass/NIAclar for γSG–/– cells at day 2. Thus, we concluded that
within 7 days, γSG–/– cells cultured on glass apoptosed to a
far greater extent than either C57 cells or nascent γSG–/–

myotubes.

γSG–/–cells striate more than controls
Representative proteins expressed by C57 and γSG–/– cells on
day 6 in culture were quantified as the average fluorescence
intensity after immunostaining of parallel cultures. Intensities
were measured for cells growing both on top of other cells
(upper layer) and also directly on the IPN-patterned glass
(lower layer). The cells-on-cells accounted for approximately
60% of the patterned cells and occurred as cells crawled onto
other cells, without any outside impetus. Intensities were
normalized by dividing by the average intensity of cells stained
only with secondary, and not primary, antibody. The resulting
values were defined as the relative intensities and converted to

simpler ‘+’ and ‘–’ notation in Table 1 (see Materials and
Methods).

Table 1 confirms that the γSG–/– cells did not express γSG
and also lost αSG (Hack et al., 1998). We also saw that both
cell types growing directly on the IPN-patterned glass
expressed significantly less myosin than cells growing on top
of other cells at day 6. At day 6, utrophin followed a similar
trend; γSG–/– cells showed less utrophin than normal cells and
C57 cells-on-cells expressed slightly more utrophin than cells-
on-glass. As it has been documented that utrophin expression
in muscle culture increases and then decreases with
differentiation (Radojevic et al., 2000), the reduced utrophin
levels implied that γSG–/– cells were either less differentiated
or more differentiated than normal cells. Results below show
that the latter appeared to be the case.

In addition to measuring the fluorescence intensity, cells
immunostained for myosin were scored based on the amount
of structured or striated myosin present (Fig. 2). Structured
myosin was identified as fibrous and non-diffuse, but without
any striations. Although a small percentage of cells growing
directly on the glass formed myosin fibers instead of exhibiting
only diffuse myosin (Fig. 2B), completely striated myosin
formed only in cells-on-cells (Fig. 2C), consistent with results
previously reported by our laboratory (Engler et al., 2004a;
Engler et al., 2004b; Griffin et al., 2004b). Striated myosin was
seen in almost 50% of γSG–/– cells-on-cells, whereas in
normal, C57 cells, less than half that amount of striation was
observed (Fig. 2D).

Although the upper layer of C57 cells seemed to express
more myosin than the upper layer of γSG–/– cells (Table 1), the
myosin in γSG–/– cells showed more structure and striation
overall. It could be that the tighter organization made
immunostaining less efficient, reducing the intensity.
Regardless, the data in Table 1 indicated differences between
upper and lower cells.

γSG–/– cells relax more than controls
By detaching the end of an adherent myotube from its
substrate, the relative length of the myotube was seen to
decrease as the cell relaxed from its adhesive constraints (Fig.
3A). The decay was exponential over time (Fig. 3B). Myotube
relaxation can be modeled simply as a Voigt solid (Griffin et
al., 2004a), and the relative length fits very well to the equation,

L / Linit = 1 – A (1 – e–t/τ ),

where L is the cell length, Linit is the initial length, A is the
shortening amplitude, and τ is the characteristic time. Data for
10-15 cells of each type (all relaxed at day 6) were binned by
time, averaged, and compared in Fig. 3B.

Although γSG–/– cells exhibited more heterogeneity during
relaxation, there was a clear difference in relaxation dynamics
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Fig. 1. Apoptosis of primary cells. γSG-deficient myotubes on rigid
substrate exhibited greater apoptosis than wild-type C57 myotubes at
day 7. Both C57 and γSG–/– cells were split, plated in parallel on soft
collagen-substrates or rigid IPN-patterned coverslips, and later tested
for apoptosis by TUNEL assay at day 2 and day 7. The mean
intensity of nuclei for the cells on coverslips was divided by the
mean intensity for the cells grown on the collagen-substrates for each
day. Error bars represent the s.e.m. of the intensities of at least 50
cells. The relative intensity for γSG–/– at day 7 was significantly
greater (17-fold) (P<0.001) than the relative intensity at day 2,
indicating that γSG–/– cells cultured on rigid substrate apoptosed to a
far greater extent than normal cells under normal conditions.

Table 1. Protein expression of cells on IPN-patterned glass
C57 γSG−/−

Lower layer Upper layer Lower layer Upper layer

γSG +++ +++ − −
αSG + + − +
Myosin + +++ − ++
Utrophin +++ +++++ + +
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