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Dystrophin mechanically links the costameric cytoskeleton and
sarcolemma, yet dystrophin-deficient muscle exhibits abnormali-
ties in cell signaling, gene expression, and contractile function that
are not clearly understood. We generated new antibodies specific
for cytoplasmic �-actin and confirmed that �-actin most predom-
inantly localized to the sarcolemma and in a faint reticular lattice
within normal muscle cells. However, we observed that �-actin
levels were increased 10-fold at the sarcolemma and within the
cytoplasm of striated muscle cells from dystrophin-deficient mdx
mice. Transgenic overexpression of the dystrophin homologue
utrophin, or functional dystrophin constructs in mdx muscle, re-
stored �-actin to normal levels, whereas �-actin remained elevated
in mdx muscle expressing nonfunctional dystrophin constructs. We
conclude that increased cytoplasmic �-actin in dystrophin-deficient
muscle may be a compensatory response to fortify the weakened
costameric lattice through recruitment of parallel mechanical link-
ages. However, the presence of excessive myoplasmic �-actin may
also contribute to altered cell signaling or gene expression in
dystrophin-deficient muscle.

costamere � muscular dystrophy � sarcolemma

Duchenne muscular dystrophy is caused by mutations in the
gene encoding dystrophin (1). Dystrophin functions as

part of a large complex of sarcolemmal proteins including
dystroglycans, sarcoglycans, dystrobrevins, syntrophins, and
sarcospan (2, 3). This dystrophin–glycoprotein complex is
thought to link the actin-based costameric cytoskeleton with
the extracellular matrix and mechanically stabilize the sarco-
lemma against shear stresses imposed during muscle activity
(4). When dystrophin is absent the link between the costamere
and sarcolemma is disrupted, resulting in compromised sar-
colemma integrity (4).

Dystrophin is anchored to the sarcolemma primarily through
direct interaction with �-dystroglycan (5, 6). Regarding its
interaction with costameres, the amino-terminal calponin ho-
mology domain and a cluster of basic spectrin repeats within the
middle rod domain of dystrophin bind directly to actin filaments
(7–10). Cytoplasmic �-actin filaments are retained in a cos-
tameric pattern on sarcolemma peeled from single myofibers of
normal mouse muscle but are absent from all sarcolemma of
dystrophin-deficient mdx muscle (11). Thus, dystrophin is nec-
essary for a mechanically strong link between the sarcolemma
and costameric actin filaments.

Here we peeled sarcolemma from several lines of transgenic
mdx mice expressing deletion constructs of dystrophin, and we
report that either actin binding domain is sufficient to retain
costameric actin on peeled sarcolemma. We generated new
polyclonal antibodies (pAbs) and mAbs to cytoplasmic �-actin,
and we demonstrate that �-actin levels are elevated 10-fold in
dystrophin-deficient striated muscle. We hypothesize that
elevated �-actin levels contribute to a compensatory remod-
eling of the dystrophin-deficient costameric cytoskeleton. Our
results also provide the basis for several pathways by which
increased cytoplasmic �-actin levels may contribute to the

widespread cellular perturbations observed in dystrophin-
deficient muscle.

Results
Immunofluorescence Analysis of Peeled Sarcolemma. To identify the
dystrophin domains necessary to anchor costameric actin to
sarcolemma, we imaged phalloidin staining of peeled sarco-
lemma from transgenic mdx mice overexpressing dystrophin
constructs deleted in different domains (Fig. 1A). As previously
shown (11), actin was retained on sarcolemma peeled from
control but not mdx muscle (Fig. 1B). Consistent with previous
studies (12, 13), actin was retained on sarcolemma peeled from
mdx muscle expressing full-length utrophin or Dp260 (Fig. 1B).
Novel to this study, costameric actin was retained on all sarco-
lemma (n � 11 sarcolemma from two different mice) from mdx
mice expressing dystrophin constructs deleted for the carboxyl-
terminal domain (�71–78) or hinge 2 through spectrin repeat 19
(�H2-R19). These data (Fig. 1B) indicate that either the amino-
terminal domain (�H2-R19) or basic middle rod actin binding
domain (Dp260) are sufficient to retain actin on peeled
sarcolemma.

Transgenic mdx mice expressing Dp71 lacking all actin binding
regions (7) and a dystrophin deleted for the cysteine-rich domain
(�CR) important for binding to �-dystroglycan (5, 6) both
exhibit a more severe phenotype than mdx (14, 15), and we
hypothesized that costameric actin would not be retained be-
cause of the absence of either actin filament or �-dystroglycan
binding activity. Despite numerous attempts, we were unable to
isolate sarcolemma from either line because the myofibers split
apart upon peeling, suggesting impaired physical coupling be-
tween myofibrils within Dp71 and �CR muscle cells. To circum-
vent this obstacle, we explored alternative methods to assess
costameric actin instability.

Characterization of �-Actin-Specific Antibodies. Previous studies
indicated that subsarcolemmal costameric actin filaments are
comprised exclusively of cytoplasmic �-actin (11, 16). Therefore,
we generated affinity-purified pAbs against the unique amino-
terminal peptide of �-actin and mAbs raised against purified
�-actin protein together with the �-actin amino-terminal pep-
tide. Both the pAbs and mAbs reacted strongly with purified
bovine brain �-actin, reacted less strongly to the �:�-actin
mixture from platelets, and were nonreactive with sarcomeric
�-actin (Fig. 2 A and B). To test specificity, synthetic peptides
corresponding to the unique amino terminus of cytoplasmic
�-actin or �-actin were incubated with the antibodies before
immunoblotting. The �-actin peptide completely blocked all
immunoreactivity of the pAb, whereas the �-actin peptide had
a nominal effect (Fig. 2B). In contrast, the �-actin peptide

Conflict of interest statement: No conflicts declared.

Abbreviations: pAb, polyclonal antibody; CR, cysteine-rich domain.

‡To whom correspondence should be addressed at: Department of Physiology, University
of Wisconsin, 127 Service Memorial Institute, 1300 University Avenue, Madison, WI 53706.
E-mail: ervasti@physiology.wisc.edu.

© 2006 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.0600980103 PNAS � April 4, 2006 � vol. 103 � no. 14 � 5385–5390

CE
LL

BI
O

LO
G

Y



reduced, but did not eliminate, mAb reactivity to �-actin (Fig.
2B), suggesting that the mAb recognized a distinct epitope on
�-actin. We also performed 2D electrophoresis on platelet actin
to resolve �-actin from �-actin. The �-actin pAb and the mAb
each reacted specifically with the minor and more basic protein
spot, but not the more abundant and acidic spot labeled with the
�-actin mAb (Fig. 2C). These results demonstrate that both the
affinity-purified pAb 7577 and mAb 2–4 specifically recognize
cytoplasmic �-actin but that the two antibodies differ in their
epitopes of recognition.

On transverse cryosections of normal muscle, mAb 2–4
yielded a bright fluorescence signal at the periphery of each
muscle cell coincident with the sarcolemma as well as a very faint
honeycomb-shaped reticular lattice within the interior of each
myofiber (Fig. 2D). When tested on longitudinal sections, a
bright immune signal was again detected at the sarcolemma
whereas internal staining was barely perceptible (Fig. 2D). No
muscle-specific signal was detected in cryosections stained with
peptide-specific pAb 7577 (data not shown).

�-Actin Is Increased in Dystrophin-Deficient Skeletal Muscle. Based
on our previous studies (7, 8, 11), we hypothesized that �-actin

may be more readily extracted from dystrophin-deficient muscle.
The supernatants from control muscle homogenized in TBS
exhibited a 42-kDa band faintly detected with �-actin antibodies
compared with an intensely stained band of identical size in mdx
muscle supernatants (Fig. 3A). Although most sarcomeric �-
actin was retained in the myofibrillar pellet after high-speed
centrifugation, minor �-actin immunoreactivity was equal in
supernatants of control and mdx skeletal muscle (Fig. 3A).
Interestingly, �-actin immunoreactivity was also detected in total
homogenates from mdx muscle but not in control homogenates
(Fig. 3A). Western blot analysis after 2D electrophoresis re-
vealed �-actin immunoreactivity in control homogenates that
was dramatically elevated in mdx homogenates (Fig. 3B), sug-
gesting that highly abundant �-sarcomeric actin obscured �-actin
detection on Western blots of control muscle resolved by 1D
SDS�PAGE. Densitometric analysis after 2D electrophoresis
(Fig. 3B) reported a 10-fold increase in �-actin in mdx muscle
compared with control. The 42-kDa protein stained by �-actin
antibodies in muscle high-speed supernatants was amplified by
DNase I affinity chromatography while still preserving the
difference in immune signal between control and mdx muscle
(Fig. 3C). The results presented in Fig. 3 indicate that �-actin

Fig. 1. Retention of costameric actin on peeled sarcolemma from transgenic
mdx mice. (A) The domain structure of dystrophin expressed in wild-type mice,
the transgenic proteins expressed on the mdx background, and the phenotype
of each transgenic line. The shaded regions identify the actin filament binding
(ABD) or glycoprotein complex binding (CRCT) domains. H1–H4, hinge mod-
ules 1–4; SR1–SR24, spectrin repeats 1–24. (B) Confocal images of peeled
sarcolemma stained with Alexa Fluor 568-phalloidin. (Scale bar: 20 �m.)

Fig. 2. Characterization of �-actin-specific antibodies. (A) Gels equally
loaded with purified sarcomeric �-actin, platelet actin (a 4:1 mixture of �- and
�-isoforms), and brain �-actin were either stained with Coomassie blue (CB) or
transferred to nitrocellulose and Western-blotted with mAbs specific for �- or
�-actin. (B) Western blots were stained with affinity-purified pAbs raised
against the unique amino-terminal peptide sequence of cytoplasmic �-actin or
mAbs from mice immunized with both purified brain �-actin and the amino-
terminal sequence of cytoplasmic �-actin. Where indicated, 10 �g�ml of either
the amino-terminal �-actin or �-actin peptide was preincubated with the
�-actin antibodies. (C) Purified platelet ���-actin was resolved by 2D electro-
phoresis and transferred to poly(vinylidene difluoride), and the blot was
serially probed with �-actin pAbs, �-actin mAbs, and finally �-actin mAbs. (D)
Ten-micrometer transverse and longitudinal cryosections of control tibialis
anterior muscle stained with the �-actin mAb. (Scale bar: 50 �m.)
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protein levels are dramatically increased in dystrophin-deficient
mdx muscle.

Time Course and Tissue Localization of Increased �-Actin in mdx
Muscle. The mdx mouse experiences an acute episode of muscle
cell necrosis, regeneration, and inflammation that peaks be-
tween 5 and 15 weeks of age but continues throughout adulthood
at a lower rate (17). Because cytoplasmic �-actin is highly
expressed in regenerating muscle (18) and virtually all non-
muscle cells (19), the measured increase of �-actin in mdx muscle
(Fig. 3) could reflect this increased regenerative response or
inflammatory cell infiltration. However, mdx mice ranging from
2.5 weeks through 6 months of age all exhibited elevated �-actin
immunoreactivity compared with age-matched controls (Fig.
4A). Confocal microscopy revealed elevated �-actin immunore-
activity at both the periphery and within the cytoplasm of
dystrophin-deficient muscle (Fig. 4C). The increased �-actin
staining intensity was observed in both peripherally nucleated
and large centrally nucleated myofibers of mdx muscle (Fig. 4C).
Consistent with the immunofluorescence data, �-actin immu-
noreactivity was elevated in KCl-washed microsome prepara-
tions from mdx muscle (Fig. 4B). �-Actin immunoreactivity was
not detected in isolated myofibrils from control or mdx muscle
by Western blotting after 2D gel electrophoresis or by immu-
nofluorescence microscopy (data not shown). These data indi-
cate that cytoplasmic �-actin is markedly elevated at the sarco-
lemma and within the cytoplasm of dystrophin-deficient mdx
muscle.

Quantitation of �-Actin in mdx Muscle and Effect of Transgenic
Rescue. The abundance of cytoplasmic �-actin in skeletal muscle
from control and mdx mice was quantified by Western blotting
by using �-actin purified from bovine brain as a standard (Fig.
6, which is published as supporting information on the PNAS
web site). For control muscle, we calculated a �-actin concen-
tration of 0.2 � 0.1 �M whereas the �-actin concentration
calculated for mdx muscle was 2.1 � 1.0 �M, consistent with the
10-fold difference in immune signals measured from Western
blots of whole-muscle homogenates after 2D electrophoresis
(Fig. 3B). The concentration of �-actin in SDS muscle extracts
was similar between control (893 � 42 �M) and mdx (811 �
15 �M) muscle and matched well with previously published

measurements (20, 21). These data indicate that the cellular
concentration of �-actin in mdx muscle is high enough to
potentially alter a variety of cellular processes affected in
dystrophy.

If increased �-actin levels are an adaptive cellular response to an
unstable mechanical linkage between costameric actin and the
sarcolemma in dystrophin-deficient muscle, we hypothesized that
restoration of the linkage should also revert �-actin levels back to
normal. As hypothesized, expression of full-length utrophin in the
Fiona line of mdx mice (22) or expression of dystrophin constructs
�71–78, �H2-R19, and Dp260 on the mdx background each
restored �-actin levels to those observed in control muscle (Fig. 5A).
Although transgenic expression of Dp260 rescued several param-
eters of the mdx phenotype, the number of centrally nucleated
fibers remained grossly elevated (13), which further argues against
muscle regeneration as the basis for increased �-actin levels in mdx
muscle. In transgenic mdx lines expressing Dp71 (14) lacking all
known actin binding regions and �CR (15), which is unable to form
a stable linkage with �-dystroglycan, we observed elevated �-actin
levels similar to mdx muscle (Fig. 5A). Thus, there is excellent
correlation between the capability of a transgene construct to
restore stable coupling between costameric actin and the sarco-
lemma (Fig. 1) and also to restore elevated �-actin protein levels of
mdx muscle back to normal.

�-Actin Is Elevated only in Striated Muscles of mdx Mice. To assess
whether the increased �-actin observed in mdx skeletal muscle
is specific to striated muscle, we performed Western blot analysis
of SDS extracts prepared from a variety of organs of control and
mdx mice. Consistent with previous measurements of �-actin
mRNA (23, 24), �-actin immunoreactivity was high in brain,
lung, and kidney but barely detected in liver (Fig. 5B). In contrast

Fig. 3. �-Actin levels in mdx versus control muscle. (A) Western blots of
control and mdx skeletal muscle homogenates and high-speed pellets or
supernatants were stained with �-actin pAb 7577 or mAb sarcomeric �-actin.
(B) �-Actin immunoreactivity in homogenates from control (Con) and mdx
muscle resolved by 2D electrophoresis. (C) �-Actin immunoreactivity in super-
natants from control and mdx skeletal muscle before (Sup.) and after (Void)
application to DNase I matrix and in the SDS eluate from the DNase I matrix.

Fig. 4. Developmental time course and localization of �-actin in control
(Con) and mdx muscle. (A) Western blots of DNase I-enriched supernatants
from skeletal muscle of different age control and mdx mice were stained for
�- and �-actin. (B) Western blots of KCl-washed microsomes from control and
mdx skeletal muscle stained for �-actin and Na��K�-ATPase immunoreactiv-
ity. (C) Transverse cryosections of control and mdx tibialis anterior muscle
stained for �-actin (green) and laminin (red). (Scale bar: 50 �m.)
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to skeletal muscle, however, �-actin protein levels were similar
in normal and mdx nonmuscle tissues (Fig. 5B). �-Actin was not
detected in SDS extracts from control or mdx cardiac muscle, but
�-actin immunoreactivity was dramatically increased in DNase
I-enriched supernatants from dystrophin-deficient mdx cardiac
muscle compared with control (Fig. 5C). Interestingly, �-actin
protein levels were also elevated in DNase I-enriched superna-
tants of cardiac muscle from the Fiona line of transgenic mdx
mice (Fig. 5C). Expression of the utrophin transgene in the Fiona
line is driven by the human skeletal muscle �-actin promoter
(22), which is only weakly active in adult cardiac muscle. The data
in Fig. 5 A and C indicate that the specific absence of dystrophin
from cardiac muscle is sufficient to induce gross elevation of
�-actin protein levels. Because regeneration is minimal in car-
diac muscle (25), we conclude that increased �-actin levels in
mdx heart and skeletal muscle are a specific compensatory
response to the destabilized mechanical linkage between the
costamere and sarcolemma in dystrophin-deficient muscle.

Discussion
Our results provide new insight into the function of dystrophin
and how muscle cells adapt when dystrophin is ablated through
genetic defect. Our analysis of peeled sarcolemma from several
lines of transgenic mdx mice indicate that either one of two
known actin binding domains plus the CR are minimally re-
quired to anchor costameric actin filaments to mechanically
peeled sarcolemma.

Using a newly generated mAb raised against a mixed antigen of
purified bovine brain �-actin and a synthetic peptide corresponding
to its unique amino terminus, we found �-actin to be most pre-
dominantly localized to the sarcolemma and more faintly within an
internal reticular lattice in normal muscle (Fig. 2). Our results
closely match �-actin localization in chicken skeletal muscle (16)
and also the staining pattern observed in human skeletal muscle
with antibodies to Aplysia actin that reacted with mammalian
cytoplasmic actins but not muscle actin (26). Others have reported
�-actin immunoreactivity most predominantly associated with the
Z-disk (27, 28). We cannot explain this difference other than to note
that predominant sarcolemmal staining was consistently observed
with antibodies raised against whole protein (Fig. 2) (16, 26),
whereas Z-disk staining was observed exclusively with antibodies to
synthetic peptides (27, 28).

Most interestingly, we demonstrate that �-actin levels were
increased 10-fold in skeletal muscle cells of dystrophin-deficient
mdx mice (Figs. 3–5). Moreover, �-actin levels were restored to
normal in mdx muscle expressing full-length utrophin or functional
dystrophin constructs but remained elevated in animals expressing
nonfunctional dystrophins (Fig. 5). In vitro, cytoplasmic actin syn-
thesis is controlled at the level of transcription and mRNA stability
(29–31). However, microarray studies indicated that cytoplasmic
�-actin transcript was elevated only 2-fold in dystrophin-deficient
muscle (32, 33), whereas we measured a 10-fold increase in protein
levels. This discrepancy suggests that �-actin translation or protein
stability may be altered in dystrophin-deficient muscle. Moreover,
the concomitant elevation of cytoplasmic �-actin transcript (32, 33)
and protein (Figs. 3–5) in dystrophin-deficient muscle runs contrary
to the autoregulatory feedback mechanism elucidated from in vitro
studies (29–31, 34, 35).

Because dystrophin has been shown to retard actin filament
depolymerization in vitro (7, 8) and anchor costameric actin to the
sarcolemma in vivo (11), we hypothesize that cytoplasmic �-actin
levels may be elevated in dystrophin-deficient muscle as part of a
compensatory remodeling program. The dystrophin-deficient mus-
cle cell may sense sarcolemmal instability and respond by elevating
�-actin levels to cause an increase in the number of filaments
associated with the sarcolemma in mdx muscle (Fig. 4 C and D).
Previous studies have reported 2- to 4-fold up-regulation of several
costameric proteins in dystrophin-deficient muscle including �-
filamin, plectin, talin, vinculin, and the laminin receptor �7�1
integrin (36–40). Although not present at normal costameres, the
dystrophin homologue utrophin is up-regulated and recruited to
costameres in dystrophin-deficient muscle (11, 12). Because all but
one of the up-regulated proteins bind filamentous actin, we con-
clude that increased levels of �-actin may provide a common and
central connecting point in remodeling the costamere to partially
reinforce the mechanically weakened sarcolemma in the absence of
dystrophin.

Forced expression of either cytoplasmic �- or �-actin was
previously shown to ablate contractile function in isolated car-
diac myocytes (41). When smooth muscle �-actin was overex-
pressed in cardiac muscle, its incorporation into sarcomeric thin
filaments resulted in altered myocyte Ca2� sensitivity and econ-
omy of force production (42). Both of these results suggest that
increased cytoplasmic �-actin could inhibit force production by
dystrophin-deficient muscle (43). However, we detected no
�-actin in washed myofibrils prepared from control or mdx
muscle. Furthermore, transgenic expression of the Dp260 con-
struct in mdx muscle restored �-actin levels back to normal (Fig.
5A), yet the force deficit was not corrected (13). Our data
indicate that elevated �-actin levels do not contribute to the force
deficit observed in mdx muscle.

Finally, excess cytoplasmic �-actin may explain how loss of
dystrophin leads to abnormalities in cell signaling or gene expres-
sion. The actin depolymerizing agent latrunculin B was shown to
activate the stress-activated protein kinase pathway in yeast (44)

Fig. 5. Tissue specificity of elevated �-actin in mdx mice and restoration to
normal levels by transgene expression. (A) Western blots of DNase I-enriched
supernatants from skeletal muscle of control (Con), mdx, and transgenic mdx
mice expressing utrophin or dystrophin constructs depicted in Fig. 1 were
stained for �- and �-actin. (B) �-Actin immunoreactivity in SDS extracts from
organs of control and mdx mice. (C) Western blots of DNase I-enriched
supernatants of cardiac muscle from control, mdx, and Fiona transgenic mdx
mice stained for �- and �-actin.
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whereas the mitogen-activated protein kinase pathways mediated
by c-Jun amino-terminal kinase, p38, and extracellular signal-
regulated kinase are all reportedly activated in dystrophin-deficient
muscle (45–49). Monomeric actin levels have also been shown to
negatively regulate gene expression mediated by serum response
factor (50) in part through direct interaction with the myocardin-
related family of transcriptional coactivators (51). Based on de-
creased transcription in response to elevated monomeric actin
levels (50) and�or serum response factor ablation (52, 53), one
would expect decreased expression of cytoplasmic �-actin, cardiac
�-actin, �1 integrin, talin, and vinculin in dystrophin-deficient
muscle. However, all of these serum response factor-mediated
genes exhibit increased transcript and protein levels in dystrophin-
deficient muscle (32, 33, 38–40, 54). Clearly, the pathways regu-
lating gene expression in dystrophin-deficient muscle are more
complex than can be extrapolated from current model systems.
Analysis of animal models overexpressing cytoplasmic �-actin in
skeletal muscle will help define the contribution of elevated �-actin
to the diverse phenotypes caused by dystrophin deficiency.

Materials and Methods
Animals. Control C57BL�6J, dystrophin-deficient C57BL�
10mdx, and C57BL�6J-Lama2dy mice were purchased from The
Jackson Laboratory. Fiona transgenic mdx mice expressing
full-length utrophin (22) were provided by Kay Davies (Oxford
University, Oxford). Transgenic mdx expressing Dp260 or con-
structs deleted for dystrophin exons 71–78 (�71–78) or hinge 2
through spectrin repeat 19 (�H2-R19) were previously described
(13, 55, 56) and were provided by Jeffrey Chamberlain (Uni-
versity of Washington, Seattle). Transgenic mdx mice expressing
Dp71 or a construct deleted for exons 64–67 (�CR) were
previously described (13–15, 55, 56).

Purified Actins. Purified rabbit skeletal muscle �-actin and human
platelet actin (a 4:1 mixture of �- and �-cytoplasmic actins) were
purchased from Cytoskeleton (Denver, CO). Bovine brain �-actin
was purified by DNase I affinity chromatography as described (57).

Antibodies. pAbs specific for �-actin were generated (Genemed
Synthesis, San Francisco) by immunizing rabbits with a synthetic
peptide corresponding to the unique amino terminus of �-actin
(acetyl-EEEIAALVIDNGSGC) coupled to keyhole limpet hemo-
cyanin and affinity-purified against immobilized bovine brain �-ac-
tin. mAbs specific for �-actin were generated by Harlan Bioprod-
ucts for Science (Madison, WI). Mice were immunized with a
combination of purified bovine brain cytoplasmic �-actin and the
keyhole limpet hemocyanin-conjugated amino-terminal peptide of
�-actin. Hybridoma supernatants were screened by ELISA and
Western blotting, and clones were selected based on specificity for
cytoplasmic �-actin over �-sarcomeric or platelet ���-actins. Five
mAbs specific for �-actin were isolated, and mAb 2–4 was further
characterized and used in all subsequent experiments. Antibodies
specific for sarcomeric �-actin, �-actin, and mouse laminin-1
were purchased from Sigma. The mAb McB2 against the �2-subunit
of the Na��K�-ATPase was previously characterized (58).
Peroxidase-labeled secondary antibodies against rabbit and mouse
Igs were purchased from Chemicon International (Temecula, CA)
and Roche (Indianapolis), respectively. Alexa Fluor 488 anti-
mouse, Alexa Fluor 568 anti-rabbit Igs, and Alexa Fluor 568-
conjugated phalloidin were purchased from Molecular Probes.

Tissue Preparations. KCl-washed microsomes and washed myofi-
brils were prepared from skeletal muscle of control and mdx
mice as described (21, 59). For soluble muscle protein extracts,
skeletal muscle was dissected from mice immediately after
killing and snap-frozen in liquid nitrogen. Frozen muscle was
pulverized by using a liquid nitrogen-cooled mortar and pestle
and gently mixed for 1 h at 4°C in 10 ml�g cold 0.15 M NaCl�50

mM Tris�HCl (pH 7.4) (TBS) also containing a mixture of
protease inhibitors. The homogenate was centrifuged at
100,000 � g for 40 min at 4°C, and the supernatant was
supplemented with ATP, DTT, and MgCl2 to final concentra-
tions of 0.1 mM, 0.2 mM, and 2.0 mM, respectively. A total of 400
�l of supernatant and 100 �l of DNase I affigel (57) were
incubated for 2 h at 4°C with mixing. After washing with 2 mM
Tris�HCl (pH 8.0)�0.2 mM CaCl2�2 mM MgCl2�1 mM NaN3�0.1
mM ATP�0.5 mM DTT, bound proteins were eluted with 1%
SDS sample buffer for SDS gel electrophoresis and Western blot
analysis. Organs from control and mdx mice were dissected
immediately after killing, snap-frozen in liquid nitrogen, and
pulverized in a liquid nitrogen-cooled mortar and pestle. The
pulverized tissue was solubilized for 2 min in 1% SDS, 5 mM
EGTA, and a mixture of protease inhibitors at 100°C. After
centrifugation at 12,000 � g to remove insoluble material, the
protein concentration of the supernatants was determined with
the Bio-Rad DC protein assay kit using BSA as standard.

Immunofluorescence Microscopy. Mechanical isolation and fluores-
cence imaging of peeled sarcolemma were performed as described
(11–13). For cryostat sectioning, skeletal muscles were dissected
from age-matched C57BL�6 control and mdx mice and frozen in
liquid nitrogen-cooled isopentane. Cryosections (10 �m) were fixed
for 10 min with 4% paraformaldehyde in PBS and blocked with 5%
goat serum in PBS for 1 h at room temperature. Sections were
incubated with primary antibodies diluted in PBS overnight at 4°C,
followed by fluorescent secondary antibody for 30 min at 37°C.
Confocal microscopy was performed by using a Bio-Rad MRC1000
scan head mounted transversely to an inverted Nikon Diaphot 200
microscope with a �40 oil immersion objective (W. M. Keck
Laboratory for Biological Imaging at the University of Wisconsin).
Separate single-channel serial optical sections were collected by
using a krypton�argon mixed-gas air-cooled laser set to 488-nm and
568-nm excitation wavelengths with 10% power and an iris of 5.9,
gain of 1,403, and black level of 6. The corresponding digital images
were then merged by using CONFOCAL ASSISTANT, and the figures
were prepared in ILLUSTRATOR (Adobe Systems, San Jose, CA).

SDS�PAGE and Western Blot Analysis. Samples were resolved on
3–12% SDS polyacrylamide gels and stained with Coomassie
blue or transferred to nitrocellulose membranes as described (7).
2D electrophoresis was performed by Kendrick Laboratories
(Madison, WI) by using 1% pH 4–6 ampholines (Amersham
Pharmacia Biosciences) and 1% pH 4–8 ampholines (Gallard-
Schlesinger Industries) for 9,600 volt-hours, and slab gels were
transferred onto poly(vinylidene difluoride) membranes. For the
peptide blocking experiments, 0.1 mg of �-actin peptide (acetyl-
EEEIAALVIDNGSGC) or �-actin peptide (acetyl-DDDI-
AALVVDNGSGC) was added to the �-actin primary antibodies
before incubation with blots. Immunoreactivity was detected
with peroxidase-labeled secondary antibodies and SuperSignal
West Pico chemiluminescence purchased from Pierce. The poly-
(vinylidene difluoride) transfers of 2D gels were sequentially
stained with mAbs and pAbs to �-actin followed by �- or �-actin
mAbs, and the blots were stripped with 50 mM glycine (pH 2.5)
between trials. For quantitative Western blotting, control and
mdx DNase I eluates prepared from a measured amount of total
muscle homogenate protein were resolved by SDS�PAGE, trans-
ferred to nitrocellulose, and stained with �-actin mAb 2–4 in
parallel with a standard curve of purified brain �-actin. �-Actin
immunoreactivity was detected with 125I-labeled goat anti-mouse
IgG (PerkinElmer) and quantified densitometrically by using
UVP LABWORKS imaging and analysis software. �-Actin as a
percentage of total muscle protein was converted to cellular
concentration based on a muscle protein density of 0.2 g�ml wet
weight.
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