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The sarcolemma of fast-twitch muscle is organized into “costameres,” structures that are oriented
transversely, over the Z and M lines of nearby myofibrils, and longitudinally, to form a rectilinear
lattice. Here we examine the role of desmin, the major intermediate filament protein of muscle in
organizing costameres. In control mouse muscle, desmin is enriched at the sarcolemmal domains
that lie over nearby Z lines and that also contain S-spectrin. In tibialis anterior muscle from mice
lacking desmin due to homologous recombination, most costameres are lost. In myofibers from
desmin —/— quadriceps, by contrast, most costameric structures are stable. Alternatively, Z line
domains may be lost, whereas domains oriented longitudinally or lying over M lines are retained.
Experiments with pan-specific antibodies to intermediate filament proteins and to cytokeratins
suggest that control and desmin —/— muscles express similar levels of cytokeratins. Cytokeratins
concentrate at the sarcolemma at all three domains of costameres when the latter are retained in
desmin —/— muscle and redistribute with B-spectrin at the sarcolemma when costameres are lost.
Our results suggest that desmin associates with and selectively stabilizes the Z line domains of
costameres, but that cytokeratins associate with all three domains of costameres, even in the
absence of desmin.

INTRODUCTION gitudinally and transversely (Masuda et al., 1992; Minetti et

al., 1992; Porter et al., 1992; Straub et al., 1992; Williams and

Duchenne Muscular Dystrophy and related muscular dys-
trophies are caused by the mutation or loss of dystrophin
and dystrophin-associated proteins (Campbell, 1995; Bonne-
mann et al., 1996; Straub and Campbell, 1997; Ozawa et al.,
1998), respectively, but the functions of these proteins in
healthy skeletal muscle are still poorly understood. Dystro-
phin, which is a member of the spectrin superfamily of
membrane skeletal proteins (Davison and Critchley, 1988;
Koenig et al., 1988; Dhermy, 1991; Ahn and Kunkel, 1993),
accumulates in healthy muscle on the cytoplasmic face of the
sarcolemma in linear structures that are oriented both lon-
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Bloch, 1999b). The transverse structures, which lie at the
sarcolemma over the Z and M lines of nearby myofibrils, are
organized in a rib-like pattern and so are referred to as
“costameres” (Pardo et al., 1983a). We also use this term to
include the longitudinal elements, which, with the trans-
verse domains, form a lattice-like network that underlies
most of the skeletal muscle sarcolemma. All three costameric
domains are enriched in dystrophin (Porter et al., 1992). We
have found that, in the absence of dystrophin, the longitu-
dinal and M line domains of costameres are more suscepti-
ble to disruption in Duchenne muscle and in muscle from
the mdx mouse (Porter et al., 1992; Williams and Bloch,
1999b; see also Ehmer et al., 1997), suggesting that dystro-
phin functions more to stabilize these sarcolemmal domains
than the domains that overlie Z lines. These studies also
suggest that other structures associated with the sarco-
lemma help stabilize the Z line domains. Here we test the
role of desmin in this stabilization.

Desmin is the major intermediate filament (IF) protein of
skeletal muscle and is believed to be the predominant com-
ponent of IFs at the level of the Z line (Lazarides, 197§;
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Granger and Lazarides, 1979; Schmid et al., 1979; O’Shea et
al., 1981; Richardson et al., 1981). The other IF proteins that
are expressed in adult skeletal muscle, synemin, paranemin,
syncoilin, and desmuslin, distribute together with desmin at
Z lines (Breckler and Lazarides, 1982; Granger ef al., 1982;
Price and Lazarides, 1983; Hemken et al., 1997; Mizuno et al.,
2001; Poon et al., 2002). Additional members of the IF super-
family identified in skeletal muscle, other than the lamins at
the myonuclear membrane, are vimentin, nestin, and cyto-
keratins, all of which are reported to be expressed in em-
bryonic muscle but suppressed as muscle matures (Lazar-
ides, 1978; Bennett et al., 1979; Kosmehl et al., 1990; Sejersen
and Lendahl, 1993; Kachinsky et al., 1994; but see Carlsson et
al., 1999). Thus, desmin and lower amounts of paranemin,
synemin, syncoilin, and desmuslin, are likely to form the IFs
that surround the Z disks and may help to organize the
myofibrils in the sarcoplasm (Ferrans and Roberts, 1973;
Lazarides and Hubbard, 1976; Behrendt, 1977; Granger and
Lazarides, 1978; Wang and Ramirez-Mitchell, 1983; Toku-
yasu et al., 1983a, 1983b; Milner et al., 1996; Li et al., 1997;
Mizuno et al., 2001; Poon et al., 2002; reviewed in Lazarides,
1980; Capetanaki and Milner, 1998).

IFs containing desmin are also likely to link the Z disks of
the superficial myofibrils to the sarcolemma (Lazarides and
Hubbard, 1976; Campbell and Chamley-Campbell, 1979;
Saetersdal et al., 1989). Ultrastructural studies have con-
firmed that costameres are linked to the contractile appara-
tus of nearby myofibrils by 10-nm filaments (Garamvolgyi,
1965; Pierobon-Bormioli, 1981; Chiesi et al., 1981; Street,
1983; Shear and Bloch, 1985), the diameter typical of IFs
(Ishikawa et al., 1968; reviewed in Lazarides, 1982; Fuchs and
Weber, 1994). The creation of mice that are missing desmin
due to homologous recombination (Milner et al., 1996; Li et
al., 1997) has made it possible to evaluate the possible role in
organizing costameres of desmin and other IF proteins.

Compared with normals, the sarcoplasm of desmin —/—
mice is poorly organized, and perhaps as a result, the skel-
etal muscle is myopathic (Milner et al., 1996; Li et al., 1997;
reviewed in Capetanaki et al., 1997). In normal myofibers,
the sarcomeres in neighboring myofibrils are closely
aligned, and Z and M lines run from one side of the myo-
fiber to the other almost without interruption. In desmin
—/— muscle, however, this alignment is reduced, and occa-
sional muscle fibers show no regular organization at all.
Different muscles in the desmin —/— mouse are disrupted
to different extents (Milner et al., 1996; Li et al., 1997), how-
ever, suggesting that other factors may mitigate the effects of
the desmin null phenotype.

Here we describe experiments in which we have used
fast-twitch skeletal muscles from the desmin —/— mouse
to investigate the role of desmin in organizing costameres
at the sarcolemma. We show that desmin is preferentially
associated with the sarcolemmal domains that overlie Z
lines and that these domains are selectively lost in muscle
lacking desmin. Surprisingly, however, we find that some
muscle fibers in desmin —/— mice retain completely or-
ganized costameres. Through the use of pan-specific an-
tibodies, we show that such costameres are associated
with cytokeratins, which are expressed in both control
and desmin —/— muscle.
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MATERIALS AND METHODS

Animals

We used 2- to 3-month-old 129 SV mice (desmin +/+) and mice of
the same strain that were either heterozygous (desmin +/—) or
homozygous (desmin —/—) for a null mutation in the desmin gene,
introduced by homologous recombination. These mice were gener-
ated as previously described (Milner et al., 1996) and were bred and
raised in the Animal Facilities of the Baylor University College of
Medicine.

Tissue for Immunofluorescence

Animals were anesthetized and perfusion fixed, and tissue was
dissected and processed, exactly as described (Williams and Bloch,
1999b). Frozen, longitudinal sections of the tibialis anterior (TA),
extensor digitorum longus (EDL), gastrocnemius and quadriceps
muscles were prepared (Williams and Bloch, 1999b), collected on
glass slides coated with 0.5% gelatin and 0.05% chromium potas-
sium sulfate, and stored desiccated at —70°C.

Antibodies

Monoclonal mouse antibodies to desmin were purchased as an
ascites fluid from ICN Biomedicals, Inc. (Costa Mesa, CA) and were
used at a dilution of 1:100. Monoclonal antibodies from Novocastra
Laboratories (Newcastle-upon-Tyne, UK) to the C terminus (amino
acids 3669-3685) of human dystrophin (Dys2), to the C terminus of
human g-dystroglycan (Bewick et al., 1993), and to a fusion protein
containing the N-terminal region of utrophin (NCL-DRP-2), were
used at dilutions of 1:5, 1:10, and 1:5, respectively. Monoclonal
mouse antibody 1351, against all known syntrophin isoforms, was
provided by Dr. S. Froehner (University of Washington, Seattle,
WA) and was used at 16 ug/ml. Rabbit antiserum to ankyrin 3 was
from Dr. J. Morrow (Yale University, New Haven, CT) and was
used at a dilution of 1:200. Monoclonal mouse antibodies, obtained
from Affinity Bioreagents (Golden, CO), against the a subunit of the
dihydropyridine receptor (DHPR, clone 1A) and the sarcoplasmic/
endoplasmic reticulum Ca -ATPase from rabbit skeletal muscle
(SERCA 1) were used at dilutions of 1:200 and 1:100, respectively.
Monoclonal mouse antibodies against a-actinin from rabbit skeletal
muscle (EA-53), vinculin from chicken gizzard (VIN-11-5), and
fast-twitch myosin (MY32) were from Sigma Immuno Chemicals (St.
Louis, MO) and were used at dilutions of 1:200, 1:50, and 1:400,
respectively. Pan-specific mouse antibodies to IF proteins (Pruss,
1985) were from Chemicon (Temecula, CA). Pan-specific mouse and
rabbit antibodies to cytokeratins were from Biogenex (San Ramon,
CA) and ICN (Aurora, OH), respectively.

The rabbit polyclonal antibody, 9050, was prepared against puri-
fied human erythrocyte B-spectrin. It was affinity purified over a
column of erythrocyte B-spectrin and cross-adsorbed against g-fo-
drin and a-fodrin, purified from bovine brain, as previously de-
scribed (Porter et al., 1997; Zhou et al., 1998). Antibodies to erythro-
cyte B-spectrin were also generated in chickens. IgY was purified
from egg yolk using the EggStract kit (Promega, Madison, WI) and
anti—B-spectrin antibodies were affinity purified, as reported (Porter
et al., 1997). Specificity for B-spectrin was demonstrated by immu-
noblotting (Ursitti et al., 2001). Both affinity-purified antibodies to
B-spectrin were used at 3 ug/ml. Affinity-purified, subunit-specific
antibodies to a-fodrin (Porter et al., 1997) were used at 2 pug/ml.

Nonimmune mouse monoclonal antibodies, MOPC21, were ob-
tained from Sigma Chemical Co. (St. Louis, MO). An affinity-puri-
fied rabbit antibody to the C-terminal sequence of the erythroid
form of B-spectrin, which is not detected in skeletal muscle (Porter
et al., 1997; Zhou et al., 1998), was also used as a control. Nonim-
mune chicken IgY was purified from eggs collected from chickens
before they were immunized with B-spectrin. Normal rabbit serum
was purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA).
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Secondary antibodies included goat anti-rabbit and goat anti-
mouse IgGs, and donkey anti-chicken IgY. All secondary antibod-
ies, purchased from Jackson ImmunoResearch as fluorescein or
tetramethylrhodamine conjugates, were species-specific with mini-
mal cross-reactivity and were used at a dilution of 1:100.

The specificities of all these antibodies have been established by
immunoblotting or immunoprecipitation, as reported by the sup-
pliers or in the relevant publications.

Fluorescent Immunolabeling

Sections were incubated in PBS/BSA (PBS containing 1 mg/ml BSA
and 10 mM NaNj) for 15 min to reduce nonspecific binding and
then placed in primary antibody in PBS/BSA for 2 h at room
temperature or overnight at 4°C. Samples were washed with PBS/
BSA and incubated for 1 h with fluorescein- or tetramethylrhoda-
mine-conjugated secondary antibodies diluted in PBS/BSA. After
additional washing, samples were mounted in a solution containing
nine parts glycerol, one part 1 M Tris-HCI, pH 8.0, supplemented
with 1 mg/ml p-phenylenediamine to reduce photobleaching (John-
son et al., 1982). Slides were observed with a Zeiss 410 confocal laser
scanning microscope (Carl Zeiss, Inc., Tarrytown, NY) equipped
with a 63X, NA 1.4 plan-apochromatic objective. The pinholes for
both fluorescein and tetramethylrhodamine fluorescence were set to
18. Images were collected and stored with software provided by
Zeiss.

To generate figures, images were arranged into montages, la-
beled, and given scale bars with Corel Draw (Corel Corporation
Limited, Ottawa, Ontario, Canada). Inset pictures were prepared
with Metamorph (Universal Imaging, West Chester, PA) and mag-
nified twofold with Corel Draw. No other processing was used for
any of the images.

For quantitation of fluorescence, we measured the intensity
within a small square (0.04 pm?) placed immediately over nearby M
line, Z line, or longitudinal domains. The resulting values as well as
ratios (M line domain/Z line domain, longitudinal domain/Z line
domain) were compared for significant differences between desmin
—/— and control samples.

For the quantitations shown in Figure 2, images were prepared by
one of the authors and scored blind by another. Images were taken
of all sarcolemmal regions from controls, desmin —/—, and het-
erozygotes that did not show obvious tears, holes, freeze damage, or
other processing artifacts. Sampling was otherwise random. Images
of control and sarcolemma were coded and mixed randomly. Each
image was then evaluated for the pattern of B-spectrin distribution
that was most common over the region of the sarcolemma that was
in clear focus. Images were sorted into one of four categories (Wil-
liams and Bloch, 1999b): A, clear costameric distribution, including
regular labeling over Z and M lines, and in longitudinal domains; B,
label present at two costameric domains but absent from the third;
C, label present at one costameric domain but absent from the other
two; and D, label absent from all three costameric domains but
present uniformly or in irregular structures at the sarcolemma. We
obtained consistent results when other, naive observers scored the
same or a similar set of images.

SDS-PAGE and Immunoblotting

Hindlimb muscles from adult mice were removed, cleaned of fascia
and tendons, and frozen. Sections from the bellies of the frozen
muscles were used for subsequent steps. Homogenates were pre-
pared in buffer (0.5 ml/25 mg of tissue) containing 1% NP40 and
protease inhibitors, as described (Porter et al., 1997). After incuba-
tion for 1 h at 0°C, samples were boiled in SDS-PAGE sample buffer
(Laemmli, 1970). Aliquots containing 30 ug protein/lane were sub-
jected to electrophoresis (Laemmli, 1970) and then transferred elec-
trophoretically to nitrocellulose paper (Burnette, 1981). Nitrocellu-
lose blots were incubated with a 1:100 dilution of an ascites
preparation of mouse anticytokeratin (Chemicon), followed by spe-
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cies-specific goat anti-rabbit IgG conjugated to alkaline phosphatase
(Jackson ImmunoResearch). Bound antibody was detected by
chemiluminescence (Western Light Detection, Tropix Laboratories,
Bedford, MA).

Materials

Unless otherwise stated, all materials were purchased from Sigma
Chemical Co. and were the highest grade available.

RESULTS

Loss of Costameres in Desmin —/— Muscle

We used double immunofluorescence labeling of frozen,
longitudinal sections of mouse muscle to examine the rela-
tionship between B-spectrin at the sarcolemma and desmin,
the major IF protein of the Z line. In control TA muscles,
antibodies to B-spectrin labeled the rectilinear, costameric
elements lying in longitudinal strands and over the Z lines
and M lines of nearby myofibrils (Figure 1A), in agreement
with previous reports (Porter et al., 1992, 1997; Williams and
Bloch, 1999a, 1999b). We refer to these structures at the
sarcolemma as longitudinal domains, Z line domains, and M
line domains. Desmin, visualized in the same optical plane
as B-spectrin through the use of confocal optics, was con-
centrated at Z line domains and was occasionally also found
in longitudinal domains (Figure 1B). Desmin was only rarely
present in M line domains. Desmin was of course also con-
centrated at the level of the Z line within each myofiber, but
this labeling could easily be distinguished from desmin close
to the sarcolemma by the absence of B-spectrin or other
sarcolemmal markers (e.g., fiber in the lower portion of
Figure 1, A-C). Color composite images confirmed that only
the Z line domains of costameres, shown in yellow in Figure
1C, are labeled by both antidesmin and anti—B-spectrin,
whereas the longitudinal and M line domains, shown in
green, are labeled primarily by anti—-B-spectrin.

We performed similar experiments with the TA muscles
of mice that are missing desmin due to homologous recom-
bination (desmin —/—) or heterozygotes that have only half
the normal complement of desmin (desmin +/—). Although
small changes cannot be ruled out, the organization of the
sarcolemma in the heterozygotes resembled that of the wild-
type, with a regular, rectilinear latticework of costameres,
associated with desmin primarily at Z line domains (Figure
1, D-F). Quantitative comparisons of sarcolemmal organiza-
tion in control and heterozygotic TA muscles (see MATERI-
ALS AND METHODS) revealed no significant differences
(Figure 2A; p > 0.14 by x? analysis). By contrast, costameric
organization in the TA muscle of the desmin —/— mouse
tended to be severely disturbed (Figure 1, G-I). The most
prevalent morphology, present in >50% of the fibers (Figure
2A), showed B-spectrin in a nearly uniform pattern at the
sarcolemma (Figure 1G). Linear elements could be detected
at the sarcolemma of the remaining ~45% of TA myofibers
(Figure 2A), but they were rarely as clear or as well orga-
nized as in controls (see below). Quantitative comparisons of
the organization of B-spectrin at the desmin —/— sarco-
lemma to that of wild-type and heterozygotic mice showed
differences that were highly significant (Figure 2A; p <
0.0001 by x? analysis). These results suggest that the pres-
ence of desmin at or near Z line domains helps to organize
B-spectrin into costameres at the sarcolemma.
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Figure 1. Desmin and B-spectrin at the sarcolemma of normal, heterozygous, and homozygous desmin —/— mice. Perfusion-fixed TA
muscles from wild-type mice (A-C), desmin —/— mice that lack desmin due to homologous recombination (G-I), and desmin +/—
heterozygous mice (D-F), were snap frozen and cryosectioned (see MATERIALS AND METHODS). The sections were double-labeled with
affinity-purified chicken anti-g-spectrin (A, D, and G) and a mouse mAb to desmin (B, E, and H), followed by appropriate secondary
antibodies. Typical costameric structures overlying Z lines (large arrows), M lines (small arrows), and in longitudinally oriented lines
(arrowheads), are indicated in the insets to A-F. Color composite images were created to show B-spectrin in green, desmin in red, and areas
containing both proteins in yellow (C, F, and I). (A-C) The costameric lattice, visualized with anti—B-spectrin (A) is intact. Desmin, visualized
in the same optical plane (B), is detected primarily at or near Z line domains, where it overlaps with B-spectrin (large arrows; transverse
yellow lines in C). Desmin is largely absent from M line and longitudinal domains of costameres (small arrows, arrowheads), which appear
green in the color composite image (C). Desmin is also present in the interior of muscle fibers (e.g., fiber in bottom half of image in B and
C). (D-F) As in the wild-type, muscle that is heterozygous for desmin expression has normal costameres, visualized with anti-B-spectrin (D),
displaying areas of overlap with desmin that are limited primarily to Z line domains (E and F). (G-I) In desmin —/— muscle, desmin is
missing from Z lines near the sarcolemma and in the interior of the fiber (H), and there is no costameric organization of B-spectrin at the
sarcolemma (G). The labeling seen in H and in red in I is nonspecific and is due to the endogenous mouse antibodies in the connective tissue
that are visualized with goat anti-mouse IgG. B-Spectrin in the desmin —/— sample is almost uniformly distributed at the sarcolemma (G
and I). Bars, 5 um.
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Figure 2. Quantitation of B-spectrin patterns in wild-type, desmin
+/—, and desmin —/— fibers. Images of samples processed as in
Figure 1 were evaluated for the dominant patterns of distribution of
B-spectrin in the TA (A) and quadriceps (B) muscles. Images were
sorted into four categories, as described in detail in MATERIALS
AND METHODS: (A, black bars), clear labeling of all three cos-
tameric domains; (B, cross-hatched bars), labeling of only two cos-
tameric domains; (C, open bars), labeling of only one domain pre-
dominates; (D, stippled bars), uniform or irregular labeling. Images
of 97 desmin —/—, 87 desmin +/—, and 102 control fibers were
examined in the TA muscle; 100 desmin —/—, 107 desmin +/—,
and 91 control fibers were examined in the quadriceps.

Other Sarcolemmal Proteins

We studied the distribution of other proteins present in the
membrane skeleton of costameres to learn if they, like
B-spectrin, were organized differently at the sarcolemma of
the desmin —/— mouse. In control TA muscles, B-spectrin is
concentrated in costameres together with several other
membrane skeletal proteins (Porter et al., 1992; Williams and
Bloch, 1999b; Williams et al., 2001). Like B-spectrin, vinculin
(Figure 3C), ankyrin 3 (Figure 3F), and a-fodrin (Figure 3I)
are present in a costameric distribution in wild-type TA
muscles, but they lose this distribution in the desmin —/—
mouse (vinculin: Figure 3B; ankyrin 3: Figure 3E; a-fodrin,
Figure 3H). Likewise, dystrophin (Figure 3L), B-dystrogly-
can (Figure 30), and syntrophin (Figure 3R) are enriched in
costameres in wild-type but not in desmin —/— TA muscle
(dystrophin: Figure 3K; B-dystroglycan, Figure 3N; syntro-
phin: Figure 3Q), although limited regions of the desmin
—/— sarcolemma occasionally retain some remnants of cos-
tameres (e.g., longitudinal domains enriched in dystrophin,
Figure 3K, arrowheads). Utrophin, which in the mdx mouse
is upregulated and codistributes with B-spectrin (Williams
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and Bloch, 1999b), is not present in significant amounts at
the sarcolemma of the TA muscle of the desmin —/— mouse
(compare Figure 3T with 3U). These results suggest that the
costameric organization of many of the proteins normally in
the membrane skeleton of TA muscles requires desmin.

Intracellular Organization near the Sarcolemma

Previous studies of desmin —/— muscle have shown that
most myofibers retain their normal sarcomeres but that the
side-to-side alignment of neighboring myofibrils is dis-
rupted. A small percentage of myofibers show much more
extensive reorganization of their myoplasm, however. We
examined the distributions of three proteins associated with
sarcomeres, a-actinin, DHPR, and SERCA, to determine if
the altered organization of the sarcolemma was associated
with extensive changes in the nearby myoplasm.

We observed no consistent relationship between myoplas-
mic organization and the loss of costameres at the sarco-
lemma in desmin —/— mice. All fibers that lacked regular
sarcomeric structures also lacked organized costameres (not
shown). However, many fibers that retained their regular
myofibrillar organization near the sarcolemma (a-actinin:
Figure 3BB; DHPR: Figure 3DD; SERCA: Figure 3FF) also
lacked organized costameres, as visualized with antibodies
to B-spectrin (Figure 3, AA, CC, and EE). The loss of cos-
tameres in desmin —/— muscle is therefore not associated
with extensive changes in the organization of the nearby
myoplasm.

Costameric Domains Retained in Less Affected
Myofibers

The preceding studies were all performed with the TA mus-
cle of desmin —/— mice, in which the typical organization of
the sarcolemma is severely altered by the desmin —/—
phenotype (e.g., Figures 1, 2A, and 3). Different skeletal
muscles of desmin —/— mice are reported to suffer different
degrees of myopathy, however (Milner et al., 1996; Capet-
anaki et al., 1997; Li et al., 1997). We therefore labeled the
sarcolemmae of several different fast-twitch muscles in the
desmin —/— mouse with antibodies to B-spectrin to learn if
the organization of costameres was also affected to different
extents.

We found that the EDL, which in wild-type has a typical
costameric organization at the sarcolemma (Figure 4A),
showed extensive reorganization in the —/— mouse (Figure
4B), similar to the TA. By contrast, two other muscles with a
high percentage of fast twitch myofibers, the gastrocnemius
and the quadriceps, both of which resemble the EDL in the
wild type (Figure 4, C and E), showed a milder phenotype in
the desmin —/— mouse (Figure 4, D and F). Although the
sarcolemma of quadriceps myofibers in the desmin —/—
mouse were significantly different from controls (Figure 2B;
p < 0.0001 by x* analysis), a significant number showed
what appeared to be a normal costameric pattern, with
distinct elements in longitudinal, Z line and M line domains
(Figures 2B and 4F). Quantitative measurements showed
that, in desmin —/— fibers retaining these three domains,
the relative intensities of labeling by anti—B-spectrin anti-
bodies were not significantly affected, compared with con-
trols (p > 0.11, t-test). Additional myofibers in the quadri-
ceps selectively retained one or two of these domains (see
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below). Some TA myofibers also retained intact costameres
in the absence of desmin, but the number of these fibers was
significantly less than the number seen in the quadriceps
(p < 0.001 by x? analysis). This suggests that the costameres
do not require desmin to the same extent in all muscles and
that structures other than desmin-based IFs that emerge
from the contractile apparatus may also contribute to the
costameric organization of the sarcolemma.
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Figure 3. Membrane skeletal and intracellular proteins in desmin
—/— and control muscle. Samples of wild-type (C, F, I, L, O, R, and
U) and desmin —/— (A, B, D, E, G, H,], K, M, N, P, Q, S, T, and
AA-FF) TA muscle were double-immunolabeled with affinity-pu-
rified chicken antibodies to B-spectrin (A, D, G, J, M, P, S, AA, CC,
and EE) and mouse monoclonal antibodies to vinculin (B and C),
ankyrin 3 (E and F), a-fodrin (H and I), dystrophin (K and L),
B-dystroglycan (N and O), syntrophin (Q and R), utrophin (T and
U), a-actinin (BB), dihydropyridine receptor (DD), or SERCA 1 (FF),
followed by appropriate secondary antibodies. The results show
that vinculin, ankyrin 3, a-fodrin, dystrophin, B-dystroglycan, and
syntrophin are costameric in control muscles (C, F, I, L, O, and R)
but lose their normal costameric organization in desmin —/— mus-
cle (B, E, H, K, N, and Q). In some samples, longitudinally oriented
structures were retained in desmin —/— samples (e.g., K, arrow-
heads). Utrophin is not present at detectable levels in desmin —/—
(T) or wild-type muscle (U). Intracellular organization in desmin
—/— muscle is not altered (BB, DD, and FF). Scale bar in U = 5 um
and applies to all panels.

We examined the fibers of the quadriceps to learn if the
absence of desmin was associated with the preferential loss
of some but not other costameric domains. Because desmin
is primarily associated with Z lines, we predicted that the Z
line domains would be selectively lost, even when some
costameric organization is retained. Muscle fibers were im-
munolabeled with anti-B-spectrin (Figure 5, A and D) to
mark the costameres, and with either anti—a-actinin (Figure
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Figure 4. Sarcolemmal organization in other fast-twitch skeletal
muscles. Cryosections of perfusion-fixed EDL (A and B), gastrocne-
mius (C and D), and quadriceps (E and F) muscles from control (A,
C, and E) and desmin —/— (B, D, and F) mice were labeled for
immunofluorescence with chicken anti—gB-spectrin. The results show
that costameric organization of B-spectrin at the sarcolemma is lost
in desmin —/— EDL muscle, but is largely retained in some desmin
—/— gastrocnemius and quadriceps myofibers. Bars, 5 um.

5B) or antimyosin (Figure 5E) to mark the Z lines and A
bands, respectively, of nearby myofibrils. In both samples,
we found limited regions of the sarcolemma that showed
labeling of M lines (Figure 5, C and F, small arrows) and
longitudinal domains (Figure 5, C and F, arrowheads) with-
out labeling of nearby Z line domains (Figure 5, C and F,
large arrows). These results suggest that M line and longi-
tudinal domains can be selectively retained when Z line
domains are lost in desmin —/— quadriceps muscle.

We quantitated these observations in two ways. First, we
determined the frequency with which sarcolemmal regions
containing M line domains were retained in desmin —/—
quadriceps muscle, compared with regions containing Z line
domains. Of the myofibers in quadriceps muscle that
showed partial costameric organization (Figure 2B, striped
bar), <20% had Z line domains, whereas most (>70%) re-
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tained M line domains. This suggests that the contribution of
fibers containing M line but not Z line domains to this
phenotype was considerable. Because we do not observe a
similar number of desmin —/— muscle fibers that retain
only one costameric domain (Figure 2, open bars), these
results further suggest that M line and longitudinal domains
may be lost simultaneously in many desmin —/— myofi-
bers. Second, we measured the fluorescence intensities of
anti—B-spectrin labeling in 10 neighboring Z line, M line, and
longitudinal domains in the images of Figure 5 and com-
pared them with controls. The values we obtained indicated
that the mean intensity of Z line domains in these desmin
—/— samples was reduced by 34%. This difference was
significant (p < 0.001, ¢ test), despite the considerable range
of intensities we sampled (e.g., Figure 5, C and F). By con-
trast, the mean intensities of M line and longitudinal do-
mains were not consistently altered (5% reduction at M line
domains, p > 0.67; 12% reduction at longitudinal domains,
p > 0.095). These results confirm that Z line domains are
selectively lost in desmin —/— muscle and indicate that M
line and longitudinal domains need not be affected by this loss.

Cytokeratins Identified at Costameres in Desmin
—/— Muscle

Our results with gastrocnemius and quadriceps muscles sug-
gest that costameres can be stabilized by structures that remain
intact when desmin is absent. Ultrastructural studies have sug-
gested that IFs may link the sarcolemma to nearby M lines
(Pierobon-Bormioli, 1981; Li et al., 1997), and immunocyto-
chemical studies have revealed that both developing muscle
and muscle tumors express cytokeratins (Langbein ef al., 1989;
Miettinen and Rapola, 1989; Kosmehl et al., 1990). We therefore
determined if cytokeratins were present in muscle near the
sarcolemma. We first used pan-specific antibodies to IF pro-
teins (Pruss, 1985) to address this question by immunofluores-
cence. Immunofluorescence images of cross sections of quad-
riceps muscle labeled with pan-specific anti-IF antibodies
showed bright labeling of the sarcolemma and less intense
labeling of the cytoplasm both in desmin —/— (Figure 6B) and
wild-type (Figure 6A) muscle. This labeling was specific, be-
cause desmin —/— (Figure 6E) and wild-type muscle incu-
bated with a nonimmune mouse antibody, MOPC-21, showed
no sarcolemmal or cytoplasmic labeling under identical condi-
tions. These results suggest that IF proteins other than desmin
are present in skeletal muscle, and that they are concentrated at
or near the sarcolemma.

We next used pan-specific rabbit antibodies to the cyto-
keratins to determine if they labeled the sarcolemmal region
in similar samples. As we found with the pan-specific mouse
antibodies to IF proteins, rabbit anticytokeratin labeled pri-
marily at and near the sarcolemma in both wild-type (Figure
6C) and desmin —/— (Figure 6D) quadriceps muscle. In this
case, too, labeling was specific, because it was not apparent
in either desmin —/— (Figure 6F) or wild-type (not shown)
muscle incubated with a control, affinity-purified rabbit an-
tibody. These results indicate that cytokeratins are present at
or near the sarcolemma in normal skeletal muscle and that
they persist there when desmin is absent.

We tested the presence of cytokeratins at costameres by
examining longitudinal sections. The pan-specific rabbit an-
ticytokeratin labeled the costameres in wild-type muscle
(Figure 7B) as well as those that were retained in desmin
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Figure 5. M line and longitudinal domains are selectively retained in desmin —/— quadriceps. Quadriceps muscle from desmin —/— mice
were fixed, collected, frozen, sectioned, and immunolabeled as described in Figures 1 and 3. Double labeling utilized chicken anti—B-spectrin
(A and D) and mouse monoclonal antibodies to a-actinin (B) or myosin (E). In color composite images (C and F), B-spectrin is shown in green,
myosin or a-actinin in red, and regions that contain each protein pair in yellow. In insets, Z line domains are indicated by large arrows, M
line domains by small arrows, and longitudinal domains by arrowheads. (A-C) Z lines near the sarcolemma, labeled with anti—-a-actinin (B
and C), show only intermittent colabeling with anti—B-spectrin (A). Nearby longitudinal and M lines tend to be intact. This is especially clear
in C (inset), where there is little overlap indicated and strong green lines appear at longitudinal and M line domains. (D-F) A bands labeled
with antimyosin appear red and consistently show a central yellow line (F, small arrows), consistent with the presence of B-spectrin at M line
domains at the nearby sarcolemma. Longitudinal domains are also intact (arrowhead), but several Z line domains are absent, as indicated
by their failure to label with anti-B-spectrin (large arrows). Bars, 5 um.

—/— quadriceps muscle (Figure 7D). By contrast, labeling
by anticytokeratin antibodies of the sarcolemma of EDL
myofibers, which undergo more extensive reorganization in
the desmin —/— mouse (e.g., Figure 4), showed a nearly
uniform pattern (Figure 7F). Similar results were obtained
with the myofibers from the desmin —/— TA muscle. La-
beling was not seen with an irrelevant rabbit IgG (Figure
7H), indicating that the labeling by the anticytokeratin anti-
bodies was specific. Comparisons to B-spectrin revealed
very similar patterns (compare Figure 7, A,B; C,D; and E,F).
Thus, the cytokeratins are present at all three costameric
domains of the sarcolemma, and their presence there does
not require desmin.

We tested the pan-specific anticytokeratin antibodies to
determine if they reacted with proteins of the appropriate
molecular weights in blots prepared from control and
desmin —/— muscle (Figure 8, lanes a—h). In extracts of both
wild-type and mutant muscle, anticytokeratin labels three
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major bands at ~40,000, 54,000 and 60,000. These are con-
sistent with the sizes of several cytokeratin subunits, in
particular cytokeratins 19, 8, and 5, respectively (see DIS-
CUSSION). Labeling of each of these bands was specific,
because a control antibody failed to label any of them (Fig-
ure 8, lanes i and j). The intensity of labeling of the immu-
noblots was similar in the quadriceps, gastrocnemius, EDL,
and TA muscles of both wild-type and desmin —/— sam-
ples. This suggests that the absence of desmin has no signif-
icant effect on the amounts of these proteins expressed in
skeletal muscle and that the preservation of costameres in
the desmin —/— quadriceps and gastrocnemius muscles
cannot be ascribed solely to an increased level of expression
of the cytokeratins. Nevertheless, our results are consistent
with the conclusion that adult skeletal muscle expresses
cytokeratins and concentrates them in costameres at the
sarcolemma of both normal and desmin —/— myofibers.
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Figure 6. IF proteins at the sarcolemma in wild-type and desmin
—/— skeletal muscle. Frozen cross sections of wild-type (A and
C) and desmin —/— (B and D-F) quadriceps muscles were im-
munolabeled with pan-specific mouse monoclonal antibodies to
IF proteins (A and B), with affinity-purified, pan-specific rabbit
antibodies to cytokeratins (C and D), or with nonimmune con-
trols (E and F). The results show that IF proteins (B) and cyto-
keratins (D) are present at the sarcolemma in desmin —/— skel-
etal muscle. Bars, 5 um.

DISCUSSION

The observation that the sarcolemma of skeletal muscle is
organized into structures that align with the Z lines of
nearby myofibrils was made nearly two decades ago, when
costameres were first discovered and named (Craig and
Pardo, 1983; Nelson and Lazarides, 1983; Pardo ef al., 1983a,
1983b; Nelson and Lazarides, 1984), but the nature of the
structure(s) that mediate this alignment have never been
elucidated. Ultrastructural studies suggested that this par-
allel organization is mediated by IFs. Because desmin, the
major IF protein of skeletal muscle, is concentrated at Z lines
and is present near the sarcolemma (see INTRODUCTION
for references), we predicted that costameres would be dis-
rupted in desmin —/— mice. Our studies of fast-twitch
muscles confirm this prediction, but they also indicate that
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Figure 7. Cytokeratins at costameres in wild-type and desmin
—/— skeletal muscle. Longitudinal cryosections of wild-type (A, B)
and desmin —/— (C-H) quadriceps (A-D, G, and H) and EDL (E
and F) muscle were immunolabeled with chicken anti-B-spectrin
(A, C, E, and G) and either affinity-purified, pan-specific rabbit
antibodies to cytokeratins (B, D, and F) or with a nonimmune rabbit
antibody (H). Cytokeratins are specifically labeled at costameres
present in wild-type (B), and retained in desmin —/— (D) quadri-
ceps muscle. Cytokeratins are more uniformly distributed at the
sarcolemma of EDL muscle of desmin —/— mice (F). In the insets in
A-D, Z line domains and M line domains are indicated by large and
small arrows, respectively. Bars, 5 um.
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Figure 8. Immunoblotting of cytokera-
tins in wild-type and desmin —/— skele-
tal muscle. Homogenates of TA (a and b),
EDL (c and d), quadriceps (e, f, i, and j)
and gastrocnemius (g and h) muscles
from wild-type (a, ¢, e, g, and i) and
desmin —/— (b, d, f, h, and j) mice were
subjected to SDS-PAGE at 30 ug protein/
lane and immunoblotted with mouse
monoclonal  anticytokeratin  antibody
(a=h) or nonimmune mouse IgG,
MOPC-21 (i and j). The blots show several
bands between 40 and 60 kDa, including a
broad band at ~52-56 kDa, that label spe-
cifically with the pan-specific antibody to
cytokeratins. The intensities of these

anti-ck

desmin’s stabilizing role is limited. In some desmin —/—
myofibers, the longitudinal and M line domains of cos-
tameres remain intact, whereas in others, the entire cos-
tameric lattice appears unaffected by the desmin null phe-
notype. In studying the latter, we discovered the presence
in adult skeletal muscle of cytokeratins and showed that
they can concentrate at all three domains of costameres,
even when desmin is absent. Cytokeratins are the first IF
proteins of striated muscle that are known to have this
distribution.

Although ours is the first report of cytokeratins in healthy,
adult skeletal muscle, cytokeratins have been reported in

bands do not change significantly with the
desmin null phenotype or with the muscle
examined.

con

developing muscle (Kosmehl ef al., 1990) as well as in rhab-
domyosarcomas (Langbein ef al., 1989; Miettinen and
Rapola, 1989). Of particular interest to us is our observation
that the cytokeratins appear to concentrate at the sarco-
lemma in costameres (e.g., Figures 6 and 7). This suggests
that, unlike desmin, which not only interacts with the sar-
colemma at Z line domains but also surrounds the Z disks
throughout the myoplasm, cytokeratins may interact prefer-
entially with the sarcolemma. Because other members of the
IF superfamily can bind to B-spectrins (Langley and Cohen,
1987; Frappier et al., 1992a, 1992b; Macioce et al., 1999),
cytokeratin-sarcolemmal interactions may even be mediated

Extracellular matrix

Myosin

Z-Line—T

Figure 9. Model of the sarcolemmal membrane skeleton and its relationship to desmin and cytokeratin. This figure depicts a model of the
organization of the muscle cell surface, from the extracellular space to the contractile apparatus. The membrane skeletal and intermediate
filament proteins that we have studied at costameres are emphasized, whereas many proteins known to be at or near the sarcolemma or in
the contractile structures have been omitted for clarity. Longitudinal domains, which are similar in composition to M line domains, and
intercostameric regions are not illustrated. The only extracellular protein depicted is a-dystroglycan (a-DG). Integral proteins of the
sarcolemma shown are the o and S chains of the Na, K-ATPase, B-dystroglycan (8-DG), sarcoglycans (SG), and sarcospan (SP). The membrane
skeletal proteins illustrated are ankyrin 3 (Ank), dystrophin, all-spectrin (a-fodrin), and BIZ2-spectrin (B-spectrin). Sarcomeric proteins
shown are actin, myosin and «-actinin. Our results suggest that two sets of intermediate filaments connect the contractile apparatus to the
costameres at the sarcolemma: desmin, which links the Z disks to the Z line domains of costameres, and cytokeratin, which links the
contractile apparatus to all three costameric domains. Cytokeratin filaments were referred to as “connectors” in an earlier version of this
cartoon (Williams et al., 2001). Not drawn to scale.

M-Line—1

Z-Line
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by members of the spectrin superfamily, as suggested by the
model shown in Figure 9. Understanding these potential
interactions will require more definitive characterization of
the cytokeratins in muscle.

In preliminary experiments, we have used RT-PCR to
confirm the presence of at least two cytokeratins in adult
striated muscle, cyokeratins 8 and 19 (our unpublished re-
sults). This is consistent with the results of our immunoblots
(Figure 8), which identify two bands with molecular masses
of ~40 and ~54 kDa, expected for these two proteins. Thus,
cytokeratins 8 and 19 can account for two of the three major
bands we detect in immunoblots of skeletal muscle probed
with pan-specific antibodies to the cytokeratins (e.g., Figure
8). Other bands detected in immunoblots may be due to
additional cytokeratins expressed either in myofibers or in
the other cell types present in skeletal muscle (e.g., blood
vessels, connective tissue). Experiments at the molecular
level are now in progress to characterize more thoroughly
each of the cytokeratins of adult striated muscle and the IFs
that they form, to localize them within muscle cells, and to
learn how they interact with the sarcolemma.

Our results indicate that, like desmin in the interior of
muscle fibers, desmin at the sarcolemma is selectively en-
riched at the level of Z lines. It was therefore to be expected
that Z line domains would be lost in the desmin —/—
mouse. Because different muscles are affected by the desmin
null mutation to varying extents (Milner et al., 1996; Li et al.,
1997), it was not surprising to find that the sarcolemma in
the TA and EDL was more severely disrupted than in the
quadriceps and gastrocnemius (e.g., Figures 2, 4, and 7). This
cannot be explained by variations in the levels of the cyto-
keratins in these muscles (Figure 8) or by a total loss of
organization in the myoplasm (Figure 3), reported to occur
in a small number of desmin —/— fibers (Milner ef al., 1996;
Li et al., 1997). We currently favor the idea that these differ-
ences are due to the distinct duty cycles of these muscles
during normal locomotory activity and the extents to which
the connections between the sarcolemma and the contractile
apparatus in these muscles rely on desmin-based IFs. Alter-
natively, proteins that help to stabilize the connections of IFs
to the sarcolemma may be expressed in varying amounts in
different desmin —/— muscles (but see Carlsson et al., 2000).
In any case, our results clearly indicate that, although the
cytokeratins are present at costameres and may well be
necessary for sarcolemmal organization, their simple pres-
ence at the sarcolemma may not be sufficient to stabilize
costameres when desmin is absent.

Although they are lost in most TA and EDL muscles, the
costameric structures most likely to persist in desmin —/—
quadriceps muscle are the longitudinal and M line domains.
This is in striking contrast to results with muscle that lacks
dystrophin, in which the longitudinal and M line domains
are selectively lost, whereas the Z line domains are selec-
tively retained (Porter et al., 1992; Williams and Bloch,
1999b). Our observations on muscle from the mdx mouse
suggest that the costameric structures that remain at the
sarcolemma of dystrophic muscle may be stabilized by as-
sociation with desmin IFs, even when obvious Z line do-
mains are lost and replaced with irregular, polygonal struc-
tures (our unpublished results). Thus, desmin appears to
help to maintain Z line domains and related structures, but
not M line or longitudinal domains. The cytokeratins at
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those domains (e.g., Figure 9) may play a role in stabilizing
them when desmin is absent, perhaps by interacting with
the dystrophin-based membrane skeleton. Dystrophin at
costameres may associate indirectly with still other IF pro-
teins, including syncoilin and desmuslin (Mizuno et al., 2001;
Newey et al., 2001, Poon et al., 2002), two newly identified
members of the IF superfamily that bind the dystrophin-
associated protein, a-dystrobrevin. Neither desmuslin nor
syncoilin has been unambiguously localized to costameres,
however.

The distinct effects of null mutations in dystrophin and
desmin suggest that different structural elements are in-
volved in stabilizing the three domains that make up the
costameric lattice of fast-twitch skeletal muscle. As men-
tioned above, Z line domains are likely to be stabilized at
least in part through their association with desmin. In addi-
tion to desmin, the only other structural protein that is
currently known to concentrate selectively at Z line domains
is a-fodrin (all-spectrin). Although it is tempting to specu-
late that desmin IFs anchor to a-fodrin at the sarcolemma at
Z line domains, binding of desmin to « subunits of the
spectrin superfamily has yet to be reported. Desmin and
other IF proteins bind to spectrin and to ankyrin (Georgatos
and Blobel, 1987; Langley and Cohen, 1987; Frappier et al.,
1991, 1992; Macioce et al., 1999), however, so anchoring of
desmin IFs to the sarcolemma may be mediated by the
aB-spectrin heteromers and ankyrin that are present at Z
line domains (Porter et al., 1997; Williams and Bloch, 1999b;
Williams et al., 2001; see Figure 9).

The structures that anchor to and stabilize the longitudi-
nal and M line domains remain to be identified, but our
present results suggest that they may be cytokeratin-based
IFs. If so, then the loss of cytokeratin-based IFs from the
longitudinal and M line domains of the dystrophic sarco-
lemma may contribute to the myopathy seen in Duchenne
dystrophy, and mutations in the cytokeratins themselves
may be linked to other muscular dystrophies. In addition,
the destabilization of the Z line domains of costameres that
occurs in the absence of desmin is likely to contribute to the
myopathy and the associated loss of contractile strength
observed in desmin —/— mice and in human desminopa-
thies (Milner et al., 1996; Li et al., 1997; Sam et al., 2000; Li and
Dalakas, 2001).
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