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Abstract. Costameres were identified, for the first time, in
skeletal and cardiac muscle, as regions associated with the
sarcolemma, consisting of densely clustered patches of
vinculin; they have many characteristics common to the cell-
extracellular matrix-type of adherens junctions. Costameres
are considered ‘proteic machinery’ and they appear to
comprise two protein complexes, the dystrophin-glycoprotein
complex (DGC) and the vinculin-talin-integrin system. In
comparison to skeletal muscle, few studies have focused on
cardiac muscle regarding these two complexes, and study is
generally relative to dystrophin or to cardiac diseases, such as
cardiomyopathies. However, insufficient data are available on
these proteins in healthy human cardiomyocytes. For this
reason, we performed an immunohistochemical study using
human cardiac muscle fibers, in order to define the real
distribution and the spatial relationship between the proteins in
these two complexes. Our data showed a real costameric
distribution of DGC and of the vinculin-talin-integrin system;
all tested proteins were present in T-tubule and in intercalated
disks. Moreover, our data demonstrated that all tested
proteins of DGC colocalized with each other, as all tested
components of the vinculin-talin-integrin system, and that all
tested proteins of DGC colocalized with all tested proteins of
the vinculin-talin-integrin system. Finally, all tested proteins of
the two complexes were localized in the region of the
sarcolemma over the I band, in 100% of our observations. The
present study, for the first time, analyzed the majority of
proteins of DGC and of the vinculin-talin-integrin system in
cardiac muscle fibers, and it confirmed that DGC and the
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vinculin-talin-integrin system have a role in the transduction
of mechanical force to the extracellular matrix. Finally it
attributed a key role in the regulation of action potential
duration to cardiac myocytes.

Introduction

Costameres were identified in skeletal and cardiac muscle, for
the first time, by Pardo et al (1), as transverse lattice elements
which marked sites of attachment between myofibrils and
sarcolemma. Similar to the hoops and staves of a barrel, this
cortical lattice has longitudinal elements and transverse
circumferential elements. In skeletal muscle these elements
have a substructure consisting of densely clustered patches of
vinculin; the patches are segregated into two rows which flank
the Z line and overlie the I band of the underlying sarcomere
D).

In cardiac muscle, the costameres appear somewhat
different to those in skeletal muscle as cardiac costameres do
not appear to consist of doublet bands flanking the Z line but
instead appear as one band over it. They are generally
narrower than the underlying I band with a greater staining
intensity directly over the Z line (2).

It has become apparent that costameres have many
characteristics common to the cell-extracellular matrix-type
of adherens junction, in particular, the focal adhesion or
adhesion plaque (3). Additionally, other proteins that are also
involved in cytoskeletal-membrane interactions have been
identified at sites coinciding with costameres (4-7). On this
basis, it was demonstrated that costameres consist of cyto-
skeletal proteins that are associated with the sarcolemma
(vinculin, talin and dystrophin), signaling proteins [nitric
oxide synthase (NOS), syntrophins and dystrobrevin],
transmembrane proteins (integrins, B-dystroglycan, and
sarcoglycans), and extracellular proteins (a-dystroglycan and
muscle agrin). Due to their constituents, costameres are
considered as ‘proteic machinery’ and they appear to comprise
two protein complexes that provide important signaling
between the extracellular matrix and the muscle fibres: the
dystrophin-glycoprotein complex (DGC) and the vinculin-
talin-integrin system (8-10).

The DGC, composed of at least ten proteins, links laminin 2
(merosin) of the extracellular matrix and actin and stabilizes
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the cell membrane during muscle activity (11,12). Three
subcomplexes can be identified in the context of DGC, on the
basis of different biochemical characteristics and localization:
the sarcoplasmic, the dystroglycan and the sarcoglycan
transmembrane subcomplex.

Concerning the sarcoplasmic subcomplex, it was
demonstrated that immunofluorescence changes occur in the
N-terminus region of dystrophin, in human failing myocardium
(13). This alteration in dystrophin may be a final common
pathway for contractile dysfunction resulting in dilated
cardiomyopathy (14). The association of dystrophin with
cardiomyocyte T-tubules, which play a key role in excitation-
contraction coupling, suggests that dystrophin may serve
diverse roles in myocyte membranes.

The dystroglycan subcomplex comprises a- and 8-
dystroglycan. a-dystroglycan is an extracellular protein
which binds to a-laminin, a component of the basal lamina
(extracellular matrix) and to B-dystroglycan. B-dystroglycan
is a transmembrane glycoprotein that appears to play a
fundamental role within the DGC complex, in connecting the
intracellular cytoskeleton to the extracellular matrix, a function
that does not appear to be limited to skeletal and cardiac
muscles (9).

Sarcoglycan subcomplex is a multi-member complex
closely associated with dystroglycan and is thought to stabilize
the interactions of dystroglycan with the extracellular matrix
and with dystrophin and its associated proteins (15). Six
sarcoglycan genes have been identified to date, a-, B-, y-, 8-,
¢-, and C-sarcoglycan, organized in a tetrameric arrangement
(16). In particular, the composition of the sarcoglycan
subcomplex, in skeletal and cardiac muscle, is represented by
the association of a-, B-, y-, and §-sarcoglycan, whereas, in
smooth muscle, it is represented by ¢-, B-, 8-, and C-sarcoglycan
(17). Our recent reports on smooth muscle, hypothesized that
the six sarcoglycans can be arranged in an exameric structure
(18,19).

Regarding the vinculin-talin-integrin system, it is
commonly known that vinculin and talin are cytoskeletal
proteins which are believed to be essential components in the
linkage of cytoskeletal actin filaments to the plasma membrane
(20). Integrins are heterodimers composed of an « and a
subunit (21). The cytoplasmic domain is relatively short but
nevertheless can participate in an intracellular signaling
cascade (22). At present, 22 heterodimers have been identified,
composed of 16 a chains and 8 B chains. The a7B and 81D
isoforms are the most common integrins found in adult skeletal
muscle (23,24). In particular, they mediate the processes of
cell adhesion and migration and regulate the intracellular
organization of the actin cytoskeleton; they also play an
important role in many signaling processes (21).

Talin and integrin 81 are known to show striated distribution
patterns similar to costameres in cardiac muscle (23,24),
suggesting that these proteins may help form the adhesion
complex with vinculin at the costameres, mediating contraction
force transmission.

In comparison to skeletal muscle, relatively few studies
have focused on cardiac muscle regarding the behaviour of
DGC and the vinculin-talin-integrin complex in the costameres
(25,26), and the majority of these is relative to dystrophin. In
particular, it was demonstrated in rat cardiac muscle, that
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dystrophin is not uniquely distributed at costameres and is
continuously and uniformly distributed at the cytoplasmic
surface of the peripheral plasma membrane (27). Conversely,
other authors demonstrated that dystrophin partially colocalizes
with costameric vinculin in healthy myocytes, suggesting a
primarily mechanical role for dystrophin in the maintenance
of cell membrane integrity (28).

It was demonstrated that intracellular regions of cardiac
muscle revealed a selective labeling of Z-disks by dystrophin
antibodies suggesting that this protein may play a key role in
maintaining structural integrity of cardiac muscle (26). Finally,
it was well documented that, in addition to the sarcolemma, a
substantial pool of dystrophin also localizes at the T-tubules
in cardiac muscle in contrast to its known absence in skeletal
muscle T-tubules (29), implying additional roles of dystrophin
in the membrane domain (28). Concerning the sarcoglycans
subcomplex, previous studies have addressed the behaviour
in pathological muscle and specifically muscular dystrophy,
sarcoglycanopathies or cardiomyopathies (30-32), and
insufficient data are available on these proteins in healthy
human cardiomyocytes.

Accordingly, the present study set out to apply high-
resolution single- and double-immunolabeling techniques in
order to define, in human cardiac muscle fibers, the real
distribution and the precise spatial relationship between the
proteins of DGC and of the vinculin-talin-integrin system in
relation to the costameres, the T-tubule, and the intercalated
disks.

Materials and methods

Samples of healthy human adult cardiac muscle were obtained
from 5 male patients who underwent surgery for valvulopathy.
Patients were between 40 and 60 years of age. All patients
gave informed consent and all procedures followed were in
accordance with the principles outlined in the Helsinki
Declaration of 1975.

Biopsies, obtained from the left atrium were fixed in 3%
paraformaldehyde in a 0.2 M phosphate buffer at pH 7.4, for
2 h. After numerous rinses in 0.2 M phosphate buffer and
phosphate-buffered saline (PBS), the biopsies were infiltrated
with saccharose at 12 and 18%, to obtain a gradual substitution
of saline solution with glucosate solution and then to avoid
disruption of cellular membranes during successive phases.
Finally the sections were frozen in liquid nitrogen.

Sections (20 ym) were cut on a cryostat and collected on
glass slides coated with 0.5% gelatin and 0.005% chromium
potassium sulphate. To block non-specific sites and to render
the membranes permeable, sections were pre-incubated with
1% BSA and 0.3% Triton X-100 in PBS at room temperature
for 15 min. Finally, sections were incubated with primary
antibodies for 2 h. Different series of single and double
localizations were performed. Antibodies used and their
dilutions are listed in Table I.

In all reactions, TRITC-conjugated IgG anti-mouse in
goat was used as first fluorochrome (1:100 dilution; Jackson
ImmunoResearch Laboratories, West Grove, PA) and applied
for 1 h with the primary antibody.

For double-localization reactions, after many rinses with
PBS and incubation with a biotinylated IgG in goat to obtain
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Primary antibodies Source Dilution
DGC complex
Anti-a-sarcoglycan (monoclonal mouse) Novocastra Laboratories Ltd 1:100
Anti-B-sarcoglycan (monoclonal mouse) Novocastra Laboratories Ltd 1:200
Anti-y-sarcoglycan (monoclonal mouse) Novocastra Laboratories Ltd 1:100

Anti-d-sarcoglycan (monoclonal mouse)

Novocastra Laboratories Ltd 1:50

Anti-e-sarcoglycan (monoclonal mouse) Novocastra Laboratories Ltd 1:100
Anti-B-dystroglycan (monoclonal mouse) Novocastra Laboratories Ltd 1:100
Anti-dystrophin COOH-terminus (monoclonal mouse) Novocastra Laboratories Ltd 1:20
Vinculin-talin-integrin system
Anti-vinculin (monoclonal mouse) Sigma-Aldrich 1:100
Anti-talin (monoclonal mouse) Sigma-Aldrich 1:100
Anti-a7B integrin (polyclonal mouse) Laboratories of Prof Tarone 1:50
Anti-B1D integrin (polyclonal mouse) Laboratories of Prof Tarone 1:50
Secondary antibodies Source Dilution
IgG anti mouse in goat conjugated with TRITC Jackson ImmunoResearch Laboratories Inc. 1:100
IgG anti rabbit in donkey conjugated with TRITC Jackson ImmunoResearch Laboratories Inc. 1:100
Anti-F-actin conjugated with FITC Jackson ImmunoResearch Laboratories Inc. 1:100

saturation of the residual-free binding sites, sections were
incubated with a second antibody conjugated with FITC-
conjugated secondary IgG, as second fluorochrome (1:100
dilution; Jackson ImmunoResearch Laboratories).

Slides were finally washed in PBS and sealed with
mounting medium. Sections were then observed and photo-
graphed using a Zeiss LSM 5 Duo laser scanning microscope
(Carl Zeiss; Jena, Germany). All images were digitalized at a
resolution of 8 bits into an array of 2048 x 2048 pixels. Optical
sections of fluorescence specimens were obtained using a
HeNe laser (543 nm) and an argon laser (458 nm) at a 1-min,
2-sec scanning speed with up to 8 averages; 1.5-um sections
were obtained using a pinhole of 250. For each reaction, a
minimum of 100 fibers was observed, in order to obtain a
statistical analysis.

Contrast and brightness were established by examining
the most brightly labeled pixels and applying settings that
allowed clear visualization of structural details while keeping
the highest pixel intensities close to 200. The same settings
were used for all images obtained from the other samples that
had been processed in parallel.

Digital images were cropped and figure montages prepared
using Adobe Photoshop 7.0 (Adobe Systems; Palo Alto, CA).

Results

In order to define a targeting model of the real distribution of
DGC and vinculin-talin-integrin system proteins, we analyzed
all proteins with single- and double-immunolabeling
techniques, in healthy human adult atrial muscle.

Using confocal laser scanning microscopic observations,
we studied the immunostaining of all known sarcoglycans, B3-
dystroglycan and dystrophin, and of any proteins of the

vinculin-talin-integrin system, in longitudinal and in
transverse sections, using specific antibodies.

We performed a negative control on a longitudinal section
of normal human adult atrial muscle, using only the secondary
antibody (Fig. 1A); in Fig. 1B, we showed the corresponding
transmitted light of Fig. 1A.

Immunoconfocal microscopy revealed consistent costameric
patterns of all sarcoglycans and B-dystroglycan in longitudinal
(Fig. 2A-F) and in transverse sections (data not shown). The
analysis of dystrophin in transverse sections (Fig. 2G),
showed a punctuate pattern that evidenced a costameric
distribution of this protein, similar to the longitudinal section
(data not shown).

Indirect immunofluorescence applied in healthy human
adult atrial muscle, using antibodies against vinculin-talin-
integrin system, showed a similar costameric distribution in
longitudinal and transverse sections. We demonstrated the
costameric pattern of a7B-integrin (Fig. 3A) and talin (Fig. 3D),
in longitudinal sections, and of $1D-integrin (Fig. 3B) and
vinculin (Fig. 3C) in transverse sections.

In order to investigate the presence of proteins in T-tubules
and intercalated disks, we applied the single localization
reactions in transverse and longitudinal sections of healthy
human adult atrial muscle, respectively. In all observations, we
consistantly detected the immunofluorescence pattern for all
tested proteins. Regarding T-tubules, the immunofluorescence
of a-sarcoglycan (Fig. 4A), e-sarcoglycan (Fig. 4B), B-
dystroglycan (Fig. 4C), dystrophin (Fig. 4D), vinculin (Fig. 4E),
and a7B-integrin (Fig. 4F), comprising B-, y-, §-sarcoglycan,
B1D-integrin and talin (not shown); a thin layer at myocyte
sarcolemma, with irregular spoke-like extensions, penetrating
toward the center of the cell (yellow arrows), clearly indicated
the presence of these proteins in T-tubules. Observations of
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Figure 1. Negative control of a longitudinal section of normal human adult atrial myocardium immunolabeled with the secondary antibody only (A), and

corresponding transmitted light (B).
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Figure 2. Normal human adult atrial myocardium labeled for a-sarcoglycan (A); B-sarcoglycan (B); y-sarcoglycan (C); 8-sarcoglycan (D); e-sarcoglycan
(E);B-dystroglycan (F) and dystrophin (G). In longitudinal sections all tested proteins of DGC appeared as costameric bands at regular intervals (A-F). In
transverse sections, dystrophin showed a precisely matched punctuate pattern observed at peripheral sarcolemma (G).

longitudinal sections labeled with single localization evidenced
the presence of proteins in intercalated disks, showing a
clearly detectable staining pattern. All tested DGC proteins
(Fig. 4G-J), comprising B-, y-, and e-sarcoglycan (not shown),
and all vinculin-talin-integrin system proteins (Fig. 4K-L),
including vinculin and o7B-integrin (not shown), were
visualized as bright and clear labeled in the thick pattern that
indicates the intercalated disks of cardiac fibers (yellow
arrows).

To better test the contemporary presence of all proteins,
in longitudinal and transverse sections, and their localization,
we performed two stocks of double-localization reactions.

The first stock was carried out by matching antibodies to all
DGC-tested proteins with themselves, antibodies to all
vinculin-talin-integrin system proteins with themselves, and
finally antibodies to all proteins of DGC with antibodies to all
proteins of vinculin-talin-integrin system. The second stock
was carried out matching antibodies to all proteins of two
complexes with antibodies to sarcomeric actin (localized to
the I-band).

In the first set of immunofluorescent images, a clear yellow
fluorescence in the longitudinal and transverse sections
revealed the contemporary presence, and then the colocalization,
of a-sarcoglycan with y-sarcoglycan (Fig. 5SA), of B-sarcoglycan
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Figure 3. Normal human adult atrial myocardium labeled for a7B-integrin (A); 1D-integrin (B); vinculin (C) and talin (D). These proteins, in longitudinal (A
and D) and transverse (B and C) sections also showed a costameric distribution mirroring that of DGC proteins.

with dystrophin (Fig. 5B), of y-sarcoglycan with B-dystroglycan
(Fig. 5C), and of B-dystroglycan with dystrophin (Fig. 5D).
The yellow signal of immunofluorescence revealed the
superimposition of the red and green channel. The same co-
localization staining pattern was detectable in other reactions
(not shown).

Similar colocalization patterns were detectable with
vinculin-talin-integrin system proteins. The yellow signal of all
images revealed a colocalization of a7B-integrin with 31D-
integrin (Fig. SE), of a7B-integrin with vinculin (Fig. 5F), of
B1D-integrin with talin (Fig. 5G), and vinculin with talin
(Fig. 5SH). The same colocalization staining pattern was
detectable in the other reactions (not shown).

Similar conditions were detectable for double localization
reactions carried-out when matching antibodies for DGC
proteins with antibodies for the vinculin-talin-integrin system.
The yellow signal of each reaction revealed a colocalization of
a-sarcoglycan with a7B-integrin (Fig. 6A), of B-sarcoglycan
with B1D-integrin (Fig. 6B), of dystrophin with vinculin
(Fig. 6C), and of B-dystroglycan with talin (Fig. 6D), in
sarcolemma and in intercalated disks (blue arrows). The same
colocalization staining pattern was detectable in the other
reactions (not shown).

In the second set of immunofluorescent reactions we
matched all proteins of two complexes with sarcomeric actin.
We observed that all proteins constantly colocalized with
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Figure 4. Transverse sections of normal human adult atrial myocardium, labeled (upper panel) for a-sarcoglycan (A); e-sarcoglycan (B); B-dystroglycan (C);
dystrophin (D); vinculin (E) and «7B-integrin (F). In all sections, T-tubules (yellow arrows) were clearly detectable and observed oriented transverse to long axis
of cells. In the lower panel, the longitudinal sections of normal human adult atrial myocardium labeled for a-sarcoglycan (G); -sarcoglycan (H); B-dystroglycan
(I); dystrophin (J); talin (K) and 81D-integrin (L). In all sections, intercalated disks (yellow arrows) were evident.

actin, evident by the yellow signal due to the superimposition  dystrophin (Fig. 7D), a7B-integrin (Fig. 7E), vinculin (Fig. 7F),
of the red and green channel. This indicated that a-sarcoglycan  and all other proteins (not shown), were consistantly localized on
(Fig. 7A), y-sarcoglycan (Fig. 7B), B-dystroglycan (Fig. 7C), the regions of the sarcolemma corresponding to the I-band.
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Figure 5. In the left panel, normal human adult atrial myocardium double-labeled for a-/y-sarcoglycan (A); B-sarcoglycan/dystrophin (B); y-sarcoglycan/B3-
dystroglycan (C) and B-dystroglycan/dystrophin (D). In longitudinal (A and D) and in transverse (B and C) sections, all proteins of DGC colocalize with each
other of the same complex. In the right panel, normal human adult atrial myocardium double-labeled for a7B-/61D-integrin (E); «7B-integrin/vinculin (F);
B1D-integrin/talin (G) and vinculin/talin (H). In all reactions the first protein is indicated with red fluorescence, the second protein is indicated with green
fluorescence and areas of colocalization are presented as a yellow pattern. For proteins of the vinculin-talin-integrin system, all proteins colocalize with each

other in longitudinal (E and H), and in transverse sections (F and G).
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Figure 6. Normal human adult atrial myocardium double-labeled for a-sarcoglycan/a7B-integrin (A); B-sarcoglycan/B31D-integrin (B); dystrophin/vinculin (C)
and B-dystroglycan/talin (D). In all reactions the first protein is indicated with red fluorescence and the second with green fluorescence. All images show a
constant colocalization of DGC proteins with the vinculin-talin-integrin system proteins, in sarcolemma and in intercalated disks (blue arrows). Areas of

colocalization are seen as a yellow staining pattern.

Discussion

In the present investigation, we applied a single- and a
simultaneous dual-channel scanning immunoconfocal
microscope, to study the distribution and localization of the
components of DGC and the vinculin-talin-integrins system
in healthy human cardiac muscle fibers.

The original purpose of our study was to investigate
whether two complexes showed costameric distribution and
the same behaviour of localization as reported in human
skeletal muscle (33), and to investigate the presence of these
proteins in intercalated disks and in the T-tubule.

The novel results of the present study showed, for the first
time, a) a real costameric distribution of all tested proteins of
DGC, including dystrophin, and of all tested proteins belonging

to the vinculin-talin-integrin system; b) the presence of all
tested proteins in the T-tubule and c), in intercalated disks.
Moreover, in double-immunofluoresence reactions, our data
showed that all tested proteins of DGC colocalized between
each other, as all tested components of the vinculin-talin-
integrins system, in 100% of observations. All tested proteins
of DGC constantly colocalized with all tested proteins of the
vinculin-talin-integrin system and all tested proteins of two
complexes were localized in the region of the sarcolemma
over the I band, in 100% of observations.

The present study, for the first time, analyzed the majority
of proteins of DGC and of the vinculin-talin-integrin system
in cardiac muscle fibers; all these proteins constantly showed
a costameric distribution. Additionally, our results, showing
the colocalization of all proteins with each other and the
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Figure 7. Normal human adult atrial myocardium double-labeled for a-sarcoglycan/actin (A); y-sarcoglycan/actin (B); B-dystroglycan/actin (C);
dystrophin/actin (D); a-7B-integrin/actin (E) and vinculin/actin (F). In all reactions, the first protein is indicated with red fluorescence and the second, with
green fluorescence. All images constantly show a colocalization of all tested proteins with sarcomeric actin, indicating that all proteins are localized on the

regions of the sarcolemma corresponding to the I-band.

localization of all proteins in the region over the I band,
confirm, first, that a protein machinery exists in cardiac, as
well as in skeletal muscle (10) and secondly, confirm our
previous hypothesis on the localization of sarcoglycans in
human skeletal and cardiac muscle (34).

Previously we demonstrated that a different distribution
of sarcoglycans exists in the two muscles types. By using
double-immunolabeling techniques between sarcoglycans
and sarcomeric actin, we demonstrated that sarcoglycans, in
skeletal muscle can be localized, in distinct fibers, in regions
of the sarcolemma over the I band or over the A band.
Conversely, in cardiac muscle, sarcoglycans were localized
constantly in the regions of the sarcolemma over the I band.
In obtaining these results, we hypothesized a correlation
between regions of the sarcolemma occupied by costameres
and the metabolic types of the fibers (fast or slow). In particular
the slow fibers are characterized by the localization of
costameric proteins in the region of the sarcolemma over the
I band and the fast fibers by the localization of the costameres
in the region over the A band (34).

It is commonly known, regarding mammalian skeletal
muscle that the current consensus of immunofluorescence
studies is that dystrophin, and other associated proteins, have
a non-uniform distribution at the cytoplasmic surface of the
plasma membrane. These are in the form of dense transversely
oriented bands at the I band level, at costameres, linked by

finer longitudinally oriented strands (35-38). In mouse
cardiac muscle, early studies suggested a continuous
subsarcolemmal layer of dystrophin, hypothesizing that
dystrophin is not a specific component of the cardiac costa-
meres (27). Our present observations clearly indicate that
dystrophin, and other associated proteins, constantly presented
a costameric distribution. We propose that the differences in
the dystrophin distributions could be due to different tissues
being analyzed. Our observations were carried out on human
cardiac muscle, while other studies have used a Sprague-
Dawley rat (27) or mouse muscle (25). On this basis, it is
clear that subtle but distinct differences exist between human
and rat cardiomyocytes. Human myocytes show concentrated
bands at the sites of the vinculin-rich costameres, while in rat
myocytes, dystrophin presented as a continuous sheet,
indicating the existence of species differences in cardiac
dystrophin distribution between large and small animals.
Therefore, it is possible to attribute the mechanical role
represented by the maintenance of membrane stability (28) to
the membrane-associated dystrophin protein complex. The
membrane cytoskeleton thus has the potential to contribute to
the mechanical strength of the muscle surface membrane
involving stabilization of the peripheral plasma membrane
during the repetitive distortions associated with cardiac
contraction. The continuous pattern of dystrophin demon-
strated in rat cardiomyocytes suggests a uniform strengthening
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over the entire expanse of the peripheral plasma membrane
(25,27).

In this way, the human heart, being larger and generating
a higher wall shear stress according to Laplace's law, may
display a clustering of dystrophin over the costameric regions
of the membrane and points of highest force, as an adaptation
to provide the necessary increase in mechanical strength.
This hypothesis is supported by the evidence that the higher
stress to which human skeletal muscle is exposed, due to the
greater body mass, may therefore be important regarding
myocyte damage in Duchenne muscular dystrophy (35).
Therefore, the concentration of dystrophin over the costameric
regions of the human cardiac fibers may be important for the
adaptation to provide increased mechanical strength of the
myocyte membrane at these points.

The presence of all tested proteins in intercalated disks of
human cardiac muscle, suggests, for dystrophin and other
proteins, a role in transduction of mechanical force to the
extracellular matrix. The integrins are also involved in this
function. They play an essential role in the maintenance of
the bidirectional communication of mechanical force
between cardiomyocyte cytoskeleton and the extracellular
matrix (39). The mechanical forces are transduced into
biochemical signals leading to sarcomeric assembly and
altered gene expression. This form of signaling is the
predominant mechanism responsible for adaptive growth of
cardiomyocytes in response to changing hemodynamic loads
(40). We suggest that the presence of these proteins in
intercalated disks implies a functional role in cell-to-cell
interaction.

Our data, showing the presence of the vinculin-talin-
integrin system in intercalated disks, demonstrate that these
adhesion proteins play a key role in order to form a complete
mechanical linkage, extending from the myofibrils to the
plasma membrane, across the plasma membrane and to the
extracellular matrix. Furthermore, these data also support
results of other studies which showed that the transmission of
contraction forces at the costameres of cardiomyocytes to the
silicone rubber substrata is inhibited by the addition of an
antibody which interferes with the ligand binding of B1
integrin. This provides strong evidence that this protein has a
role in mediating the transmission of contraction forces of
cardiomyocytes (41). It has been reported that integrins as
well as cadherin have important functions in the signal
transduction pathway in cell sorting of myofibrillogenesis of
cardiomyocytes (42).

Previously, in mouse cardiac muscle it was shown that the
dystrophin is absent in the T-tubules (25). Our present results
also showed the presence of all tested proteins at cardiomyocyte
T-tubules implying an additional role of dystrophin and its
associated proteins. The T-tubules, though critical to
excitation-contraction coupling, are not directly involved in
the transmission of contractile force and are not implicated
during myocyte contraction. The absence of dystrophin from
skeletal muscle T-tubules, distinguished from those of
cardiomyocytes by the absence of a basement membrane, and
the different mechanisms of excitation-contraction coupling
in skeletal and cardiac muscle, provide the evidence that the
dystrophin in cardiac muscle, together with other membrane
proteins, plays a key role in membrane regulation. Dystrophin
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demonstrated a regulatory effect on calcium transport by
altering the gating properties of AChRs in recent single
channel patch clamp studies (43). In addition, dystrophin has
been shown to have a key role in the regulation of the activity
of other proteins such as membrane nitric oxide synthase (44)
and caveolin (45). It has been demonstrated that T-tubules
are a key site for the regulation of action-potential duration in
cardiac myocytes, and mainly in atrial cardiac myocytes (46).

Finally, our results that show the constant presence of all
sarcoglycans, including e-sarcoglycan, and the colocalization
of sarcoglycans with dystrophin and other proteins, confirm
our previous data obtained on smooth muscle regarding their
exameric arrangement (18,19). They are in contrast with
other studies which demonstrated, in bovine and old mdx
mouse, that dystrophin is exclusively associated with -
dystroglycan and a- and d-sarcoglycan and is not associated
with - and y-sarcoglycan (47). These researchers hypothesized
that two different dystrophin isoforms exist that do not have
the same properties and distribution in cardiac muscle, but
we propose that a comparative analysis on human cardiac
muscle would be useful.

The findings of this work highlight the importance of
costameric proteins in human cardiac muscle fibers and the
potential key role of further and more detailed investigation
of these proteins related with other proteins, as regulatory
kinases. Further investigation may better define the precise
role of costameres in mechanotransduction and in growth
factor signaling during the continuing cycles of contraction
and relaxation of human cardiac muscle. We also suggest
that further investigation is necessary to precisely define the
differences between atrial and ventricular muscle fibers.
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