
Abstract This study investigated the basis for the high
severity of damage to skeletal muscle due to eccentric ex-
ercise, i.e., to muscles generating force while lengthened.
Fast and slow rat leg muscles maintained in an extended
position were examined after 2–24 h of continuous stimu-
lation. The treatment caused the injury to some regions of
both muscles. Within the better preserved parts of the
muscles, i.e., those without signs of necrotic processes,
dystrophin, spectrin, and some of the dystrophin-associat-
ed proteins (β-dystroglycan, α-sarcoglycan, and γ-sarco-
glycan) disappeared from sarcolemma of many fibers.
The reduction or loss of dystrophin from the sarcolemma
was more evident than that of other proteins examined,
with sarcoglycans apparently being the most preserved.
Several muscle fibers devoid of dystrophin contained
apoptotic nuclei. Simultaneously, Bax, Bcl-2 and caspase-
3 proteins appeared in many fibers. Our results indicate
that a normal muscle overworking in an extended position
undergoes the loss of several membrane skeletal proteins
because of the excessive stress to the membrane cyto-
skeleton, which can lead to fiber death by either apoptosis
or necrosis. This experimental model may represent a
good model for mimicking the pathogenetic events in sev-
eral muscular dystrophies.
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Introduction

During normal physical exercise skeletal muscle fibers
transmit tension loads from contracting myofibrils to the
cytoskeleton and eventually to the extracellular matrix via
transmembrane structures at the sarcolemma [32]. In many
cells, such structures are identified as the focal adhesion
complexes (FAC), where transmembrane force transfer
occurs through integrins with the recruitment of down-
stream signaling molecules, such as vinculin, talin, α-ac-
tinin and integrin-dependent kinases [9, 15, 40]. In skele-
tal muscle these structures have not been precisely identi-
fied, but the ordinate costameric distribution of dystrophin
and associated proteins [25, 27, 35] suggests that these
may represent the muscular correlate of FAC. Dystrophin
and the tightly associated sub-complexes of proteins, dys-
troglycans, sarcoglycans and syntrophins, form at sarco-
lemma a membrane-skeleton structure comprising the me-
chanical link between actin peripheral cytoskeleton and
the laminin extracellular matrix [11, 26, 31]. However,
other proteins are known to be associated to the dystro-
phin complex: cytoskeletal proteins, such as spectrin, vin-
culin, talin, α-actinin, and integrins, and non-cytoskeletal
proteins, e.g., those involved in the voltage-gated sodium
channel, nNOS, and Grb2 [16, 23, 45, 46]. Interestingly, a
direct interaction between sarcoglycans and integrins has
been recently demonstrated [47]. Thus, the dystrophin
complex represents both a membrane structure with me-
chanical functions [11, 33] and a scaffold to locate sar-
colemma signaling proteins [45]. Consistent with the im-
portant role of the dystrophin complex at the sarcolemma
of skeletal muscle, the loss of dystrophin and of some of
the associated proteins, such as α- and γ-sarcoglycan, rep-
resents the primary pathogenetic event leading to severe
muscular dystrophies [30, 36, 48].

Mechanical overload, commonly known to increases
the mass of skeletal muscle, has been postulated to be de-
pendent on contractile solicitation of cytoskeletal ele-
ments [19]. However, abnormal or excessive exercise may
causes severe alterations to the muscle leading to immedi-
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ate and prolonged reduction in the capacity to generate
muscle force [12, 24]. For example, sustained eccentric
exercise, i.e., repeated contractions during which a muscle
is extended, is known to cause severe injury to the muscle,
associated with profound disarrangement of the myofib-
rillar and cytoskeletal architectures [13, 20]. It is worth
noting that excessive stimulation of cytoskeletal elements
represents a stimulus sufficient to cause apoptosis in many
cells [14]. Apoptosis is a physiological form of cell death
by which organisms eliminate redundant, damaged or in-
fected cells [8]. The death program is accomplished by
activating specific machinery that includes pro-apoptotic
and anti-apoptotic proteins, such as Bax and Bcl-2, re-
spectively, and a family of cysteine proteases collectively
known as caspases [1, 8].

The occurrence of apoptosis in skeletal muscle fibers is
well established, even though the mechanism activating
the programmed cell death has not been elucidated [17,
29, 34, 37, 42, 43]. However, morphological features of
apoptosis are only rarely seen in mature skeletal muscle
(A. Fidzianska, personal communication). Consistent with
a possible role of the dystrophin complex in activating
apoptosis in skeletal muscle, signs of apoptotic process
have been detected in some human skeletal muscle dys-
trophies, such as Duchenne muscular dystrophy, α-sarco-
glycan-deficient and merosin-deficient muscular dystro-
phies, and other limb-girdle muscular dystrophies [4, 38,
41].

Here we show that stimulation of muscles in extend
positions represents a suitable experimental protocol for
evaluating the sequential events involved in damage pro-
duction. We confirm and extend previous observations
proposing that the dystrophin complex is a sensor for the
excessive abnormal contractile activity of skeletal muscle
[6]. Moreover, we demonstrate that dystrophin disassembly
is accompanied by that of β-dystroglycan and α-sarcogly-
can. Finally, we show that fibers deprived of dystrophin
undergoes apoptosis in parallel to an overexpression of
Bax, Bcl-2 and caspase-3, which are key components of
the apoptotic pathway.

Materials and methods

Three-month-old female albino Wistar rats were used. Soleus and
extensor digitorum longus (EDL) muscles were set in an extended
position by immobilization of the ankle joint in a plastic tube at an
angle of 90 or 160°, respectively. Stimulating electrodes were im-
planted on the sciatic nerve, under pentobarbital and ether anesthe-
sia, a few days before the experiment. The sciatic nerve was stim-
ulated continuously for 2, 4, 6 or 24 h by pulses of 0.3 ms duration
and 20 Hz frequency. Untreated muscles, muscles that were im-
mobilized in extension but not stimulated, and muscles that were
stimulated but without joint immobilization were used as controls.
Each experiment was performed at least in triplicate, with a total of
about 50 animals.

Immediately after decapitation, each muscle was excised (tak-
ing care to maintain it in the resting or experimental length), mea-
sured, attached to a plastic rod and frozen in isopentane cooled in
liquid nitrogen. Muscles were then stored at –70°C. Histological
examination was performed on transverse cryostat sections by
staining with hematoxylin and eosin.

Immunohistochemistry

An immunofluorescence study was performed on 8-µm cryostat
transverse sections of the muscle as previously described [6]. The
sections were incubated for 1 h at room temperature with mono-
clonal antibodies specific for dystrophin (1 :300), β-dystroglycan
(1 :50), α-sarcoglycan (1 :20), spectrin (1 :50), γ-sarcoglycan (1 :
50) (all obtained from Novocastra Laboratories, Newcastle-upon-
Tyne, UK) and with rabbit polyclonal antibodies against caspase-3
(H-277), Bcl-2 (C-21) and Bax (M.-20) (all from Santa Cruz Bio-
technology, Santa Cruz, Calif.) diluted 1 :50. Frozen transverse
sections were collected on polylysine-coated glass slides. The sec-
tions were incubated with 1% BSA (or 5% normal goat serum) in
PBS for 30 min. The slides were then incubated 1 h with primary
antibodies diluted in PBS. After two 5-min washings with PBS,
the slides were incubated with the secondary antibody. Mono-
clonal antibody-treated samples were incubated for 1 h at 37°C
with anti-mouse rhodamine conjugated antibody (Dako, 1 :100),
whereas the polyclonal antibody-treated samples were incubated
with a biotin-conjugated goat anti-rabbit Ig (1 :250 diluted in 1%
BSA) for 1 h at 37°C, followed by 1 h in streptavidin-Cy3 (1 :250
diluted in 1% BSA). After three 10-min washing steps, slides were
mounted in Elvanol and photographed on a Zeiss Axiophot epiflu-
orescence microscope. Negative controls were performed by omit-
ting the primary antibody.

Double labeling with antibodies 
and terminal deoxynucleotidyl transferase-mediated 
dUTP nick end-labeling (TUNEL)

Double labeling with anti-dystrophin or anti-α-sarcoglycan anti-
bodies was performed before TUNEL labeling. Cryostat sections
were first processed with the selected monoclonal antibody fol-
lowed by the secondary antibody (see above), then washed in PBS,
fixed with 2% paraformaldehyde for 10 min and, after an addi-
tional 10-min washing in PBS, permeabilized by treatment with
0.1% Triton X-100 and 0.1% sodium citrate for 30 min. The in situ
nick end-labeling of fragmented DNA (TUNEL) was performed
using terminal deoxynucleotidyl transferase with fluorescein-con-
jugated nucleotides as described by the manufacturer (in situ Cell
Death Detection Kit-POD, Roche), as previously described [6].
Quantification of TUNEL-positive myonuclei was performed as
previously described [34].

Results

Soleus and EDL muscles were continuously stimulated in
an extended position for 2–24 h. Several area from 6- to
24-h-stimulated muscles showed edema, variability of fiber
dimension, and cell damage (Fig.1). The effects of stimu-
lation were less evident after 2–4 h, with variability in the
response and a limited severity, so that these muscles were
not considered in the study. After 24-h stimulation, fiber
damage was extended to many regions of the muscle,
showing the presence of clear signs of necrosis, as
demonstrated by the presence of infiltrating mononuclear
cells (Fig.1D), consistently with previous findings [6].
These findings were the same in hematoxylin-eosin-stained
muscles (Fig.1), after immunostaining, and at the ultra-
structural level [20, 21].

Within one experimental muscle, regions showing a
severe damage, i.e., containing numerous necrotic fibers,
were commonly observed together with regions where the
fibers appeared well preserved. However, careful inspec-
tion of the normal-looking area of stimulated muscles
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showed that many of the fibers did not contain dystrophin
at the sarcolemma or that this protein was present only
discontinuously (Figs.2A, 3A, D). Analysis of serial sec-
tions from 6-h-stimulated soleus muscle revealed that β-
dystroglycan (Fig.2B), spectrin (Fig.2D) and γ-sarcogly-
can (Fig.2E) were also absent from the sarcolemma, even
though these proteins appeared to be more preserved than
dystrophin. In contrast, α-sarcoglycan (Fig.2C) was bet-
ter preserved than the other proteins (in Fig.2 compare the
fiber indicated by the empty star).

In the 24-h-stimulated EDL muscle, within the pre-
served area of the muscle it was possible to identify re-
gions in which dystrophin and β-dystroglycan were com-
pletely absent from sarcolemma, whereas α-sarcoglycan

was still evident (Fig.3A–C). On the other hand, there
were also regions with apparently normal fibers, i.e., ex-
pressing all three proteins at sarcolemma, together with
fibers where only α-sarcoglycan was preserved, and fibers
completely devoid of all three proteins (Fig.3D–F).

Thus, the disarrangement of the costameric dystrophin
complex was commonly observed in both EDL and soleus
muscles during the 4- to 24-h stimulation, whereas it was
very rarely seen after 2-h stimulation (not shown). It is
worth noting that fibers devoid of dystrophin at the sar-
colemma, as well as of the other proteins under investiga-
tion, often showed a pale more intense staining of the cy-
toplasm (compare, e.g., in Fig.2A the cytoplasm of fibers
with an without dystrophin at the sarcolemma). This also
appears to be a common observation in dystrophic mus-
cles (A. Fidianska, personal communication).

Fibers lacking dystrophin at the sarcolemma, or any of
the other associated proteins, were never observed in con-
trol soleus and EDL muscle (Fig.2F), and, especially, in
control muscles maintained in extended position without
stimulation (not shown). Conversely, stimulation of mus-
cles kept in a neutral position only rarely caused the oc-
currence of some damage and, very rarely, the appearance

Fig.1 Hematoxylin and eosin staining of cryostat sections from
rat soleus (A, C–E) and EDL (B, F) muscles. Control soleus (A)
and EDL muscles (B); soleus muscle stimulated during extension
for 6 h (C) and for 24 h (D, E); EDL stimulated during extension
for 24 h (F, this picture is a serial section of those shown in Fig.3
D–F). Irregularity of dimension and shape of some of the fibers
and diversity of intensity staining can be seen (C–F); the presence
of damaged fibers and infiltration by mononucleated cells is also
evident (C–E). Bars A, B 50 µm; C–E 25 µm



of both fibers with discontinuous sarcolemmal dystrophin
staining and infiltrating inflammatory cells (not shown).

The possible occurrence of apoptosis in muscles stim-
ulated during extension was evaluate in both soleus and
EDL muscles by TUNEL. The number of TUNEL-posi-
tive nuclei increased from the very low level of 50–80/
mm3 found in normal untreated muscles to 800–1,600/
mm3 in stimulated muscles (Fig.4). These values corre-
spond to about 0.8–1.7% of total nuclei of the experimen-
tal muscle.

To evaluate whether the occurrence of apoptosis was
related to the disarrangement of the dystrophin complex,

we double stained the stimulated muscles with anti-dys-
trophin or anti-α-sarcoglycan antibodies and TUNEL. In
the fairly well-preserved area of muscle fibers stimulated
while in an extended position, double staining with anti-
dystrophin and TUNEL revealed that many fibers de-
prived of dystrophin at the sarcolemma also contained
TUNEL-positive nuclei (Fig.4B–D). Interestingly, these
fibers always showed a substantial cytoplasmic staining
with the anti-dystrophin antibody. In addition, fibers with
absent or reduced expression of α-sarcoglycan at the sar-
colemma were also found to have TUNEL-positive nuclei
(Fig.4F).
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Fig.2 Immunofluorescence
analysis of sarcolemma pro-
teins in normal soleus (F) mus-
cle and after 6 h of eccentric
exercise (A–E). Serial cryostat
sections of soleus muscle after
eccentric exercise were stained
with antibodies specific for dy-
strophin (A), β-dystroglycan
(B), α-sarcoglycan (C), spec-
trin (D) and γ-sarcoglycan (E).
For comparison, normal soleus
muscle was stained with the
anti-dystrophin antibody (F).
In the stimulated muscle, sev-
eral fibers present a normal
continuous sarcolemmal stain-
ing with all of the antibodies
used (one such fiber is indi-
cated by a black circle which
represents the same fiber in
each panel). In contrast, some
fibers are not stained by the
anti-dystrophin antibody (A),
whereas they are stained by the
other antibodies (B–E black
star). Moreover, some fibers
are not stained by any of the
antibodies except anti-α-sarco-
glycan (C, open star). Bar
A–E 25 µm; F 20 µm
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Fig.3A–F Immunofluorescence analysis of sarcolemma proteins
from EDL muscle after 24 h of eccentric exercise. Two different
serial cryostat sections were stained with antibodies specific for:
dystrophin (A, D), β-dystroglycan (B, E), and α-sarcoglycan (C,
F). Immunostaining of serial sections (A–C) reveals that a group
of fibers are not stained at the sarcolemma by the anti-dystrophin
(A) and anti-β dystroglycan (B) antibodies, while almost all the
fibers are stained by the anti-α-sarcoglycan antibody (C). It is

worth noting, however, that the intensity of the anti-α-sarcoglycan
staining is heterogeneous. Analysis of cryostat sections presented
in D–F, serials of that in Fig.1F, shows the presence of fibers
stained by the three antibodies (black circles) but also of fibers not
stained (black stars). Many fibers are not stained by anti-dys-
trophin (D) and anti-β dystroglycan (E), while they are stained by
the anti-α-sarcoglycan antibody (F, empty stars), even though the
intensity of the latter antibody is very variable. Bar 25 µm
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Fig.4 Double staining with anti-dystrophin (A–D), or anti-α-
sarcoglycan antibodies (E, F) and TUNEL. Cryostat sections were
from control soleus muscle (A), soleus muscle stimulated for 6 h
while under extension (B) and from EDL muscles stimulated for
24 h while under extension (C–F); E represents a very well-pre-
served area. TUNEL-positive nuclei are evident inside fibers lack-
ing dystrophin or α-sarcoglycan staining (B–D, F, respectively). In

contrast, TUNEL-positive nuclei are never detected in fibers with
homogeneous dystrophin or α-sarcoglycan sarcolemma staining
(A–E). The stimulated soleus muscle (B) contained about 1,600
TUNEL-positive nuclei/mm3 (i.e., about 1.12% of the total nuclei);
the stimulated EDL muscle (C, D, F) contained about 1,200
TUNEL-positive nuclei/mm3 (i.e., about 1.7% of the total nuclei).
Bar 8 µm

Fig.5 Cryostat sections from
control soleus muscle (A, D,
G), 6-h- (B, E, H) and 24-h-
stimulated (C, F, I) soleus
muscle. Sections were stained
with anti-Bax (A–C), anti-Bcl-
2 (D–F) and anti-caspase-3
(G–I) antibodies. Control mus-
cle was not stained by the three
antibodies, whereas after 6 and
24 h of eccentric exercise some
fibers in the apparently pre-
served areas of the muscle
were stained by the antibodies.
Bar 40 µm



Because of the presence of TUNEL-positive nuclei in
muscles stimulated during extension, the expression of
some apoptotic proteins was investigated using antibodies
specific for Bax, Bcl-2 and caspase-3. Staining of cryostat
sections from the well-preserved regions of soleus mus-
cles stimulated for 24 h while in an extended position
demonstrated that some fibers expressed substantial levels
of Bax (Fig.5B, C). Consistent with Bax activation, some
fibers from the 6- and 24-h-stimulated soleus muscles also
showed overexpression of Bcl-2 (Fig.5 E, F) and caspase-3
(Fig.5H, I). It is worth noting that some of the fibers ex-
pressing detectable levels of caspase-3 showed a round
shape (Fig.5H), also observed in some dystrophin defi-
cient TUNEL-positive fibers (Fig.4D).

Discussion

In the present study we have shown that eccentric exer-
cise, i.e., a condition in which repeated contractions are
applied to an extended muscle, produces profound modi-
fications in skeletal muscle. Histologically, occasional
small areas showing a severe muscle fiber injury associ-
ated to the presence of necrosis were evident, as also ob-
served previously [2, 6, 21]. However, even within the ap-
parently well-preserved regions of the muscle dramatic al-
terations occurred. We have recently shown that within
these areas there was a substantial reduction of dystrophin
at sarcolemma in some fibers. Concomitantly, in the same
areas, we demonstrated the occurrence of significant mus-
cle fiber apoptosis [6]. Here we confirm and extend these
preliminary observations. We have demonstrated that con-
tinuous eccentric exercise causes the progressive disas-
sembly of the dystrophin-based membrane skeleton within
the well-preserved muscle regions of fast- and slow-
twitch rat muscles. Since fibers lacking elements of the
dystrophin complex also showed some apoptotic nuclei,
substantial alterations of the dystrophin complex appears
to represent an important signal for the activation of pro-
grammed cell death. Consistent with activation of apopto-
sis in the apparently spared areas, we demonstrated an el-
evated expression of Bcl-2, Bax and caspase-3 in many
muscle fibers.

Force produced by individual muscle fibers during
normal contractile activity is transmitted to the extracellu-
lar matrix and to the neighboring muscle fibers via trans-
membrane structures at the sarcolemma [32]. The main
structure accomplishing this function is the dystrophin
complex, which comprises three distinct sub-complexes
of proteins: dystroglycans, sarcoglycans and syntrophins
[26]. Besides the dystrophin complex, other cytoskeletal
proteins, like spectrin, vinculin, talin, α-actinin and inte-
grins, also appear to be involved in supporting the sar-
colemma [23, 35, 39, 47]. At the sarcolemma, those pro-
teins form a complex cytoskeletal structure organized
with a costameric distribution, aligned to the Z- and M-
lines [25, 27, 35, 45]. Thus, costameres represent the
membrane-associated cytoskeletal structure that provides
the link between the contractile apparatus and the extra-

cellular matrix, protecting the sarcolemma from mechani-
cal stresses and transmitting the force of contraction ex-
tracellularly [11, 31, 33]. In addition, costameres consti-
tutes a scaffold for locating several important signaling
molecules at the sarcolemma [16, 45].

The disassembly of the dystrophin complex as a conse-
quence of eccentric exercise, as demonstrated by our re-
sults (Figs. 2, 3), seems to follow a precise sequence of
events through which dystrophin deprivation occurs ini-
tially, possibly associated with that of β-dystroglycan, and
this is followed by that of sarcoglycans (Figs. 2, 3). Spec-
trin, known to be an important element of the costamere,
also disappears from sarcolemma (Fig.2). Among the four
sarcoglycans, α- and γ-sarcoglycan appear to be distinct
components of the complex, because it has been recently
demonstrated that β-, γ-, and δ-sarcoglycan are tightly as-
sociated each other, whereas α-sarcoglycan acts as sepa-
rate unit [10, 18]. Consistent with a distinct function of α-
sarcoglycan is our recent findings showing that this pro-
tein is an ecto-ATPase [5]. Interestingly, the present data
show that α-sarcoglycan is apparently more protected
than γ-sarcoglycan from the effects of eccentric exercise.
The lower sensibility to mechanical stress of α-sarcogly-
can compared to dystrophin and β-dystroglycan could be
ascribed to the fact that dystrophin and β-dystroglycan are
directly involved in the mechanical link from the cy-
toskeletal elements to the extracellular matrix [11, 31, 33].
Moreover, since dystrophin is a very long and flexible
molecule [22], it could be more sensitive to mechanical
tension than the transmembrane α-sarcoglycan. Dys-
trophin has been found to be highly exposed to the action
of proteolytic enzymes [3], whereas α-sarcoglycan seems
more resistant to damage in necrotic muscles after toxin
injury [44].

We suggest that the response of a normal muscle con-
tracting under unusual conditions parallels that of the dy-
strophic muscle. In this respect, the dystrophin complex
of proteins at the sarcolemma appears to represent the
sensor of excessive contractile activity. Further, we sug-
gest that, in dystrophic muscles, the lack of dystrophin or
other components of the complex produces during the
normal physiological activity a mechanical stress to the
fiber, which the costameric structure is not able to atten-
uate and redistribute. Thus, even normal activity leads to
muscle fiber injury. As a consequence, the threshold for
any exercise-induced muscle damage is expected to be
much lower in the dystrophic than in the control muscle,
as it has been demonstrated in the mdx mice [34, 37],
while the mechanism causing muscle damage appears to
be the same.

The presence of TUNEL-positive nuclei in fibers from
muscles stimulated in an extended position (Fig. 4)
demonstrates the activation of the apoptotic processes
within those muscles. This is confirmed by the increased
levels of Bax, Bcl-2 and caspase-3 proteins (Fig. 5), im-
portant members of the apoptotic pathway. Increased lev-
els of caspase-3 have been recently demonstrated in my-
ocytes after myocardial ischemia and reperfusion in vivo
[7]. Similarly, Bcl-2, the anti-apoptotic protein, and Bax,
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the pro-apoptotic protein, were shown to be elevated in
ventricular myocytes from human hearts with myocardial
infarction [28]. Importantly, in skeletal muscle the Bcl-2
levels increase both in Duchenne and limb-girdle muscle
dystrophies [41] and in experimentally denervated and re-
innervated muscles [42]. Our results demonstrate that
apoptosis is not limited to pathological muscles but that it
may occur also in normal mature skeletal muscle fibers.
Removal of muscle fiber segments or of individual nuclei
may represent a physiological mechanism to adapt skele-
tal muscle structure and dimension to some changed func-
tional demands. Furthermore, the present data demon-
strate that relevant alterations of the costameric structure,
such as loss of dystrophin and some of the associated pro-
teins, may represent a sufficient signal to switch on the
apoptotic process. In addition, perturbation of signaling
proteins associated to the dystrophin complex [16, 45]
may contribute to the activation of apoptosis.

In conclusion we propose that: (1) experimental eccen-
tric exercise may represent a convenient model for the
study of pathogenetic events leading to muscle fiber in-
jury, especially considering that it appears to mimic that
degenerative processes occurring in the dystrophic mus-
cle, and (2) apoptosis is likely a physiological mechanism
adopted by skeletal muscle to adapt its structure and di-
mension to changed functional demands.
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