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Abstract
Deficiency of d-sarcoglycan (d-SG), a component of the dystrophin–glycoprotein complex (DGC), causes skeletal muscular dystrophy

and cardiomyopathy in BIO14.6 hamsters. Here, we studied the involvement of abnormal Ca2+ homeostasis in muscle degeneration and

the protective effect of drugs against Ca2+ handling proteins in vivo as well as in vitro. First, we characterized the properties of cultured

myotubes from muscles of normal and BIO14.6 hamsters (30–60 days old). While there were no apparent differences in the levels of

expression of various Ca2+ handling proteins (L-type Ca2+ channel, ryanodine receptor, SR-Ca2+ ATPase, and Na+/Ca2+ exchanger),

muscle-specific proteins (contractile actin and acetylcholine receptor), or DGC member proteins except SGs, BIO14.6 myotubes showed a

high degree of susceptibility to mechanical stressors, such as cyclic stretching and hypo-osmotic stress as compared to normal myotubes,

as evidenced by marked increases in creatine phosphokinase (CK) release and bleb formation. BIO14.6 myotubes showed abnormal Ca2+

homeostasis characterized by elevated cytosolic Ca2+ concentration, frequent Ca2+ oscillation, and increased 45Ca2+ uptake. These

abnormal Ca2+ events and CK release were significantly prevented by Ca2+ handling drugs, tranilast, diltiazem, and FK506. The calpain

inhibitor E64 prevented CK release, but not 45Ca2+ uptake. Some of these drugs (tranilast, diltiazem, and FK506) also exerted a significant

protective effect for muscle degeneration in BIO14.6 hamsters and mdx mice in vivo. These observations suggest that elevated Ca2+ entry

through sarcolemmal Ca2+ channels predominantly contributes to muscle degeneration and that the drugs tested here may have novel

therapeutic potential against muscular dystrophy.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Muscular dystrophy is a heterogeneous genetic disease

that affects striated muscle (skeletal as well as cardiac

muscle). The genetic defects associated with muscular

dystrophy often include mutations in one of the compo-

nents of the dystrophin–glycoprotein complex (DGC),

such as dystrophin or sarcoglycans (a-, b-, g-, and

d-SGs). The DGC is a multi-subunit complex [1–3] that
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spans the sarcolemma to form a structural link between

the extracellular matrix and the actin cytoskeleton [4].

Disruption of DGC could, therefore, affect the membrane

integrity or stability during muscle contraction and

relaxation.

SGs are expressed predominantly in striated muscle. A

genetic defect in any one of the four SGs reported to date

causes an autosomal-inherited muscular dystrophy in

humans [5,6]. In addition, the BIO14.6 strain of the Syrian

hamster, which spontaneously develops muscular dystro-

phy and cardiomyopathy [7], has been shown previously to

have a defect in the gene encoding d-SG [8]. In muscles of

these patients or animal models, in addition to lack of each
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primary-defective SG gene product, other components of

the SG subcomplex are markedly reduced or absent,

although dystrophin and b-DG are often present at mildly

reduced levels [8–11]. Although little is known about the

normal and pathological functions of SGs, these findings

indicate that, similar to dystrophin, SGs are required for

myocyte survival.

The mechanism by which the defect of DGC causes

myocyte degeneration remains elusive. Myocyte degenera-

tion has long been attributed to membrane defects, such as

greater fragility towards mechanical stress or increased

permeability to Ca2+. A number of studies have reported

chronic elevation in the cytosolic Ca2+ concentration

([Ca2+]i), beneath the sarcolemma, or within other cell

compartments in skeletal muscle fibers or in cultured

myotubes from dystrophin-deficient Duchenne muscular

dystrophy (DMD) patients and mdx mice [12–14]. The

[Ca2+]i in muscles is regulated by multiple Ca2+-permeable

channels, Ca2+ pumps, and transporters in the plasma

membrane and the sarcoplasmic reticulum (SR). Among

them, a great deal of attention has focused on sarcolemmal

Ca2+-permeable channels (Ca2+-specific leak channels) or

mechanosensitive non-selective cation channels, which

contribute to abnormal Ca2+ handling in dystrophic myo-

cytes [15,16]. We have previously shown that d-SG-defi-

cient myotubes produced by treatment with antisense

oligonucleotide are highly susceptible to the mechanical

stretch and show the enhanced Ca2+ influx [17]. Subse-

quently, we have shown that stretch-activated non-selective

Ca2+ channel activity was enhanced in the skeletal muscles

of BIO14.6 hamsters [18]. Recently, we identified one such

channel, the growth factor responsive channel (GRC),

which may be involved in the pathogenesis of myocyte

degeneration caused by DGC disruption [19]. While

further studies are required to elucidate the pathological

significance of individual Ca2+ channels, it is also impor-

tant to address how the increased Ca2+ entry affects cell

damage and whether pharmacological agents against Ca2+

handling proteins ameliorate muscle degeneration in myo-

pathic patients or animal models.

In the present study, we performed the biochemical

characterization of myotubes produced from satellite cells

of control and BIO14.6 hamster skeletal muscles which

were not previously reported in details, and examined the

effects of several pharmacological agents, such as Ca2+

channel inhibitors and a Ca2+-dependent phosphatase (cal-

cineurin) inhibitor, on Ca2+ homeostasis and responsiveness

to cyclic stretch in myotubes. Furthermore, we examined the

protective effects of various drugs on muscle degeneration in

vivo. The results reinforced our previous findings that

mechanical weakness arose at least partly from increased

Ca2+ influx in the dystrophic myotubes, and suggested that

some drugs exerted a significant protective effect against

muscle injury. To our knowledge, this is the first to show that

Ca2+ channel inhibitor tranilast and calcineurin inhibitor

FK506 are protective against muscular dystrophy.
2. Materials and methods

2.1. Animal experiments

Male BIO14.6 hamsters (J2N-k strain) between 30 and

40 days of age and age-matched normal controls (J2N-n)

were used. Hamsters were anesthetized according to the

Guidelines for Animal Experimentation at the National

Cardiovascular Center. For examination of drug effects,

diltiazem, tranilast, and FK506 were administered orally in

either the drinking water or feed (for tranilast) at drug/body

weight ratios of 72, 400, and 0.5 mg/kg per day, respec-

tively, to 30-day-old BIO14.6 hamsters or mdx mice. After

continuous administration for 30–90 days, animals were

subjected to measurement of blood creatine phosphokinase

(CK) level and immunohistochemistry. Immunohisto-

chemistry of skeletal muscles was performed as described

previously [10]. The numbers of total and central nuclei

were counted by observing specimens on a light micro-

scope (40� objective).

2.2. Materials

Rabbit polyclonal antibodies against rabbit a-SG and

b-DG and d-SG were described previously [20,21]. Mono-

clonal antibodies against dystrophin and a-actin were

purchased from Novocastra (Newcastle, UK) and Biomar-

ker (Israel), respectively. The mouse monoclonal antibody

against syntrophin was described previously [22]. Anti-

bodies against Na+/K+ ATPase, Na+/Ca2+ exchanger 1,

L-type Ca2+ channel, SR-Ca2+ ATPase, ryanodine receptor,

b-SG, and g-SG were described previously [21,23]. Anti-

bodies against caveolin-3 and Ach receptor b were

obtained from Transduction Laboratories (Franklin Lakes,

NJ). Nifedipine, gadolinium chloride hexahydrate, diltia-

zem, and E64 were purchased from Sigma Chemical (St.

Louis, MO). Tranilast was obtained from Kissei Pharma-

ceutical (Matsumoto city, Nagano, Japan). a-Bungarotoxin

and thapsigargin were from Calbiochem (La Jolla, CA) and

ruthenium red was from Wako Chemicals (Osaka, Japan).
45CaCl2 and [125I]a-bungarotoxin were purchased from

NEN Life Science Products (Boston, MA). Fura-2-acet-

oxymethylester (AM) and fluo-4-acetoxymethylester were

from Dojindo Laboratories (Tokyo, Japan) and Molecular

Probes (Eugene, OR).

2.3. Cell culture

Satellite cells were isolated from the gastrocnemius

muscles of 30–40-day-old hamsters by enzymatic disso-

ciation by a slight modification of the method described by

Rando and Blau [24]. Minced muscles (0.3 g) were incu-

bated in 1 ml of Ham’s F12 medium containing 2 U/ml

dispase and 1% collagenase. After incubation for 45 min at

37 8C, the muscle slurry was diluted with 10 ml Ham’s F12

medium (GIBCO BRL Gaithersburg, MA) and spun at
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350 � g to sediment the dissociated cells. The cells were

then resuspended in growth medium, filtered through a fine

mesh nylon filter (100 mm), and subjected to preplating for

1 h at 37 8C to remove fibroblasts (differential adhesion).

Non-adhering cells were plated onto collagen-coated

(100 mg/ml collagen type I; Sigma) culture dishes at a

density of 5000 cells/cm2. Growth medium for myoblasts

consisted of Ham’s F12 medium supplemented with 20%

FCS and 2.5 ng/ml bFGF (Promega BRL Madison, WI)

and 1% chick embryo extract (GIBCO BRL). When myo-

blasts had reached 80% confluence, they were trypsinized

and then plated on collagen-coated dishes for experiments.

During the first several passages of the primary cultures,

myoblasts were enriched by preplating. After 1–2 days,

medium was changed to DMEM (GIBCO BRL) containing

2% horse serum (Hyclone Laboratories, Logan, UT) to

initiate differentiation. Myoblasts begin to fuse and form

myotubes in culture within 24 h. We used the myotubes

2–5 days after the first myotubes had formed.

2.4. Measurement of 45Ca2+ uptake and cellular

content of exchangeable Ca2+

Myotubes from normal and BIO14.6 skeletal muscles

were cultured on collagen I-coated silicon membranes or in

24-well dishes and preincubated at 37 8C for 30 min in

BSS (146 mM NaCl, 4 mM KCl, 2 mM MgCl2, 1 mM

CaCl2, 10 mM glucose, 0.1% bovine serum albumin and

10 mM HEPES/Tris, pH 7.4) containing 0 or 0.5 mM

GdCl3. 45Ca2+ uptake into cells was initiated by switching

to BSS containing 45CaCl2 (10 mCi/ml). After appropriate

intervals, cells were washed four times with ice-cold 5 mM

LaCl3 and 10 mM HEPES/Tris, pH 7.4, to terminate 45Ca2+

uptake. Cells were lysed in 0.1N NaOH and aliquots were

taken for determination of protein and radioactivity. The

Gd3+-inhibitable fraction of 45Ca2+ uptake was calculated

by subtracting the uptake in the absence of Gd3+ from that

in its presence, which accounted for about 20% of total

uptake. For measurement of exchangeable Ca2+, myotubes

were loaded with 45CaCl2 for 4 h at 37 8C. The cellular
45Ca2+ content was measured after rinsing the myotubes

five times with 1 ml of ice-cold La3+ solution containing

146 mM choline chloride, 4 mM KCl, 2 mM MgCl2,

10 mM glucose, 10 mM HEPES/Tris (pH 7.4), and

1 mM LaCl3. Cells were then solubilized with 1 ml of

0.1 M NaOH, and aliquots were taken for determination of

protein and radioactivity.

2.5. Intracellular Ca2+ measurement

For Ca2+ imaging, cells were plated on glass cover slips

and loaded with 4 mM fluo-4-acetoxymethyl ester (Mole-

cular Probes) in BSS by incubation for 30 min at 37 8C.

Fluorescence signals in the cells were detected by confocal

laser scanning microscopy using a Bio-Rad MRC-1024ES

system (Bio-Rad, Richmond, CA) mounted on an Olympus
BX50WI microscope with a �60-water immersion lens.

An argon laser was used to excite fluo-4 at 488 nm. Images

were acquired at a rate of one image every second and

analysis of single-frame or single cell-integrated signal

density was performed with LaserSharp software (Bio-

Rad). The Ca2+ level was represented as DF /Fo, where Fo

is the resting fluo-4 fluorescence and DF is the difference

between the basal and peak steady-state fluorescence

within 1–2 min after stimulation (addition of extracellular

Ca2+). In some experiments, cells were loaded with 4 mM

fura-2 acetoxymethyl ester with other conditions as

described above and [Ca2+]i was measured by a ratiometric

fluorescence method using a fluorescence image processor

(Argus 50, Hamamatsu Photonics, Hamamatsu, Japan)

mounted on a Nikon inverted microscope (�40 objective).

The excitation wavelength was alternated at 340 and

380 nm (1 Hz), while the fluorescence was monitored at

510 nm. [Ca2+]i was calculated from the fluorescence ratio

R340/380 using a Kd of 224 nM for the dissociation constant

of fura-2/Ca2+ [25].

2.6. Application of cell stretch to myotubes

Mechanical stretching was applied to myotubes using a

chamber similar to that used by Naruse and Sokabe [26].

The silicon chamber with a transparent bottom 200 mm

thick was attached to a stretching apparatus that was driven

by a computer-controlled stepping motor. Cells were

allowed to attach to the chamber bottom for the indicated

times, and mono-axial sinusoidal stretching was applied to

the silicon chamber at a constant strength from 5 to 20%

elongation at 1 Hz. The relative elongation of the silicone

membrane was uniform across the whole membrane area.

Stretching experiments were performed at 25 � 1 8C.

Osmotic stress-induced cell damage was observed in myo-

tubes preloaded with 5 mM calcein-AM (Molecular

Probes).

2.7. Enzyme assay and other procedures

Creatine phosphokinase activity in medium was deter-

mined using an in vitro colorimetric assay kit (CK Test Kit,

Wako Pure Chem. Co., Osaka, Japan) according to the

protocol provided by the manufacturer. CK contents in

myotubes were also measured using the above method

after homogenization. For [125I]a-bungarotoxin binding

assay, myoblasts and myotubes were incubated for 1 h

at 37 8C in DMEM containing 20 nM [125I]a-bungaro-

toxin. Non-specific binding of radiolabeled toxin was

measured in the presence of 2 mM non-radiolabeled a-

bungarotoxin or 10 mM acetylcholine chloride. Cells were

solubilized with 0.1N NaOH and aliquots were taken for

determination of protein and radioactivity. Quantitative

immunoblotting analysis and immunocytochemistry were

performed as described previously [20,21,23]. Protein

concentration was measured using a bicinchoninic acid
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assay system (Pierce Chemical Co., Rockford, IL) with

bovine serum albumin as a standard. Unless otherwise

stated, data were represented as means � S.D. of at least

three determinations. We used an unpaired t-test, one-way

ANOVA followed by Dunnett’s test or two-way ANOVA

for statistical analyses. Values of p < 0.05 were considered

statistically significant.
3. Results

3.1. Characterization of myotubes from normal and

BIO14.6 hamsters

We isolated satellite cells from skeletal muscles of

normal and BIO14.6 hamsters (see Section 2). Satellite

cells from both normal and BIO14.6 hamsters grew at
Fig. 1. Morphology of myotubes from normal and BIO14.6 hamster skeletal mus

(right) hamster skeletal muscles were formed by exposure to the differentiation m

indicate 50 (upper panel) or 10 mm (lower panel). (B) Dystrophin (DYS), caveolin-

with the respective antibodies in control and BIO14.6 myotubes. The scale bar i
similar rates in the growth medium containing 20% FCS

and 10 ng/ml bFGF. The bFGF was required for the

optimal growth of cells from both hamster strains. Two

days after cell plating, we stained for the muscle-specific

protein desmin to evaluate the purity of cultures. Desmin is

an intermediate filament present only in myogenic cells but

not in non-myogenic cells, such as fibroblasts. Desmin-

positive cells accounted for 96 and 97% of cultures from

normal and myopathic hamsters, respectively. Then, we

switched the growth medium to the differentiation medium

containing 2% horse serum. Satellite cells began to fuse

rapidly after switching to the differentiation medium and

formed well-differentiated myotubes. Staining of actin

with rhodamine-conjugated phalloidin indicated that myo-

tubes from both muscles have similar sarcomeric patterns

(Fig. 1A). These myotubes were stained with antibodies

against muscle marker proteins. As expected, myotubes
cles. (A) Actin staining pattern. Myotubes from normal (left) and BIO14.6

edium for 2 days and stained with rhodamine–phalloidin. The scale bars

3 (CV3), and a-sarcoglycan (a-SG) localization were examined by staining

ndicates 50 mm.
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Fig. 2. Biochemical characterization of myotubes. (A) 125I-bungarotoxin binding to myotubes. After plating, cells were exposed to the differentiation medium

on day 0, and 125I-bungarotoxin binding was measured as described in Section 2. Data are means � S.D. of three determinations. (B and C) Comparison of

expression levels of several membrane (B) and cytoskeletal proteins (C) between normal and BIO14.6 myotubes. Myotubes were formed during 2–3 days in

differentiation medium and homogenates (40 mg each) were subjected to SDS-polyacrylamide gel electrophoresis followed by immunoblotting analysis using

the respective antibodies. These immunoblot analyses were repeated more than three times and essentially the same results were obtained.
from BIO14.6 hamsters were not stained with anti-a-SG,

while the peripheral membrane regions in myotubes from

normal hamsters showed clear staining (Fig. 1B, right

panels). In contrast, peripheral regions were stained with

anti-caveolin-3, anti-dystrophin (Fig. 1B), and anti-b-DG

(data not shown) in myotubes from both normal and

BIO14.6 hamsters.

We next examined differentiation-dependent changes in

myotube-specific markers. As shown in Fig. 2A, when

cells were exposed to the differentiation medium, the

amount of 125I-bungarotoxin binding rapidly increased,

reached a maximum at day 2, and then decreased slightly

in cultures from both normal and BIO14.6 hamsters,

suggesting that the acetylcholine receptors developed simi-

larly in both cases during myotube formation. The same

level of expression of Ach receptor in both cultures was

also confirmed by immunoblotting analysis (see Fig. 2B).

Consistent with this finding, cellular content of another

muscle-specific enzyme, creatine phosphokinase, also

increased during myotube formation similarly in both

cultures (data not shown). Immunoblotting analysis indi-

cated that myotubes from normal and BIO14.6 hamster

muscles expressed similar levels of cellular Ca2+ regula-

tory proteins, such as L-type Ca channels ryanodine

receptors, SR-Ca2+ ATPase and Na+/Ca2+ exchanger in

cultures from normal and BIO14.6 hamsters (Fig. 2B).
Relative amount of these proteins in BIO14.6 to normal

myotubes estimated from the density of protein bands were

1.10 � 0.20, 1.00 � 0.05, 1.08 � 0.05 and 0.95 � 0.03

(means � S.D. of three determinations), respectively.

While similar amounts of dystrophin, dystrophin-asso-

ciated proteins (syntrophin and b-DG), and actin were

detected, the amounts of a-, b- and g-SGs were signifi-

cantly reduced (Fig. 2C; data not shown for b- and g-SGs).

d-SG was completely absent from BIO14.6 myotubes

(Fig. 2C). These results suggest that primary cultures of

myotubes from normal and BIO14.6 hamsters possess

muscle-type morphological and biochemical properties

that are close to those of skeletal muscles in vivo. For

most experiments, we used myotubes 2–3 days after

switching to the differentiation medium because the max-

imal levels of expression of muscle-specific proteins were

detected at this stage. Myotubes cultured for more than 3

days became very thin and were prone to be detached from

the dishes.

3.2. Abnormal Ca2+ handling in BIO14.6 myotubes

and effect of various pharmacological agents

To measure the cellular 45Ca content, cells were loaded

with 45CaCl2 for 4 h (see Section 2). We found that it was

not significantly different between normal (2.95 � 0.35
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Fig. 3. Abnormal Ca2+ homeostasis in BIO14.6 hamster myotubes. (A

upper and lower) Typical traces for changes in the fluo-4 fluorescence

intensity in normal and BIO14.6 myotubes. In the presence of 0.5 mM

extracellular Ca2+, irregular cytosolic Ca2+ oscillation was observed in only

BIO skeletal myotubes, but not in normal myotubes (A upper). Addition of

2 mM CaCl2 (final, 2.5 mM) induced a rapid increase in [Ca2+]i with high

frequency Ca2+ oscillation in BIO14.6 myotubes (A lower). In one experi-

ment, diltiazem (10 mM) was added to the medium at 30 min before Ca2+

addition. Thapsigargin (1 mM) was used to estimate the Ca response. (B)

The effects of various pharmacological agents on the relative fluorescence

intensity. Myotubes were exposed for 30 min to 10 mM diltiazem, 100–

500 mM tranilast, 2 mM FK506 or 0.1 mM nifedipine before addition of

2 mM CaCl2. The extracellular Ca2+-dependent increment (DF, 2 min after

Ca2+ addition) in the fluorescence intensity was calculated and represented

as DF/Fo after normalization with the initial fluorsecence (Fo). Data are

means � S.D. (trial numbers are shown in parentheses). *p < 0.05 (vs.

control for drug effect).
nmol/mg, n = 3) and BIO14.6 myotubes (3.01 � 0.32

nmol/mg, n = 3). In addition, we observed that the Ca2+

ionophore ionomycin was able to raise the intracellular

Ca2+ concentration to similar maximal levels for normal

and BIO14.6 myotubes. Thus, the amount of cellular

exchangeable Ca2+ appeared to be almost the same

between the two kinds of myotubes. This may reflect

the same capacity of Ca2+ storage, as suggested by the

same level of SR-Ca2+ ATPase (see Fig. 2B).

In contrast, we found that the resting state of mean [Ca2+]i

appeared to be significantly higher ( p < 0.05) in BIO14.6

myotubes (122 � 13 nM, n = 6) than in those from normal

controls (86 � 18 nM, n = 6) when [Ca2+]i was measured by

ratiometric fluorometry with fura-2. Furthermore, we

observed very often irregular cytosolic Ca2+ oscillation

via cytosolic Ca2+ overload in dystrophic myotubes when

fluo-4-loaded cells were placed even at relatively low extra-

cellular Ca2+ concentration (Fig. 3A upper) (43 myotubes

oscillated/100 myotubes). Further addition of 2 mM Ca2+ in

the extracellular medium markedly raised [Ca2+]i and

evoked more extensive Ca2+ oscillation in BIO14.6 myo-

tubes, while the same treatment did not induce marked

increases in [Ca2+]i in normal controls (Fig. 3A lower).

Next, we examined the effects of several pharmacological

agents on the increase in [Ca2+]i. The extracellular Ca2+-

induced increase in [Ca2+]i and Ca2+ oscillation were sig-

nificantly inhibited by the Ca2+ channel antagonist diltiazem

(Fig. 3B), but not by nifedipine. It was also of interest for us

to study whether an antiallergic drug tranilast and Ca2+-

dependent phosphatase (calcineurin) inhibitor FK506 inhi-

bit the increase in [Ca2+]i because the former was reported to

inhibit IGF1-induced cell growth through inhibition of Ca2+

entry [27] and the latter modulates the Ca2+ homeostasis

through calcineurin inhibition. As shown in Fig. 3B, both

tranilast and FK506 effectively inhibited Ca2+-induced

increase in [Ca2+]i (Fig. 3C).

To determine whether the increase in [Ca2+]i was due to

either enhancement of Ca2+ entry or reduction of the Ca2+

extrusion pathways, we measured the 45Ca2+ uptake activity.

We also measured 45Ca2+ uptake in the presence of a high

concentration (500 mM) of GdCl3 to subtract the non-spe-

cific binding of 45Ca2+ to the cell surface and represented the

data as the Gd3+-inhibitable fraction of 45Ca uptake. The
45Ca2+ uptake activity was significantly greater in BIO14.6

myotubes than in those from normal controls, reaching

a level 1.7-fold higher at 5 min (Fig. 4A). Consistent with

the effect on [Ca2+]i (see Fig. 3C), diltiazem, tranilast, and

FK506 markedly inhibited 45Ca2+ uptake activity, while E64

and nifedipine had no effect (Fig. 4B).

3.3. Effects of various pharmacological agents on

muscle degeneration in vitro and in vivo

To examine the effects of mechanical stress on myotube

degeneration, we applied cyclic stretching up to 20%

elongation for 1 h to normal and BIO14.6 myotubes and
monitored the activity of CK released into the medium

from these cells. As previously reported by us [17,19], CK

release increased in an elongation-dependent manner and

reached more than 10-fold after stretching of BIO14.6

myotubes, while it did not change in normal myotubes

(Fig. 5A). Consistent with stretch-induced cell injury in

BIO14.6 myotubes, the stretch (>5%) resulted in dystro-

phin degradation accounting for more than 70% of dys-

trophin in the membranes, which was prevented by the

calpain inhibitor E64 (data not shown). In addition,
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Fig. 4. Effects of various pharmacological agents on 45Ca2+ uptake activity.

(A) Time courses of 45Ca2+ uptake into control and BIO14.6 myotubes.
45Ca2+ uptake was started by replacing the BSS medium with BSS contain-

ing 1 mM 45Ca2+ and stopped at appropriate times. Ca2+ uptake was also

measured in the presence of 500 mM GdCl3 to estimate non-specific 45Ca2+

binding to the cell surface. Data are represented as Gd3+-inhibitable

fractions of 45Ca2+ uptake that accounted for about 80% of the total
45Ca2+ uptake (means � S.D. of three determinations). *p < 0.05. (B)

Myotubes were exposed for 30 min to 10 mM diltiazem, 2 mM FK506,

100–500 mM tranilast, 1 mM E64 or 0.1 mM nifedipine and then Gd3+-

sensitive 45Ca2+ uptake was measured over a period of 5 min. Data are

means � S.D. of three determinations. *p < 0.05 (vs. no drug control for

BIO14.6 myotubes).

Fig. 5. Effects of various pharmacological agents on stretch-induced CK

release from BIO14.6 myotubes. (A) Myotubes from normal or BIO14.6

hamsters were preincubated in the absence or presence of 10 mM diltiazem,

2 mM FK506, 100–500 mM tranilast, 1 mM E64, or 0.1 mM nifedipine

subjected to cyclic stretching (20%) for 1 h, and the activity of CK released

into the medium was measured. Data are means � S.D. of three determina-

tions. *p < 0.05. (B–D) BIO14.6 myotubes were subjected to stretching

after exposure to the indicated concentrations of E64, FK506, or tranilast,

and the CK activity was measured. Data are means � S.D. of three

determinations.

Fig. 6. Hypo-osmotic stress-induced cell damage in dystrophyc myotubes.

Normal and BIO14.6 myotubes were preloaded with 5 mM calcein-AM and

exposed for 17 min to hypo-osmotic medium (70% osmolarity). Extensive

bleb formation was observed in BIO14.6 myotubes (arrow). The scale bar

indicates 50 mm.
TUNEL- and annexin V-positive cells (1–3%) were

detected under 20% elongation in cultures from

BIO14.6 but not from normal hamsters, suggesting that

a proportion of BIO14.6 myotubes enter the apoptotic cell

death pathway. Mechanical weakness of BIO14.6 myo-

tubes was also observed under hypo-osmotic stress (70%

osmolarity). Upon hypo-osmotic stimulation, extensive

formation of cell blebs was observed in BIO14.6, but

not in normal myotubes (15 � 5 blebs/BIO myotube;

4 � 3 blebs/normal myotube, n = 10) (Fig. 6). All these

data suggest that myotubes from BIO14.6 are highly

susceptible to the mechanical stretch.

We examined the effects of pharmacological agents on

CK release in BIO14.6 myotubes. Myotubes were treated

with each agent for 30 min and then subjected to cyclic

stretching (20% elongation) for 1 h. All of the agents tested

showed significantly inhibited CK release from BIO14.6

myotubes. Diltiazem (10 mM), E64 (1 mM), FK506

(1 mM) and tranilast (100–500 mM) reduced stretch-

induced CK release from myotubes by up to 70%
(Fig. 5A). The inhibitory effects of E64, FK506 and

tranilast were dose-dependent, with half-maximal inhibi-

tion occurring at about 50, 0.5, and 75 mM, respectively

(Fig. 5B–D). Cyclosporin A (CsA) also reduced the
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Fig. 7. Effects of various pharmacological agents on muscle degeneration in BIO14.6 hamsters and mdx mice. (A) CK level in blood from BIO14.6 hamsters.

Diltiazem and tranilast were administered orally to 30-day-old BIO14.6 hamsters up to 120 days and blood CK level was measured. For one control, the blood

CK level of 60-day-old normal hamsters is shown. Data are means � S.D. (n = 3–5) *p < 0.05. (B) Gastrocnemius muscle samples were taken from normal

hamsters treated with tranilast or from BIO14.6 administrated with water or tranilast for 90 days and sections were stained with hematoxylin (red) and eosin

(blue). Scale bar, 100 mm. (C) Percentage of centrally nucleated fibers. For experiment, skeletal muscles from three hamsters were used and more than 1000

fibers were examined for each experiment. *p < 0.05 (vs. water control). (D) Effects of various drugs on blood CK level. Drug administration was started in 30-

day-old mdx mice (day 0). Data are means � S.D. (n = 5) *p < 0.05.
stretch-induced CK release (data not shown) with half-

maximal inhibition at 1 mM. As reported previously [19],

Gd2+ (500 mM) and ruthenium red (5 mM) were much

more effective (more than 90% inhibition) for inhibition
of CK release, while nifedipine significantly (�40%)

inhibited CK release (Fig. 5A).

Finally, we examined the effects of oral administration

of pharmacological agents on myopathic animals. As
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shown in Fig. 7A, diltiazem and tranilast markedly reduced

the blood CK level in BIO14.6 hamsters during the period

of 30–90 days after drug administration. Furthermore,

tranilast (Fig. 7B) and diltiazem (not shown) greatly

ameliorated muscle degeneration and fibrosis as shown

in sections stained with hematoxylin and eosin. The num-

ber of central nuclei was markedly reduced under treat-

ment with tranilast (Fig. 7C). We next used mdx mice,

another myopathic animal model, to examine the effects of

several drugs, because mdx mice have the advantage that

blood can be obtained easily from their tails without killing

the animals. As shown in Fig. 7D, similar to BIO14.6

hamsters, diltiazem was effective in reducing the blood CK

level. Tranilast and FK506 were also as effective as

diltiazem (Fig. 7D).
4. Discussion

4.1. BIO14.6 myotubes in culture as a useful model

system to study the effects of d-SG deficiency

In the present study, we characterized biochemical and

pathological properties of culture myotubes from d-SG-

deficient BIO14.6 and normal hamsters. Both myotubes

possess well-developed myofibrils and apparently normal

plasma membrane structure as shown by immunostaining

with anti-actin and anti-caveolin-3, of which the latter’s

sarcolemmal expression is known to be a good marker for

well-differentiated skeletal muscle cells [28]. In addition,

both types of myotubes expressed similar levels of various

ion transporters and channels. After switching to the differ-

entiation medium, myotubes from both strains expressed

Ach receptor (see Fig. 2A) and CK (data not shown) with

similar time courses. Among the members of the dystrophin

complex, d-SG was completely absent from BIO14.6 myo-

tubes, while expression level and sarcolemmal localization

of other a-, b- and g-SGs were greatly reduced. These

biochemical properties are similar to those observed in

native muscles (our unpublished data). Thus, this in vitro

system would allow us to study the effect of d-SG deficiency

on various cellular functions including ion flux and apop-

tosis under some stresses during relatively short period.

Previously, we analyzed the effects of d-SG deficiency on

cell function using L6 myotubes transfected with antisense

oligonucleotides against d-SG [17,21]. However, it was

difficult to deplete d-SG completely by this technique.

Recently, satellite cells were isolated from dystrophic ham-

sters by another group [29]. However, their myotubes from

normal hamsters detached immediately after fusion and the

level of CK expression appeared to be low [29].

4.2. Abnormal Ca2+ homeostasis in BIO14.6 myotubes

Myotubes from BIO14.6 hamsters show abnormal intra-

cellular Ca2+ homeostasis. Addition of a high concentra-
tion of external Ca2+ resulted in the increase in [Ca2+]i and

very often induced the spontaneous Ca2+ oscillation

(Fig. 3A). Although normal skeletal muscle cells maintain

a low free calcium concentration at rest to remain exci-

table, an increase in the resting [Ca2+]i is known to often

evoke spontaneous Ca release from the SR thereby causing

Ca2+ waves or Ca2+ oscillation [30]. Therefore, such Ca2+

oscillation in BIO14.6 myotubes is probably due to intra-

cellular Ca2+ overload. Indeed, [Ca2+]i appeared to be

slightly higher in BIO14.6 myotubes as compared to

normal controls even in the resting state, and thus it would

be easier to cause intracellular sparks through Ca2+-

induced Ca2+ release.

Elevated [Ca2+]i may be due to: (i) abnormal Ca2+

storage ability in the SR, (ii) enhanced Ca2+ entry across

the sarcolemma, or (iii) reduced Ca2+ extrusion from the

cells. We could not detect any differences in the expression

level of SR Ca2+-ATPase between normal and BIO14.6

myotubes. In addition, the amount of cellular exchangeable

Ca2+ appeared to be almost the same between the two kinds

of myotubes. Thus, the size of the Ca2+ store in SR appears

to be normal in BIO14.6 myotubes. In contrast, we

observed that the 45Ca2+ uptake by BIO14.6 myotubes

was significantly higher than that of normal controls.

While the Ca2+ channel blocker diltiazem significantly

reduced both the rise in [Ca2+]i and enhanced 45Ca2+

uptake, the more specific L-type Ca2+ channel blocker

nifedipine did not [19]. Thus, elevated [Ca2+]i appears to

result from some other Ca2+ entry pathways, including the

stretch-activated channel that we reported previously [18]

and the Ca leak channel observed previously in mdx

myotubes [15]. Recently, we identified one such Ca2+

channel, TRPV2 (or GRC) [19]. Using Chinese hamster

ovary cells stably expressing GRC, we examined the

effects of Ca2+ handling drugs on extracellular Ca2+-

induced increase in [Ca2+]i. While tranilast effectively

blocked the rise in [Ca2+]i (�75% inhibition at

300 mM), 100 mM diltiazem and 1 mM FK506 moderately

reduced it (20–30% inhibition) (unpublished observa-

tions). In contrast, nifedipine had no detectable effect on

it. Thus, the effect of tranilast may be exerted mainly

through inhibition of GRC. However, the inhibitory

effects of diltiazem and FK506 may be only partly exerted

through GRC.

4.3. Protective effect of Ca2+ handling drugs

We tested various agents for their ability to inhibit

stretch-induced CK release from BIO14.6 myotubes.

The Ca2+ channel blockers diltiazem and nifedipine, and

the Ca2+-dependent thiol protease (calpain) inhibitor E64

were effective in reducing CK release when applied to cells

30 min before the stretch (Fig. 5A). This is consistent with

our previous results obtained in L6 and skeletal myotubes

treated with antisense oligonucleotide against d-SG [17].

We previously showed that ruthenium red and Gd2+, which
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inhibit Ca2+ influx, also markedly prevented CK release

[19]. These results strongly suggest that elevated [Ca2+]i is

a key factor responsible for muscle dysgenesis. An increase

in [Ca2+]i would activate the Ca2+-dependent protease

calpain, which degrades dystrophin and other cytoskeletal

proteins, such as fodrin. In fact, we observed that cyclic

stretching resulted in proteolysis of dystrophin in BIO14.6

myotubes (see Section 3). Thus, the activation of proteo-

lysis caused by increased [Ca2+]i seems to be responsible

for the observed loss of mechanical stability of myotubes.

The importance of [Ca2+]i would also be true for other

types of dystrophy. In the muscle from mdx mice or DMD

patients, the sarcolemma is mechanically weakened as

evidenced by the observation that dystrophin-deficient

myotubes or fibers are easily damaged by hypo-osmotic

stress and are unable to withstand applied mechanical

stress [31]. Furthermore, basal activities of Ca2+-selective

leak channels and/or mechanosensitive non-selective

cation channels were reported to be significantly elevated

in dystrophin-deficient myotubes or skeletal muscle fibers

[16,32]. In these dystrophin-deficient myotubes, proteoly-

sis was reported to be elevated especially in the presence of

high extracellular Ca2+ [33].

In the present study, we found that tranilast was effective

for inhibition of the stretch-induced CK release in BIO14.6

myotubes (Fig. 5) and for muscle degeneration and fibrosis

in BIO14.6 skeletal muscles in vivo (Fig. 7). Tranilast was

developed originally for the treatment of allergy and keloid

formation [34,35] and has recently been used successfully

to reduce experimental intimal thickening and clinical

angiographic restenosis [36] or to suppress atherosclerosis

[37] inhibiting proliferation of smooth muscle cells. We do

not exclude the possibility that the observed protective

effect in vivo may result from cardiovascular targeted

effects of tranilast. However, our present findings that

tranilast directly inhibits the Ca2+ uptake and CK release

from cultured myotubes, rather suggest that it exerts the

direct effect on skeletal muscles. Indeed, tranilast has been

reported to inhibit the contraction of vascular smooth

muscle [38] and IGF1-induced cell growth through inhibi-

tion of Ca2+ entry [27]. As discussed in the previous

Section 4.2, the protective effect of tranilast may result

from inhibition of GRC channel, because tranilast inhib-

ited the increase in [Ca2+]i in GRC-expressing fibroblastic

cells, consistent with our previous finding [19] that GRC is

a key player in muscular dysgenesis. Recently, effects of

stretch-activated channel blockers on mdx muscle damage

was reported [39]. They reported that two stretch-activated

channel blockers, streptomycin and spider venom toxin

GsMTx4, can prevent the rise of resting [Ca2+]i and may

protect against muscle damage in mdx mouse. We also

observed that these drugs prevented [Ca2+]i oscillation and

reduced Gd3+-sensitive Ca2+ influx in our d-sarcoglycan-

deficient BIO myotubes (unpublished observation), how-

ever, the inhibitory effect of these dugs were weaker than

that of tranilast. Thus, tranilast preventing stretch-activated
channel may have potential as a novel therapeutic drug

against muscular dystrophy.

We also observed that FK506 and cyclosporin A (not

shown) inhibit CK release in vivo as well as in vitro (Figs. 5

and 7). FK506 and CsA are widely used as immunosup-

pressive agents, which mostly prevent host rejection of

engrafted organs, while FK506 causes severe rhabdomyo-

lysis [40]. FK506 and CsA inhibit calcineurin through

interaction with endogenous immunophilin proteins, FK-

binding protein (FKBP) and cyclophilin A, respectively

[41]. Recently, FK506 was reported to alter the activities of

L-type Ca channels [42] and TRPC [43] through effects on

FKBP12 and FKBP12.6, while CsA was reported to influ-

ence the Ca2+ leak pathway through the lipid bilayer and

alter L-type calcium channel activity [44]. These findings

suggest that FK506 is capable of altering various cellular

functions in a calcineurin-dependent or independent man-

ner. The results of the present study indicating that FK506

reduces [Ca2+]i and inhibits 45Ca2+ uptake, suggest that

calcineurin and/or FK-binding proteins may regulate novel

target molecules. Recently, we found that FK506 restores

the Na+/Ca2+ exchange activity inhibited by calcineurin in

hypertrophied cardiomyocytes [45]. Therefore, it is pos-

sible that FK506 contributes to the reduced [Ca2+]i by

enhanced Ca2+ extrusion through activation of Na+/Ca2+

exchange.

It is noted that diltiazem and nifedipine exert the pro-

tective effect in dytrophic muscles or myotubes, suggesting

that L-type Ca2+ channel may contribute to muscle dys-

genesis. However, diltiazem inhibited more strongly the

rise in [Ca2+]i and 45Ca2+ uptake as compared to nifedipine.

We do not know about the reason for these different effects.

Since diltiazem but not nifedipine, partly (20–30%) inhib-

ited the rise in [Ca2+]i in GRC-expressing cells, the pro-

tective effect of diltiazem may be exerted partly through

inhibition of GRC. Diltiazem was also reported to affect on

various Ca2+ regulatory proteins such as sarcoplasmic

reticulum Ca2+ pump [46] and Na+/Ca2+ exchange [47].

Such multiple actions of diltiazem may explain the appar-

ently beneficial effect on muscular dystrophy and the

strong inhibitory effect on the rise in [Ca2+]i observed in

our experiments.

In summary, using an in vitro system we reinforced our

previous findings [17–19] that the loss of d-SG enhances

the susceptibility of BIO14.6 myotubes to applied mechan-

ical stress leading to cell damage and that the muscle

degeneration occurs through abnormal Ca2+ homeostasis

caused predominantly by enhanced Ca2+ entry. Some drugs

had significant protective effects against such mechanical

weakness in vivo as well as in vitro. At present, direct

targets for these drugs are not well known. However, the

protective effects of Ca2+ handling drugs would provide

valuable information for the development of novel ther-

apeutic drugs against muscular dystrophy. Probably, more

specific inhibitors against individual Ca2+ handling pro-

teins would be required to be developed.
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