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uchenne muscular dystrophy results from the lack of
dystrophin, a cytoskeletal protein associated with
the inner surface membrane, in skeletal muscle.

The absence of dystrophin induces an abnormal increase of
sarcolemmal calcium influx through cationic channels in

 

adult skeletal muscle fibers from dystrophic (

 

mdx

 

) mice. We
observed that the activity of these channels was increased
after depletion of the stores of calcium with thapsigargin
or caffeine. By analogy with the situation observed in
nonexcitable cells, we therefore hypothesized that these
store-operated channels could belong to the transient receptor
potential channel (TRPC) family. We measured the expression

D

 

of TRPC isoforms in normal and 

 

mdx

 

 adult skeletal muscles
fibers, and among the seven known isoforms, five were
detected (TRPC1, 2, 3, 4, and 6) by RT-PCR. Western blot
analysis and immunocytochemistry of normal and 

 

mdx

 

muscle fibers demonstrated the localization of TRPC1, 4,
and 6 proteins at the plasma membrane. Therefore, an anti-
sense strategy was used to repress these TRPC isoforms. In
parallel with the repression of the TRPCs, we observed that
the occurrence of calcium leak channels was decreased to
one tenth of its control value (patch-clamp technique),
showing the involvement of TRPC in the abnormal calcium
influx observed in dystrophic fibers.

 

Introduction

 

Duchenne muscular dystrophy (DMD)* is a progressive
neuromuscular disease affecting 1/3,500 male births. It is
due to a defect in the p21 band of the X chromosome (Monaco
et al., 1986) affecting dystrophin, a 427-kD protein located
at the cytoplasmic face of the sarcolemma (Hoffman et al.,
1987). In normal skeletal muscle cells, dystrophin is associated
with actin and with a complex of membrane glycoproteins,
linking the cytoskeleton and the ECM, and therefore protecting
the membrane against mechanical damage during muscle
contraction. The absence of dystrophin in DMD patients
leads to muscle degeneration and progressive weakness. It
has been proposed that an alteration of the homeostasis of intra-
cellular Ca might be responsible for this muscle degeneration.
This was based on two facts: (1) total Ca (free and bound

calcium) content is doubled in muscle biopsies from DMD
patients and in 

 

mdx

 

 muscles (a murine model of DMD) and
(2) the influx of Ca through the cellular membrane is increased
(Bertorini et al., 1982; Tutdibi et al., 1999; for review see
Gillis, 1999). The functional repercussions on the resting
cytosolic concentration of free Ca ([Ca

 

2

 

�

 

]

 

i

 

) in muscle fibers
are still disputed (Gailly et al., 1993; Pressmar et al., 1994;
Hopf et al., 1996a; Leijendekker et al., 1996; Collet et al.,

 

1999), but [Ca

 

2

 

�

 

] seems increased at least in the submembrane
compartment (Mallouk et al., 2000). It has been shown that
spontaneous proteolysis was higher in 

 

mdx

 

 than in control
muscle (MacLennan et al., 1991), that it could be reduced
to normal rate if the external Ca concentration was reduced,
and exaggerated by increasing Ca (Turner et al., 1988). This led
to the hypothesis that dystrophin-lacking fibers suffer from a
chronic Ca overload, resulting in activation of Ca-dependent
proteases (MacLennan et al., 1991). The present study was
designed to identify the membrane ion channels responsible
for the abnormal Ca influx observed in muscle fibers of

 

mdx

 

 mice. These channels were previously characterized by
Franco-Obregon and Lansman (1994). We found that they
were activated by depletion of the internal stores of Ca. By
analogy to the situation known in nonexcitable cells (see
Discussion), we studied whether transient receptor potential
channel (TRPC) isoforms were involved in the influx. Using

 

Address correspondence to P. Gailly, Département de Physiologie, Uni-
versité Catholique de Louvain (UCL 5540), Av. Hippocrate 55, 1200
Brussels, Belgium. Tel.: 32-2-764-55-42. Fax: 32-2-764-55-80. E-mail:
gailly@fymu.ucl.ac.be

C. Vandebrouck and D. Martin contributed equally to this work.
*Abbreviations used in this paper: DMD, Duchenne muscular dystrophy;

 

FDB, flexor digitorum brevis; 

 

mdx

 

, murine X-linked dystrophy; P

 

o

 

, open
probability; 

 

�

 

c

 

, closed time constant; 

 

�

 

0

 

, open time constant; TRPC,
transient receptor potential channel.
Key words: calcium channels; dystrophy; sarcoplasmic reticulum; capaci-
tative entry; TRP channel



 

1090 The Journal of Cell Biology 

 

|

 

 

 

Volume 158, Number 6, 2002

 

an antisense strategy, we show that TRPC1 and/or TRPC4
proteins are constitutive of the voltage-independent Ca
channels through which an increased amount of Ca pene-
trates into the muscle cells in 

 

mdx

 

 mice. This finding gives a
new possible trail in the search of drug therapies of DMD.

 

Results

 

Voltage-independent Ca channels 
in adult skeletal muscle fibers

 

By using the patch-clamp technique (cell-attached configura-
tion at 

 

�

 

60-mV holding potential), we detected spontaneous
Ca channel activity in collagenase-isolated flexor digitorum
brevis (FDB) fibers maintained for 48 h in culture. In the
conditions used (110 mM CaCl

 

2

 

 in the pipette), these chan-
nels had a conductance of 8 pS. The current-voltage relation-
ship showed no sign of voltage activation or inactivation and
was identical in 

 

mdx

 

 and normal fibers (Fig. 1, A and B). Re-

 

versal potential was similar in C57 (19 

 

�

 

 4 mV, 

 

n

 

 

 

�

 

 5) and
in 

 

mdx

 

 fibers (20 

 

�

 

 3 mV, 

 

n

 

 

 

�

 

 6). The channel had a poor
selectivity with respect to Ba

 

2

 

�

 

, Mn

 

2

 

�

 

, and Na

 

�

 

 (unpublished
data). To evaluate how much Ca entered through the cation
channel, we calculated the relative selectivity of divalent over
monovalent cations using the Goldman-Hodgkin-Katz equa-
tion modified for divalent cations (Lee and Tsien, 1984).
With 110 mM CaCl

 

2

 

 in the electrode and assuming K

 

�

 

 to be
the predominant intracellular cation, the channel was slightly
more permeable to Ca than to K

 

�

 

 with 

 

P

 

Ca

 

/

 

P

 

K

 

 

 

�

 

 1.3. This
value is in the range observed previously (Franco and Lans-
man, 1990b). All these characteristics are similar to those of
the mechanosensitive channels already described (Franco-
Obregon and Lansman, 1994) and are similar in C57 and

 

mdx

 

 fibers. However, the occurrence of the channel (number
of patches in which a Ca current is recorded/number of
patches sampled) was significantly increased by a factor of 1.6
in 

 

mdx

 

 compared with C57 (87 vs. 54%) and the open proba-

Figure 1. Characterization of voltage-
independent Ca channels in C57 and 
mdx fibers. (A) Examples of current 
traces (patch clamp; attached cell 
configuration). The closed state of the 
channel is marked by c. (B) Current-
voltage relationships. (C) Distribution of 
open and closed times.

Figure 2. Thapsigargin and caffeine-activated 
single-channel currents in normal and mdx adult 
skeletal muscle fibers. (A) Original traces of single-
channel inward currents recorded cell-attached 
membrane patch (at –60 mV) before (control) and 
after stimulation by 1 �M thapsigargin of wild-type 
and mdx fibers. The closed and open states of the 
channel are marked by c and o1 and o2, respectively. 
(B) Histogram showing the fraction of patches on 
normal (open bars) and mdx (filled bars) fibers with 
channel activity in control condition and after 
application of 1 �M thapsigargin or 10 mM 
caffeine. (C) Mean channel Po on normal C57 
and mdx fibers. (D) Quantity of Ca charge in C57 
and mdx fibers obtained by integrating recordings 
of cell-attached patches. The asterisk denotes 
significant difference (P � 0.05) between control 
and treated C57 fibers and between control and 
treated mdx fibers. The number of patches for each 
type of fibers in each condition is indicated in the 
histograms.
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bility (P

 

o

 

) was approximately doubled in 

 

mdx

 

 fibers (0.07 

 

�

 

0.06, 

 

n 

 

� 

 

14 vs. 0.13 

 

�

 

 0.1, 

 

n 

 

� 

 

14; Fig. 2). The distribution
of open and closed times was best fitted with a single expo-
nential function (Fig. 1 C). The open time constant (

 

�

 

0

 

) and
closed time constant (

 

�

 

c

 

) were similar in both strains (

 

�

 

0

 

 

 

�

 

16.1 

 

�

 

 3.3 and 14.6 

 

�

 

 3.1, 

 

�

 

c

 

 

 

�

 

 15.5 

 

�

 

 3.6 and 12.15 

 

�

 

2.2 in C57 and 

 

mdx

 

, respectively; 

 

n 

 

� 

 

14). Together, these
data confirm that the total Ca conductance is larger in 

 

mdx

 

 fi-
bers compared with C57 ones and suggest that this could lead
to an abnormal overload of Ca in 

 

mdx

 

 fibers.

 

Dependence on stores depletion

 

The following experiments were designed to examine
whether the activity of the voltage-independent Ca channels
was dependent on Ca stores depletion. Thapsigargin and
caffeine were used to deplete the stores by inhibiting the Ca-
ATPase (sarco/ER-Ca ATPase) and stimulating the ryano-
dine receptors, respectively. If the effect of caffeine on the
release of Ca in skeletal muscle is well documented, the ef-
fect of thapsigargin has been less studied in this tissue where
it is well-known that Ca pools are difficult to deplete (see
Discussion). Therefore, this point is first studied here.

The results given in the previous section were obtained on
depolarized cells (fibers maintained 3–5 min in potassium as-
partate solution, as described previously [Franco-Obregon
and Lansman, 1994]). This was necessary to correctly impose
a holding potential (cell-attached configuration). Therefore,
to mimic as much as possible the patch-clamp experiments,
the effect of thapsigargin on Ca stores was studied in fibers
depolarized in potassium aspartate solution (also containing
10 mM EGTA; see Materials and methods). Depolarization
in this solution induced a [Ca

 

2

 

�

 

]

 

i

 

 transient that was taken as
an index of the amount of releasable Ca (Fig. 3). After 5 min
in this solution in the absence or presence of 1 

 

�

 

M thapsigar-
gin, fibers were repolarized for 5 min in a Krebs solution (to
prepare for the next depolarization) containing 50 

 

�

 

M
EGTA to avoid any refilling of the stores during this period
of time. On return in potassium aspartate solution and in the
absence of thapsigargin, this produced a peak of [Ca

 

2

 

�

 

]

 

i

 

�

 

200 nM (from the resting level just before stimulation to
the peak of [Ca

 

2

 

�

 

]

 

i

 

, 

 

n 

 

�

 

10). No difference could be observed
between C57 and 

 

mdx

 

 fibers (

 

n 

 

� 

 

5 for each). Fibers treated
with 1 

 

�

 

M thapsigargin showed an increase of resting [Ca

 

2

 

�

 

]

 

i

 

from their basal level (60 

 

�

 

 9 nM) to 111 

 

�

 

 24 nM (

 

n 

 

�

 

10). Upon depolarization, the peak of [Ca

 

2

 

�

 

]

 

i

 

 was signifi-
cantly reduced by a factor of 6 (

 

n 

 

� 

 

10). This effect was
observed in both C57 and 

 

mdx

 

 fibers. In conclusion, thapsi-
gargin-treated fibers had lost 85% of their depolarization-
releasable content of Ca. This result contrasts with the milder
effect of thapsigargin observed by Kurebayashi and Ogawa
(2001), and is probably due to the fact that thapsigargin-
induced depletion is obtained in depolarized fibers.

Store depletion by thapsigargin or caffeine increased the P

 

o

 

of the Ca channels by a factor of 

 

�

 

3. For example, in C57 fi-
bers, 1 

 

�

 

M thapsigargin significantly increased the P

 

o

 

 from
0.07 

 

�

 

 0.06 (

 

n 

 

� 

 

14) to 0.24 

 

� 0.1 (n � 14; Fig. 2 C). The
same effect was obtained with the application of caffeine
(Po � 0.15 � 0.04, n � 10). Both drugs significantly in-
creased the quantity of charge passing through the channels
(integration of the current over a period of 120 s of observa-

tion; Fig. 2 D) but did not affect the occurrence of channels
activity (Fig. 2 B). All these effects were present and similar in
C57 and mdx fibers; however, the differences observed in
control (not depleted) fibers (Fig. 2, control conditions, wild-
type vs. mdx) persisted in thapsigargin- and caffeine-treated
cells. Finally, the application of thapsigargin significantly in-
creased the �0 from 14.6 � 3.1 ms (n � 14) to 25.2 � 2.3
ms (n � 14, P � 0.05) in mdx fibers but not in C57 fibers
(from 16.1 � 3.3 ms to 17.8 � 1.9 ms, n � 14 for each).
Thapsigargin did not affect the �c, which stayed close to 12 ms
in both fiber types whatever the experimental conditions
used. These results show that the voltage-independent Ca
channels observed in C57 and mdx fibers are activated by
stores depletion. Channel activity was inhibited by 60% by
La3� (in mdx, Po diminished from 0.11 � 0.015 [n � 24] to
0.04 � 0.01 [n � 30]) but not by 100 �M 2-aminoethoxy-
diphenyl borate (unpublished data).

Expression and localization of mammalian 
TRPC isoforms in C57 and mdx fibers
The mRNA expression of the seven known mammalian
TRPC isoforms was examined in adult skeletal muscle fibers
using RT-PCR technique. Fig. 4 A shows that TRPC1, 2, 3,
4, and 6 mRNAs are detected in wild-type and mdx adult
skeletal muscle fibers, whereas TRPC5 and TRPC7 isoforms
were not. As a control, these two isoforms were found in an-
other tissue (mouse brain).

The expression of TRPC proteins and their localization in
the cells were studied by Western blot analysis after parti-
tioning proteins in “Triton-soluble” (supernatant) or “Tri-

Figure 3. Representative examples of [Ca2�]i measurements in 
C57 muscle fibers. Fibers were incubated for 5 min in potassium 
aspartate (10 mM EGTA) solution in the presence or absence of 1 
�M thapsigargin. Next, they were repolarized for 5 min in a Krebs 
solution (50 �M EGTA). Finally, depolarization in potassium aspartate 
solution induced a [Ca2�]i transient that was taken as an index of the 
amount of releasable Ca.
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ton-insoluble” (pellet) fractions. TRPC1, 2, 3, 4, and 6 pro-
teins were endogenously expressed in both mdx and C57
skeletal muscle fibers (Fig. 4 B), thus paralleling the results
obtained in PCR analyses. TRPC1, 4, and 6 proteins were
localized in the supernatant fraction, suggesting a possible
plasma membrane localization. TRPC2 was barely detect-
able and both TRPC2 and TRPC3 isoforms were detected
only in the pellet fraction. Immunocytochemistry experi-
ments confirmed the localization of TRPC1, 4, and 6 in the
plasma membrane (Fig. 4 C). The function of TRPC2 and 3
isoforms, absent from the plasma membrane, was not inves-
tigated further. Western blots realized in the presence of re-
spective control antigen peptides resulted in the disappear-
ance of specific bands (not depicted).

Repression of TRPC in transfected mdx fibers
To examine the role of endogenous TRPC in the Ca cur-
rents observed, we tried to specifically repress the expression
of these proteins and to study the functional repercussions.
As the occurrence of Ca channels was higher in mdx than in
C57 fibers, we chose to repress the expression in this type of
fibers. We transiently transfected mdx fibers with antisense
and sense oligonucleotides whose sequence was chosen in
the most conserved region of the mRNA sequences of the
different TRPCs. 48 h after transfection, the efficiency, as-
sessed by the percentage of fluorescent fibers, was �60%.

Mdx fibers treated with sense or antisense oligonucleotides
were submitted to fractionation, SDS-PAGE, and Western
blot analysis. TRPC1 and 4 isoforms were significantly re-
pressed by the treatment with antisense oligonucleotides (re-

sidual expression of 40 and 50%, respectively), but TRPC6
expression was not modified (Fig. 5, A and B). Note that
only 60% of the studied fibers were successfully transfected.

We examined the role of TRPC proteins by recording sin-
gle-channel activity in mdx fibers transfected with antisense
or sense oligonucleotides. In this case, only successfully trans-
fected (and therefore fluorescent) fibers were studied. Fig. 5
C shows that the occurrence of Ca channel activity, in the ab-
sence or in the presence of thapsigargin, was strongly reduced
in mdx fibers transfected with antisense oligonucleotides, but
not in mdx fibers transfected with sense oligonucleotides or in
nontransfected fibers. All the other characteristics of the
channels (Po and quantity of charge, �0, and �c) stayed identi-
cal in all mdx fibers transfected or not transfected.

As the repression of the TRPC protein expression led to
an important decrease of the occurrence of Ca activity, we
investigated whether the repression was specific and did not
affect the expression of other proteins. To do so, we studied
sodium currents in the same population of transfected mdx
fibers. Sodium currents were elicited by 50-ms depolarizing
pulses from a holding potential of �70 to �30 mV. Single
openings generally occurred at the beginning of the test
pulse. Average unitary currents showed the characteristics of
sodium macroscopic currents with rapid onset and inactiva-
tion (Fig. 6). In both sense- and antisense-transfected mdx
fibers, peak current amplitudes of average currents, recorded
at –30 mV, were identical. Single-channel conductance was
calculated as the slope of linear regression of single-channel
current-voltage curves between�60 and 0 mV (Fig. 6 B). It
was close to 18 pS in the mdx fibers transfected with sense

Figure 4. Expression and localization of TRPC isoforms. 
(A) Detection of the presence of TRPC mRNA by RT-PCR in C57 
and mdx fibers. Brain (�) has been used as a positive control to 
prove the absence of TRPC5 and TRPC7. (B) Localization of 
endogenously expressed TRPC1, 2, 3, 4, and 6 in C57 and mdx 
fibers. Triton-soluble (a) or Triton-insoluble (b) proteins were 
separated on 8% SDS-PAGE, transferred onto PVDF membrane, and 
processed for Western blot analysis with specific pAbs. Sol 8 cells 
(��) have been used as a positive control for TRPC2. (C) Localization 
of Trp1, 2, 3, 4, and 6 proteins in mdx muscle fibers immunostained 
with specific antibodies (f, staining with the secondary antibody as a 
negative control). The corresponding light micrographs are presented 
for each case. Bar, 10 �m.
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and antisense oligonucleotides. This value of conductance is
similar to the one obtained previously by others in FDB fi-
bers (Desaphy et al., 2001).

Discussion
Store-dependent entry of Ca has been largely studied in
nonexcitable cells (Putney, 1986; Berridge, 1995; Parekh
and Penner, 1997). However, in the last few years it became
clear that excitable cells such as smooth muscle cells (Gibson
et al., 1998) and skeletal myotubes (Hopf et al., 1996a) also
do present capacitative entry of Ca. In both cases, IP3 recep-
tors are expressed and Ca stores can be easily depleted by ag-
onist stimulation. Recently, Kurebayashi and Ogawa (2001)
demonstrated, for the first time, the presence of such influx
in adult skeletal muscle fibers. This was a surprise because
adult muscle fibers do not seem to exchange much Ca with
the extracellular medium. Indeed, skeletal muscle fibers have
huge amounts of sarcoplasmic reticulum that is extremely
rich in Ca pumps (sarco/ER-Ca ATPase) and contains a
high buffering capacity (calsequestrin). On the other hand,

Ca extrusion through the plasma membrane is very slow, so
almost all of the Ca released during contraction is immedi-
ately restored after stimulation. Accordingly, twitch contrac-
tions can thus be produced repeatedly for hours in the
absence of extracellular Ca. Nevertheless, the authors show
that the store-dependent influx is activated even by a partial
depletion of the stores and must therefore be functional in
physiological conditions.

The importance of an abnormal influx of Ca has been no-
ticed in skeletal myotubes from DMD patients (Imbert et
al., 1996) and in myotubes and adult fibers from mdx mice
(Turner et al., 1988; Haws and Lansman, 1991; Tutdibi et
al., 1999; Mallouk et al., 2000). This influx seems to impli-
cate various spontaneously active and/or mechanosensitive
cationic channels (Imbert et al., 1996; Vandebrouck et al.,
2001), whereas the voltage-dependent Ca channels do not
seem to be involved (Imbert et al., 2001). In myotubes,
Hopf et al. (1996a) described a Ca leak channel whose activ-
ity was increased in mdx and which was activated by store
depletion. The identity of this channel was unknown; it
might be similar to the voltage-independent Ca channels
found in adult fibers (Franco and Lansman, 1990a, and this
paper) although its Po was �30 times lower than in adult fi-
bers. In this paper, we show that the voltage-independent Ca
channels that are abnormally activated in adult mdx skeletal
muscle fibers are sensitive to Ca stores depletion by thapsi-
gargin or caffeine. Indeed, store depletion increases the Po of

Figure 5. Repression of Trp in mdx fibers transfected with sense 
(Ss) or antisense (As) oligonucleotides. (A) Total transfected mdx 
fiber proteins were separated on 8% SDS-PAGE and blotted onto 
PVDF membrane. Western blots were performed with anti-Trp1, 4, 
and 6 pAbs. The standard molecular mass markers (kD) are indicated. 
(B) The intensities of the reactions were measured by integrated 
densitometry and were normalized for the protein load assayed by 
Coomassie blue staining. n � 6. ***, P � 0.0001. (C) Single-channel 
Ca activity in mdx fibers transfected with antisense or sense. 
Occurrence of channel activity in absence or presence of 1 �M 
thapsigargin. **, P � 0.001. The number of patches for each type of 
fibers in each condition is indicated in the histograms.

Figure 6. Sodium currents in mdx fibers transfected with sense or 
antisense. (A) Average currents constructed from 100 traces elicited 
in the same patches. (B) Single-channel current amplitudes plotted 
as a function of test potential for transfected mdx fibers. n 	 3. g, 
unitary conductance value. (C) Quantity of charge in mdx fibers 
(obtained by integrating recordings of cell-attached patches over a 
period of 120 s).
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these channels by keeping them opened for a longer time
(increased �0, same �c). The Ca channel studied here is simi-
larly permeable to Ba2�, Ca2�, and Mn2�, as is the store-
dependent channel from endothelial cells (Luckhoff and
Clapham, 1994).

The identification of the channel involved in store-
dependent Ca entry has been largely investigated in nonex-
citable cells. Candidate molecules for this pathway probably
belong to the TRPC protein family (for review see Clapham
et al., 2001). This has been shown by heterologous expres-
sion of TRPC proteins. Using this methodology, TRPC1–5
have been shown to be possibly activated by store depletion
(Groschner et al., 1998; Philipp et al., 1998; Vannier et
al., 1999; Warnat et al., 1999; Liu et al., 2000). How-
ever, other authors showed that heterologous expression of
TRPC3–6 also gave channels whose activation was inde-
pendent of store depletion (Zitt et al., 1997; Hofmann et
al., 1999; Schaefer et al., 2000; Wu et al., 2000). Therefore,
different groups tried to evaluate the functional role of
TRPC proteins by repressing their expression by transfec-
tion with antisense nucleotide sequences. This strategy has
been used to clearly demonstrate that TRPC4 is part of the
native Ca-release activated Ca channel in adrenal cells
(Philipp et al., 2000), that TRPC1 and/or TRPC3 are in-
volved in the thapsigargin-induced entry of Ca in HEK-293
cells (Wu et al., 2000), and that TRPC2 protein is involved
in store-operated influx of Ca in fibroblasts (Gailly and
Colson-Van Schoor, 2001). As the voltage-independent Ca
channels found in C57 and mdx adult fibers were store de-
pendent, we hypothesized that they might be constituted of
TRPC proteins. By using the most conserved coding se-
quence in the different TRPC genes, we repressed their ex-
pression by transfection with antisense oligonucleotides.
Among the seven known TRPC isoforms, five were endoge-
nously expressed at the mRNA level, and three were present
at the plasma membrane (TRPC1, 4, and 6). After 48-h re-
pression with antisense oligonucleotides, we observed a 50–
60% decrease in the amount of TRPC expressed. As trans-
fection efficiency was also �60%, it seems reasonable to
think that these proteins were almost absent from the trans-
fected fibers. In contrast, TRPC6 expression was not di-
minished in transfected cells. This might be due to the ter-
nary configuration of the mRNA or to a slow turnover of
the protein. In parallel with these observations, we found
that the channel occurrence was reduced by a factor of 10 in
transfected fibers (selected by their fluorescein tag). The be-
havior of the channel was unchanged (Po, �0, �c, activation
by stores depletion) but its presence became very rare.
Therefore, we conclude that the abnormal influx of Ca ob-
served in adult mdx fibers occurs through store-dependent
Ca channels constituted, at least partially, of TRPC pro-
teins. The remaining occurrence might be due to an incom-
plete repression of the TRPC1 and 4 isoforms, or to the
presence of TRPC6 protein that was not repressed. Further
study will be necessary to precisely identify which TRPC
isoform(s) is (are) involved in this process, TRPC1 and/or
TRPC4. However, it is interesting to note that the TRPC1
channel is known to have a dystrophin homology domain
(Lockwich et al., 2000). Therefore, the lack of dystrophin
and the consequent disorganization of the cytoskeleton ob-

served in dystrophic fibers might induce a disregulation of
this protein, leading to an increased influx of Ca.

The mechanisms coupling depletion of the stores to sub-
sequent entry of Ca remain unknown. Almost all cells pre-
senting this kind of Ca entry release Ca from the ER
through IP3 receptors. Furthermore, recent studies strongly
suggest the involvement of the IP3 receptor in capacitative
Ca entry (Kiselyov et al., 1998; Boulay et al., 1999; Putney,
1999; Ma et al., 2000). Skeletal muscle sarcoplasmic reticu-
lum releases Ca essentially through ryanodine receptors,
which might therefore be involved in the coupling process
(Kiselyov et al., 2001). However, skeletal muscle also con-
tains low amounts of IP3 receptors (Valdivia et al., 1992),
and Liberona et al. (1998) observed that dystrophic muscle
cell lines (human and mouse) have a two- to threefold in-
crease in basal levels of IP3 and an increased number of IP3

receptors (Jaimovich et al., 2000). This might also be in-
volved in the abnormal regulation of these Ca channels.

In this paper, we have thus identified the molecular nature
of the channels involved in the abnormal influx of Ca ob-
served in adult dystrophic muscle fibers. The originality of
our paper stands in the fact that TRPCs are involved in ca-
pacitative Ca entry in excitable cells and, as shown for the
first time, that a disregulation of their activity is involved in
a neuromuscular disorder. Hopefully, this might give a new
target in the search of drug therapies of DMD.

Materials and methods
Isolation of fibers
Adult (2- to 3-mo-old) wild-type (C57) and dystrophin-deficient (mdx) mice
were killed by cervical dislocation. This protocol has been approved by
the Animal Ethics Committee of the University of Louvain. FDB muscles
were removed and incubated for 36 min at 37
C in Krebs solution contain-
ing (mM): 124 NaCl, 1.2 MgCl2, 5.9 KCl, 11.5 glucose, 11.5 Hepes-Na,
1.5 CaCl2, and 0.2% collagenase type IV (Sigma-Aldrich). The muscles
were then removed from the collagenase-containing solution, washed
twice in Krebs buffer, and suspended in Ham’s F12/DME (Sigma-Aldrich)
supplemented with 2% FBS (Sigma-Aldrich) and 1% antibiotics (penicillin-
streptomycin; Sigma-Aldrich).

Single fibers were mechanically dissociated by passing the muscle repeat-
edly through fire-polished Pasteur pipettes. Dissociated fibers were plated
onto tissue culture dishes coated with ECM basement membrane (Harbor
Bio-Products) and allowed to adhere to the bottom of the dish for 2 h.

Measurements of cytosolic [Ca2�]
Muscle fibers were loaded for 1 h at RT with the membrane-permeant Ca
indicator Fura-PE3/AM (Calbiochem) 1�M and Pluronic F-127 0.004%.
Fura-PE3/AM was preferred over Fura-2/AM because it is stable during
long lasting experiments, with little or no compartmentation (Hopf et al.,
1996b). Fibers were illuminated through an inverted microscope (40� ob-
jective; Nikon) alternatively at 340 and 380 nm (20 Hz), and the fluores-
cent light emitted at 510 nm was measured. The ratio R340/380 of the fluores-
cence intensity emitted at the two excitation wavelengths was calculated,
and cytosolic concentration of calcium ([Ca2�]i) was determined by using a
cuvette calibration (Hopf et al., 1996b).

PCR amplification
Total RNA was extracted from C57 and mdx tibialis anterior muscles using
the Tripure RNA extraction reagent (Roche). First-strand cDNA was synthe-
sized from 2 �g of total RNA in a final volume of 20 �l using oligo
dTPrimer (Thermoscript RT-PCR System; Life Technologies). PCR reaction
was conducted using 2-�l aliquots of the RT reaction and specific primers
for TRPC1–7 mouse sequences. These primers were chosen in a region
known to cross a sizeable intron (Zhu et al., 1996), thus eliminating contri-
bution from genomic DNA amplification. Primers used for amplification of
TRPC1, 3, 4, 5, and 6 fragments were those designed by Garcia and Schill-
ing (1997). For TRPC7 amplification, we used primers described by Okada
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et al. (1999), and for TRPC2, the primers we designed in a previous study
(Gailly and Colson-Van Schoor, 2001). PCR was performed with Expand
High Fidelity Taq polymerase (Roche) for 35 cycles (Idaho rapid light cy-
cler), consisting of denaturation at 94
C for 30 s, annealing at 53 to 62
C
(optimized for each TRPC fragment amplified) for 1 min, extension at 72
C
for 1 min, and a final extension at 72
C for 6 min. The expected sizes of
the different PCR products were 387, 345, 317, 415, 340, 327, and 701 bp
for TRPC1–7, respectively.

Transient transfection of adult skeletal muscle fibers 
with TRPC antisense oligonucleotides
C57 and mdx fibers were plated onto dishes 2–12 h before transfection.
They were transiently transfected with degenerated 5� fluorescein-labeled
TRPC antisense or sense oligonucleotides (Genset). The antisense se-
quence was chosen in a region conserved in all TRPC isoforms, as follows:
Fluo 5�-aagtarswvadsyanaryttbghhckwgcaaayttccaytc-3�. The sense se-
quence was the reverse of the antisense sequence and was used as a con-
trol. Transient transfection was performed with 50-nM antisense or sense
oligonucleotides and oligofectAMINE™ reagent (Life Technologies) in
Ham’s F12/DME without serum. Fibers were incubated for 4 h at 30
C in
the presence of oligonucleotides before adding Ham’s F12/DME with 6%
FBS, and the culture was maintained at 30
C for 48 h. Transfection effi-
ciency was determined by the fluorescence of cells. Electrophysiological
recordings of transfected (fluorescent) cells and Western blot analyses
were performed 48 h after transfection.

Western blotting
Dissociated fibers were harvested by centrifugation and resuspended in ly-
sis buffer (20 mM Na2HPO4, pH 7.2, 150 mM NaCl, 10% glycerol, 1 mM
EDTA, 0.5% Triton X-100) containing protease inhibitor cocktail (Roche).
Fibers were incubated for 1 h on ice and centrifuged at 10,000 g for 15
min at 4
C, generating Triton-soluble (supernatant) and Triton-insoluble
(pellet) proteins. In some experiments, dissociated mdx fibers were directly
lysed and boiled for 5 min in 2� SDS-loading sample buffer containing
1% (vol/vol) 2-mercaptoethanol (Laemmli, 1970).

Proteins were separated by 8% SDS-PAGE and transferred onto PVDF
membranes (Amersham). After incubation of these membranes in Tris-buff-
ered saline containing 0.05% Tween 20 and 5% skimmed milk (wt/vol),
rabbit anti-TRPC1, 3, 4, and 6 (1/600) pAbs (Alomone Labs) or anti-TRPC2
(1/100) pAb (a gift of Dr. H. Florman [University of Massachusetts Medical
School, Worcester, MA]; Jungnickel et al., 2001) were added for 2 h at RT,
and bound antibodies were detected by peroxidase-conjugated anti–rabbit
IgG serum (1/10,000 for 1 h at RT). The immunoreactive bands were de-
tected using a chemiluminescence ECL� Western blotting detection kit
(Amersham Biosciences) and quantified by densitometry after correction
for gel loading assayed by Coomassie blue staining and/or actin content
(detected using an anti-
 actin antibody; Sigma-Aldrich).

Immunocytochemistry
The following protocol was used: fixation in 4% PFA for 20 min; perme-
abilization in 0.2% Triton/PBS for 15 min; preincubation in 10% normal
goat serum/PBS for 1 h; incubation in 100-fold diluted TRPC1, 2, 3, 4, or 6
antiserum for 1 h; and incubation in 200-fold diluted FITC-labeled anti–
rabbit goat antiserum for 1 h. Immunostained cells were observed under
an inverted microscope (Axiovert T-100; Carl Zeiss MicroImaging, Inc.; ex-
citation, 488 nm; emission, 505 nm). Images were acquired with a CCD
camera (model 1300-v; Princeton Instruments) and analyzed with Meta-
Fluor® software.

Electrophysiological methods
Single-channel Ca activity was recorded from cell-attached patches using
the technique described by Hamill and co-workers (1981). Patch elec-
trodes were pulled on a DMZ-Universal puller (Zeitz-Instruments) in three
stages from borosilicate glass capillaries (1.5 mm diameter; Harvard Appa-
ratus, Inc.) to a tip diameter of 1–2 �m. Patch electrodes had a resistance
of 2–5 M�. Cells were viewed under phase-contrast with an inverted mi-
croscope (Axiovert S-100; Carl Zeiss MicroImaging, Inc.).

Single channel activity was recorded at a constant holding potential of
�60 mV and at RT using a patch-clamp amplifier (EPC-9; HEKA). Current
records were filtered with a Bessel filter at 3 kHz and digitized at 10 kHz.
Data were analyzed using Pulse-Fit, Pulse-Tools, and Origin 6.1 soft-
ware. The intrapipette solution contained the following (mM): 110 CaCl2,
10 Hepes, and 0.01 4.4’-diisothyocyanate stilbene-2.2’ disulfonic acid
(DIDS). The bathing solution was an isotonic potassium aspartate solution
containing the following (mM): 150 potassium aspartate, 5 MgCl2, 10
EGTA, and 10 Hepes, pH 7.4. The osmolarity of each solution was ad-

justed to 320–330 mosmol.l�1 by adding glucose. The potassium aspartate
bathing solution was used to render null the resting membrane potential so
that the patch potential would be equal to the applied voltage command.
DIDS was used to block possible chloride conductances.

Thapsigargin (Sigma-Aldrich) was dissolved in DMSO and diluted
1:2,000 into the bath to a final concentration of 1 �M. The solvent alone
had no effect on channel activity. Caffeine (Merck Eurolab) was used at a
final concentration of 10 mM.

Sodium currents were recorded at RT in cell-attached configuration. The
intrapipette solution contained the following (mM): 150 NaCl, 1 MgCl2, 1
CaCl2, and 10 Hepes, pH 7.3. The bath solution contained Cs� ions as the
main cations in order to inhibit potassium currents and to depolarize the fi-
ber: 145 CsCl, 5 EGTA, 1 MgCl2, 10 Hepes, and 5 glucose, pH 7.3. After
5–10 min of incubation in this solution, the intrinsic resting membrane po-
tential of the FDB muscle fibers was consistently close to 0 mV. Capaci-
tance currents were almost totally cancelled by the compensation circuit of
the amplifier. Sodium currents were elicited by 50-ms depolarizing pulses
from a holding potential of �70 to �30 mV applied every 0.5 s.

Statistics
Data are presented as mean � SD. x2 test, ANOVA, or t tests were used to
determine statistical significance.
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