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In situ measurements of calpain activity in isolated muscle
fibres from normal and dystrophin-lacking mdx mice

P. Gailly, F. De Backer, M. Van Schoor and J. M. Gillis

Laboratory of Cell Physiology, Catholic University of Louvain, 1200 Brussels, Belgium

Calpains are Ca2+-activated proteases that are thought to be involved in muscle degenerative

diseases such as Duchenne muscular dystrophy. Status and activity of calpains in adult

muscle fibres are poorly documented. We report here in situ measurements of calpain

activity in collagenase-isolated fibres from C57 mice and form two models of dystrophy:

dystrophin-deficient mdx and calpain-3 knocked-out mice. Calpain activity was measured using

a permeant, fluorogenic substrate and its Ca2+ dependence was studied. A 30-fold change of

activity was observed between the lowest and the highest steady-state Ca2+ availability. Fast

transient changes of [Ca2+]i induced by electrical stimulation or KCl-dependent depolarization

were ineffective in activating calpain. Slow [Ca2+] transients, as elicited during depletion of Ca2+

stores, Ca2+ store repletion and hypo-osmotic swelling were able to activate calpain. On return to

resting conditions, calpain activity recovered its basal rate within 10 min. In resting intact muscle,

μ-calpain was predominantly in the 80 kDa native form, with a small fraction in the 78 kDa

autolysed form. The latter is thought to be responsible for the activity measured in our conditions.

Calpain activity in mdx fibres showed an average 1.5-fold increase compared to activity in C57

fibres. This activity was reduced by a 10-fold lowering of [Ca2+]o. Calpain-3-deficient fibres

showed about the same increase, thus calpain-3 did not contribute to the activity measured

here and calpain activation is not specific to dystrophin deficiency. In fibres from transgenic

mice over-expressing calpastatin, a 40–50% reduction of calpain activity was observed, as

with synthetic drugs (Z-Leu-Leu-CHO and SNT198438). We provide novel information on the

physiological factors that control calpain activity in situ, particularly the effect of intracellular

Ca2+ transients that occur in excitation–contraction coupling, Ca2+ store depletion and refilling,

and activation of mechanosensitive Ca2+ channels.
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Calpains are neutral, Ca2+-activated, cysteine proteases,
that are essentially intracellular. Two ubiquitous forms of
calpains have been identified: m-calpains and μ-calpains
which are activated by millimolar and micromolar Ca2+

concentrations, respectively. Skeletal muscles contain both
forms and a specific one, calpain-3. Most cells, including
muscles, also contain calpastatin, which is a specific
inhibitor of m- and μ-calpain. The concentration of
calpastatin usually exceeds that of calpain and thus it can
effectively regulate calpain activity. For a comprehensive
review of the calpain–calpastatin system see Goll et al.
(2003).

The physiological roles of the calpains are still
largely unclear. Their involvement in fibroblast motility
(membrane protusions and focal adhesions) and blood
platelet activation (granule release and aggregation),
together with the fact that several cytoskeletal proteins

(e.g. talin, vinculin and spectrin) are quickly cleaved
by calpains in in vitro assays, indicate a major role
in ‘remodelling’ the cytoskeletal architecture and its
interactions with the plasma membrane. Moreover, in
addition to this structural role, calpain also seems to
be involved in transmembrane signalling (Inomata et al.
1996). Interestingly, it was recently shown that calpain is
also required for the Ca2+-dependent repair of wounded
plasma membrane (Mellgren et al. 2006).

During the development of muscle fibres, the fusion of
mononucleated myoblasts into multinucleated myotubes
requires such an extensive remodelling and, accordingly,
fusion stops if calpains are inhibited. By contrast, fully
differentiated, adult fibres seem to possess a rather stable
cytoskeletal architecture, made of structural proteins
(e.g. γ -actin, α-actinin, titin and dystrophin) with a very
low turnover rate and implicated into the longitudinal
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and radial transmission of mechanical forces, a function
that precludes a labile structure, as shown by the dramatic
loss of force when cytoskeleton proteolysis occurs (skeletal
muscle, Verburg et al. 2005; smooth muscle, Haeberle et al.
1985). Considerable interest in the activity of calpains
in adult muscle fibres arose from observations made
on muscle from the mutant mdx mouse, which lacks
the cytoskeletal protein dystrophin, as do muscles of
patients suffering from Duchenne muscular dystrophy
(DMD). The muscles of the mdx mouse present signs
of increased Ca2+-dependent proteolysis (Turner et al.
1988) and increased concentrations and activation of
calpain (Spencer & Tidball, 1992; Spencer et al. 1995).
It was proposed that an abnormal activity of calpains,
induced by an increased cytosolic [Ca2+], occurs in
dystrophin-lacking muscles and initiates the pathological
process leading to fibre necrosis in DMD. There is
controversy concerning the question of a perturbed cell
[Ca2+] as the initial event of the dystrophic process
(see review by Gillis (1999), but the fact that muscle
dystrophy symptoms are greatly reduced in transgenic
mdx mice, which over-express the natural calpain inhibitor
calpastatin (Spencer & Mellgren, 2002), or in mdx
mice treated with a synthetic calpain inhibitor (Burdi
et al. 2006), shows that calpains are involved at some
step (possibly late) of the dystrophic process. However,
increased calpain activity or concentration have been
reported for other types of muscle diseases (e.g. poly-
myositis and denervation atrophy; Kumamoto et al.
1992, 1997), suggesting that involvement of calpain is a
non-specific feature of various muscle pathologies.

As m-calpain requires millimolar levels of Ca2+ for
activation, it is very unlikely that it is an active protease
in vivo. Even the more Ca2+-sensitive μ-calpain requires a
half-activating [Ca2+] as high as 34 μm (Kapprell & Goll,
1989), which is above the [Ca2+]i occurring within cells in
physiological conditions. However, conditions that lower
the Ca2+ requirement have been identified: the binding
of calpain to membrane phosphatidyl-inositol and the
autolysis that occurs in activated calpain (Kapprell & Goll,
1989). Moreover, muscle fibres contain as much calpastatin
as the sum of the m- and μ-calpain contents, but the
binding of calpastatin to calpain (the basis of its inhibitory
effect) is itself Ca2+ dependent (Cottin et al. 1981).

In physiological conditions, however, practically
nothing is known of the activity of calpains in muscle
fibres and how the main factors that affect its activity in
test-tube assays (i.e. [Ca2+], the native versus autolysed
forms and calpastatin) affect the situation in situ. The
activity of calpain has been shown to depend on [Ca2+]o

in mdx myotubes (Alderton & Steinhardt, 2000) but the
situation in adult fibres has not been investigated.

Recently, Murphy et al. (2006b) devised an
ingenious assay for monitoring the proteolytic effect of
Ca2+-activated calpain applied to skinned fibres. They

established in which conditions calpain activity leads
to structural damage with functional consequences (see
Discussion).

However, skinned fibres are not suitable for studying the
effect on calpain activity of Ca2+ influx mediated through
membrane Ca2+ channels and of Ca2+ transients elicited
by membrane-originated signals. Moreover, skinned fibres
tend to lose most of their calpain content into the
medium and are depleted of their membrane-bound
calpain (Murphy et al. 2006b). Recently, a method to
assess calpain activity in vivo has been developed in
transgenic mice expressing the α-fodrin cleavage site
flanked by cyan and yellow fluorescent proteins. The
intensity of the Förster resonance energy transfer (FRET)
is reduced when this compounded substrate is cleaved
(Stockholm et al. 2005; Bartoli et al. 2006). Though very
promising, this approach has not yet been developed to
the stage of providing kinetic data on calpain activity, as
reported here.

We report in situ measurements of calpain activity made
on intact, collagenase-isolated fibres using a permeant,
fluorogenic substrate; the rate of fluorescent increase direct
reflects the enzymatic activity of calpain. Calpain was
first studied in resting conditions. Various experimental
protocols were designed to change the Ca2+ availability,
either in steady-state conditions or during fast or slow
Ca2+ transients. The inhibitory effect of calpastatin and
various pharmacological compounds was also studied.
In addition, we studied the differences in calpain
activity between fibres from normal and dystrophic mice
(dystrophin or calpain-3 deficiency) at rest. As calpain
can undergo autolysis upon activation, we analysed fresh
muscles to estimate the relative proportion of the native
and autolysed forms of μ-calpain.

Methods

Isolation of adult skeletal muscle fibres

Adult, 60- to 120-day-old mice were killed by cervical
dislocation, a procedure approved by the local animal
ethics committee and applied to all strains used here
(C57, NMRI, mdx, transgenic calpain-3-deficient and
over-expressing calpastatin mice). In a few cases, NMRI
white mice were also used to assess the state of μ-calpain
(see Results and Fig. 7). Genetically modified C57 mice,
either calpain-3 deficient (gift from Dr I. Richard,
Généthon, France) or over-expressing calpastatin (gift
from Dr M. Spencer, University of California Los Angeles,
CA, USA) were compared with wild-type litter mates of
the same genetic background. The flexor digitorum brevis
(FDB) muscles were removed and incubated for 38 min
at 37◦C in an oxygenated Krebs solution (see composition
below) containing 0.2% collagenase type IV. Muscles were
then washed twice in Krebs buffer, suspended in Dulbecco
Minimum Essential Medium with Ham F12 complement
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(DMEM/HAM F12) supplemented with 2% fetal bovine
serum and mechanically dissociated by repeated passages
through fire-polished Pasteur pipettes of progressively
decreasing diameter. Dissociated fibres were plated onto
tissue culture dishes coated with extracellular matrix
basement membrane (Harbour Bio-products, Norwood,
M1, USA) and allowed to adhere to the bottom of the
dish for 2 h. For Ca2+ measurements, cells were plated on
circular glass coverslips. Culture dishes were kept in an
incubator, with 5% CO2 at 30◦C.

In situ measurements of calpain activity

The synthetic substrate 7-amino-4-chloromethyl-
coumarin - t - butoxycarbonyl - l - leucyl - l - methionine
amide (Boc-Leu-Met-CMAC) was first developed
by Rosser et al. (1993) for in situ measurements of
combined m- and μ-calpain activities in hepatocytes.
In its native form, this substrate is permeant but non-
fluorescent. Upon penetration into cells, it is trans-
formed into Boc-Leu-Met-MAC-SG by the gutathione
S-transferase of the cell, which makes it impermeant.
Cleavage of the Boc-Leu-Met moiety frees the fluorescent
MAC-SG chromophore (7-amino-4-methylcoumarin
glutathione conjugate; excitation and emission wave-
lengths, 380 and 480 nm, respectively) which, being
impermeant, accumulates within the cell. The rate at
which fluorescence increases reflects the intracellular
accumulation rate of the cleavage product resulting from
the enzymatic activity.

The substrate was added to the fibre chamber to obtain
a final concentration of 10 μm in Krebs solution and
fluorescence recording started within 30 s. Detection was
made with a photon counter and restricted to an adjustable
rectangular aperture of 100 μm × 35 μm, parallel to the
long axis of the fibre and covering most of its width.
The settings for fluorescence recordings were rigorously
maintained constant. As soon as the shutter for photon
counting was open (about 30 s after application of the
Boc-Leu-Met-CMAC), we frequently observed a large
initial fluorescence signal, followed by a linear increase
that was recorded for at least 10 min. The amplitude of
the initial fluorescence signal was not correlated to the
subsequent steady increase. Moreover, in conditions that
were meant to increase or inhibit calpain activity (see
Results), it was not affected. We assumed that the initial
signal was non-specific and that only the steady increase
reflected the underlying calpain activity. For long-lasting
measurements (several minutes), the fibre was illuminated
for only 6 s every 1 min to avoid bleaching (as signal
acquisition sampling was 2 s−1, every 6 s of data was the
average of 12 individual measurements). Typical records
of the steady fluorescence increase are given in Figs 4B, 5B
and 6B. In some instances (see Results), fluorescence was
recorded at a much higher sampling frequency (100 Hz)
for several seconds to detect transient changes of calpain

activity in response to [Ca2+]i transients. Through the
paper, the use of ‘cleavage rate’ or of ‘calpain activity’ refers
to the average slope of the fluorescence signals (photons
counted per min) over the period of measurement. The
quasi-linear increase of the signal (see Figs 4B, 5B and
6B) made the calculation of the slope straightforward.
Slopes were usually expressed relative to a reference slope
as explained below.

Fluorescence measurements of MAC-SG are not
ratiometric and depend on several factors, beside the
cleavage rate, that are not under experimental control: the
rate of cell penetration, the rate of the thiol conjugation,
and the intracellular concentration of the substrate.
Therefore, all measurements on treated, transgenic or
dystrophic fibres were expressed relative to the calpain
activity of untreated normal C57 fibres, measured in Krebs
solution with 1.5 mm [Ca2+] (referred to here as ‘standard
resting condition’) during the same experimental session
(taken as 100%). The 1.5 mm [Ca2+]o will be maintained in
all other experimental conditions, unless stated otherwise.

In some instances, we measured calpain activity before
and after a treatment, allowing direct comparisons
between results obtained on the same fibre. This protocol
required changes of solutions and rinsing. When the
measurement of activity was resumed, the new solutions
also contained the substrate. On the second admission of
the substrate solution, no supplementary initial surge of
fluorescence was observed (or a small increase due to the
prolonged activity of calpain and the residual presence
of intracellular MAC-SG during the treatment period).
Depending on the experimental protocol, solution changes
were achieved either by addition of 100 μl Krebs solution
containing the drug of interest at 10 times the final
concentration, or by a slow perfusion (to avoid fibre
detachment) which completely exchanges the content of
the chamber in about 1 min. We checked that the change
of solution per se did not alter the rate of calpain activity.

When fibres were submitted to electrical stimulation
or to protocols intended to increase [Ca2+]i, contractile
activity had to be inhibited to prevent movement
artifacts during fluorescence recordings. Therefore,
fibres were incubated with 100 μm N-benzyl-p-toluene
sulphonamide (BTS) which inhibits actin–myosin
interaction (Cheung et al. 2002).

Electrical stimulation. Thin platinum wires were placed
on both side of the fibre and the stimulus strength was
increased to obtain vigorous twitching, which was detected
visually. This ensured that only excitable fibres were
studied. Then contraction was inhibited by BTS for at least
10 min before fluorescence recording. In these conditions,
the mechanical response to electrical stimulation was
completely abolished. It has been shown by others that
BTS does not affect [Ca2+]i transients induced by action
potentials (Pinniger et al. 2005).
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Measurements of [Ca2+]i. Measurements of [Ca2+]i were
performed on different batches of collagenase-isolated
fibres submitted to the same experimental conditions
as the fibres used for calpain activity measurements.
Fibres were loaded with the diffusible Ca2+ indicator
Fura-PE3-AM. Ratiometric fluorescence measurements
and calibration parameters were obtained as reported
previously (De Backer et al. 2002).

Analysis of muscle extracts for μ-calpain. We followed
closely the procedure designed by Murphy et al. (2006b) for
muscle extraction, electrophoresis and electrotransfer for
Western blot analysis. Extensor digitorum longus (EDL)
and tibialis anterior muscles of C57 and NMRI mice were
homogenized with a Turax blendor, 3 × 20 s at low speed,
3 × 20 s at high speed in a solution containing (mm):

KCl 126, NaCl 36, Hepes 60 and phenylmethylsulfonyl
fluoride 0.5; pH 7.2. To assess the state (80 kDa native
or 78 kDa autolysed) of the μ-calpain in resting
muscles, extraction was performed in the presence
of 1 mm EGTA to prevent activation of autolysis during
the preparation procedures. Alternatively, to obtain
the products of autolysis, extraction was made in the
presence of 5 mm Ca2+ (Murphy et al. 2006b). After homo-
genization, SDS was added to a final concentration of 4%,
muscles were extracted for 30 min at 0◦C, and centrifuged
at 3000 g for 10 min. Loading buffer 2x concentrated
(containing 125 mm Tris, 4%SDS, 20% glycerol, 10%
β-mercaptoethanol, 0.001% bromophenol and 4 m urea)
was added to the supernatants. Samples were heated for
5 min at 95◦C. Proteins were separated on 8% SDS-PAGE
gels, transferred to nitrocellulose 0,22 μm for 1 h at 80 V at
4◦C in transfer solution (containing 25 mm Tris, 200 mm

glycine, 20%methanol and 0.037% SDS). Membranes
were blocked with non-fat dry milk and incubated
overnight with the mouse anti-μ-calpain (Sigma clone
15C 10 product C0355) diluted 1 : 1000. After incubation
with anti-mouse peroxidase (Sigma 1/80.000), peroxidase
activity was detected with ECL plus (Amersham) on
high-performance chemiluminescence film.

Reagents

The GsMTx-4 toxin, isolated from Grammostola spatulata
spider (Suchyna et al. 2000), was obtained from
PeptaNova (Sandhausen, Germany); Fura-PE3-AM was
from Calbiochem (Darmstadt, Germany); Boc-Leu-Met-
CMAC was from Molecular Probes; Z-Leu-Leu-CHO
was from Bio Mol Laboratories and bromo-A27183
from Alexis Corp. and N-benzyl-p-toluene sulphonamide
(BTS) was from Tocris. Inhibitors SNT198438 and
bortezomid were gifts from Santhera Pharmaceuticals,
Liestal, Switzerland. Collegenase type IV, DMEM/HAM
F12 medium, fetal bovine serum and all other reagents
(analytical grade) were purchased from Sigma. The Krebs

solution contained (mm): NaCl 135.5, MgCl2 1.2, KCl 5.9,
glucose 11.5, Hepes 11.5 and CaCl2 1.5; pH 7.3). When
necessary, CaCl2 was omitted and replaced by 200 μm

Na-EGTA or increased to 15 mm and osmolarity adjusted.
Potassium aspartate solution contained (mm): potassium
aspartate 150, MgCl2 5, EGTA 10 and Hepes 10; pH 7.3.

Statistical analysis

Data are presented as means ± s.e.m. The tests used to
determine statistical significance are given in the figure
legends.

Results

Measurements of calpain activity in isolated muscle
fibres at rest

Over the entire course of the study, cleavage rates were
measured in 173 individual fibres, distributed in 20
different experimental sessions of different size (from
three to 22 fibres per session, but in most cases eight to
12 fibres per session). For each session the average rate
was calculated and taken as 100%; individual results were
expressed relative to that reference. Results obtained within
a session were more consistent than between sessions. This
is why comparisons between normal and modified fibres
(either treated, transgenic or dystrophic) were always made
relative to the average cleavage rate of normal, companion
fibres studied in the same experimental session and taken
as 100% as described above.

Figure 1 shows the histogram for the 173 individual
results (class size, 10%) obtained in standard resting
conditions (1.5 mm [Ca2+]o); this illustrates the large
variation of the cleavage rate from fibre to fibre. The
distribution appears reasonably symmetrical around the
mean (100%, by definition) with apparent s.d. ± 44%,
and s.e.m ± 3.3%. All the fibres studied displayed a
detectable cleavage activity. The variability of calpain
activity between individual fibres does not result from
morphological heterogeneities: visual inspection of the
fibres showed that shape, size, diameter and striation
spacing were remarkably similar.

Analysis of the Ca2+ dependence of the calpain
activity

Calpains are proteolytic enzymes, and thier activities
are Ca2+ dependent. We examined this dependence
through interventions aimed at reducing or increasing the
intracellular Ca2+ availability. Steady-state and transient
conditions were separately studied.

Cleavage rate in steady-state [Ca2+]i conditions. [Ca2+]i

can be reduced by incubation in the presence of the
diffusible Ca2+ chelator EGTA-AM (Gailly et al. 1993) and
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Ca2+ influx reduced by lowering [Ca2+]o. Both types of
interventions were slow to affect the cleavage rate (see
below). Routinely, fibres were incubated for 30 min in
the modified medium before starting measurements. This
precluded obtaining cleavage rate measurements before
and after treatment on the same fibre. After application
of EGTA-AM, the cleavage rate was reduced to 14%
of the rate in untreated fibres. A 10-fold reduction of
[Ca2+]o to 0.15 mm reduced the cleavage rate to 65% of
control values (Fig. 2). Conversely, when [Ca2+]o was set
to 15 mm, the cleavage rate slightly increased, so that a
change of [Ca2+]o by a factor of 100 (0.15 to 15 mm)
resulted in an increase of calpain activity by a factor of
two. These results suggest that the Ca2+ dependence of
calpain activity rests, at least partially, on an extracellular
Ca2+ supply. This was confirmed when influx of Ca2+

ions from the external medium was increased by using
the non-fluorescent calcium ionophore bromo-A23187.
Cleavage rate quickly changed upon application of the
ionophore and comparison before and after addition could
be made on the same fibres. In the presence of 100 nm

Br-A27183, the basal Ca2+ infux can be increased up
to 10-fold without triggering unwanted contraction and
increasing the bulk cytosolic [Ca2+] (De Backer et al.
2002). In this case, the cleavage rate increased to 146%.
At the ionophore concentration of 1 μm, contraction
occurred and had to be prevented by a 10 min incubation
with 100 μm BTS to fully inhibit the actomyosin ATPase.
Though Ca2+ influx and cytosolic [Ca2+]i were not
measured at this high ionophore concentration, the
occurrence of contraction suggests that they were both
much larger than in the presence of the low concentration;
this was accompanied by a 4- to 5-fold increase of calpain
activity (Fig. 2).
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Figure 1. Histogram of distribution of calpain activity in
isolated C57 muscle fibres
Calpain activity was measured by using the fluorogenic substrate
Boc-Leu-Met-CMAC. A total of 173 individual fibres were studied in
20 different sessions. For each session the mean activity was taken as
100%.

Altogether, the results summarized in Fig. 2 establish
that the cleavage rate was Ca2+ dependent and displayed a
30-fold variation between the experimental conditions of
‘lowest’ (EGTA-AM) and ‘highest’ (1 μm bromo-A23187)
Ca2+ availability tested here.

On four fibres, we studied the kinetics and the
reversibility of the changes of calpain activity in response to
changes of [Ca2+]o. By changing from 0.15 to 15 mm Ca2+,
a higher (1.9-fold) steady-state rate of activity was attained
within 3 min after the solution exchange. On return to
0.15 mm, the delay to reach the initial lower level of activity
was systematically longer and variable: it ranged from 6 to
12 min.

Cleavage rate and transient increases of [Ca2+]i. The
previous protocols were meant to measure the cleavage rate
in response to long-lasting changes of Ca2+ availability.
We next studied whether the cleavage rate was affected
by transient changes of [Ca2+]i (e.g. as they occur in
response to physiological signals). We tested four protocols
where [Ca2+] transients differed in both amplitude and
time course. Results obtained for protocols (1) to (4) are
illustrated by typical signals (i.e. the cumulative photon
counts reflect the total accumulated amounts of cleaved
substrate). The cleavage rates or calpain activities are the
derivative of these experimental curves, as stated in the
Methods.

(1) Calpain activity and [Ca2+]i transients triggered by
electrical stimulation. BTS-treated fibres were electrically
stimulated (see Methods) by (i) a series of 60 single pulses,
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Figure 2. Ca2+ dependence of calpain activity
Calpain activity was measured in resting conditions (average taken as
100%, dashed horizontal line) or after 10 min incubation in the
presence of 0.15 mM or 15 mM [Ca2+]o, after 30 min incubation in the
presence of 10 μM EGTA-AM or after few minutes in the presence of
100 nM or 1 μM the ionophore bromo-A23187. Comparison is also
presented between calpain activity measured in muscle fibres from
calpastatin-over-expressing mice and control animals (measurements
performed during the same session). ∗Significantly different from
control conditions (P < 0.05), paired (0.15 mM [Ca2+]o and
bromo-A23187) or unpaired Student’s t test (15 mM [Ca2+]o and
calpastatin). §Significantly different from in the presence of 0.15 mM

[Ca2+]o (P < 0.05, unpaired t test); n = 6–14.
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at 1 Hz, or by (ii) 12 trains of high-frequency pulses
(100 Hz, for 500 ms) every 5 s. Either type of stimulation
lasted 60 s during which fluorescence was continuously
recorded. Fibres treated exactly the same way were loaded
with the Ca2+ indicator Fura-PE3-AM to monitor the
amplitudes and time courses of the associated [Ca2+]i

transients (Fig. 3A and C). In these conditions, we did not
detect any change of the basal cleavage rate (Fig. 3B and
D). In a few cases, the acquisition sampling of fluorescence
data was increased to 100 s−1, for 30 s, in order to detect a
transient activation during the course of a tetanus, and just
after. The latter records were noisy but, notwithstanding,
did not reveal an increase of the cleavage rate.

(2) Calpain activity and [Ca2+]i transients in
high-K+-dependent depolarized fibres. BTS-treated fibres
were perfused with a 100 mm potassium aspartate solution
for 180 s and calpain activity was continuously recorded
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Figure 3. Calpain activity during muscle stimulation
Continuous fluorescence recordings (B, D and F) and [Ca2+]i transients (A, C and E) were measured during following
stimulations: (i) single pulses (twitches) at 1 Hz (A and B; note the different timescale); (ii) trains of pulses (tetani) of
100 Hz frequency and 500 ms train duration (C and D); and (iii) complete depolarization with 100 mM potassium
aspartate solution for 180 s.

before, during and after the perfusion. [Ca2+]i transients
were recorded on fibres treated the same way (Fig. 3E).
In spite of the fact that K+-dependent depolarization
evoked a [Ca2+]i transient peaking at 500 nm, with a
half-duration of 20 s, no detectable increase of the calpain
activity was observed (Fig. 3F) As a positive control,
a high concentration (1 μm) of the Ca2+ ionophore
bromo-A23187 was added. This produced an immediate
and sharp increase of calpain activity (Fig. 3F).

(3) Calpain activity and [Ca2+] transients during Ca2+

store depletion and subsequent refilling. The protocol was
divided into two parts, illustrated in Fig. 4A, which gives
a typical example of the [Ca2+] transients associated with
each part.

Store depletion. Fibres were bathed for 5 min in 0 Ca
Krebs solution plus EGTA (0.2 mm) and BTS, and the
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cleavage rate was measured (step 1 of Fig. 4A and B). Then
caffeine (20 mm) and thapsigargin (1 μm) were added in
order to deplete the intracellular Ca2+ stores. This was
accompanied by a large but transient increase in [Ca2+]i

(step 2 in Fig. 4A and B). Measurement of the cleavage
rate started soon after addition of the drugs; however, as
the duration of measurement lasted more than 10 min,
fluorescence samplings were restricted to 6 s every minute.
We systematically observed a progressive increase of the
cleavage rate (Fig. 4B) which reached, after about 3 min,
a maximal and stable value. Average values are shown in
Fig. 4D.

Store refilling. Fibres were treated as in ‘Store depletion’
above. The first measurement of the cleavage rate (addition
of Boc–Leu–Met–CMAC) started only when the [Ca2+]
transient resulting from store depletion was completely
over (step 3 of Fig. 4A). Then, fibres were returned to a
1.5 mm [Ca2+] external solution to induce the activation
of the so-called ‘capacitative Ca2+ entry’ or ‘store-operated
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Figure 4. Effect of store depletion and store-operated entry of Ca2+ on calpain activity
Fluorescence signals and [Ca2+]i transients were measured at rest in isolated C57 muscle fibres (1 in A and B) during
stores depletion by application of caffeine and thapsigargin (TG) in the absence of external Ca2+ (2 in A and B).
In another set of experiments, calpain activity and [Ca2+]i transients were measured in fibres previously depleted
with caffeine and TG, and in which [Ca2+]i had returned to its basal value (3 in A and C). External Ca2+ (1.5 mM)
was thereafter re-added to induce a store-dependent entry of Ca2+ (4 in A and C). Results are summarized in
D. The calpain activity measured in resting conditions (1 and 3) is taken as 100%. ∗ and ∗∗Significantly different
(P < 0.05 and P < 0.01, respectively) from control conditions (paired Student’s t test, n = 6). §Significantly different
(P < 0.01) from C57 (unpaired t test).

calcium entry’ (SOCE) that also produces a transient
increase of [Ca2+]i (step 4 of Fig. 4A), and the cleavage
rate was again measured in this situation. As seen in the
example illustrated in Fig. 4C, a sharp increase of the
cleavage rate (here 4-fold) followed the Ca2+ entry (and the
[Ca2+]i rise) with a phase lag of about 2–3 min. On average,
the cleavage rate, measured at step 4 of Fig. 4C, was 2.1-fold
greater than (± 0.32, s.e.m., n = 6) the cleavage rate after
store depletion (Fig. 4D).

(4) Calpain activity and [Ca2+] transients in response
to hypo-osmotic shock. Muscles fibres possess a class
of voltage-independent/mechanosensitive Ca2+ channels.
We have previously shown that these channels possess
similar biophysical and pharmacological properties to
store-operated Ca2+ channels (see above), being inhibited
by a toxin (GsMTx-4) isolated from the Grammostola
spatulata spider, and possibly being composed of
Transient Receptor Potential (TRP) channels (Suchyna
et al. 2000; Vandebrouck et al. 2002; Ducret et al. 2006).
These channels can be activated by applying mechanical
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pressure or hypo-osmotic swelling, obtained at 60%
normal osmolarity. Figure 5A shows the elevation of
[Ca2+]i that followed perfusion with the hypo-osmotic
solution containing the standard 1.5 mm concentration
of Ca2+; it took about 3–4 min to reach a stable value.
Figure 5B shows the progressive increase in calpain activity
that required 10–12 min to reach its steady rate. Figure 5C
and D shows the steady values for [Ca2+]i and calpain
activity, respectively, for normal (C57) and mdx fibres (see
below). In normal fibres, the increased activity was 175%
of that observed in standard control conditions.

To further analyse the factors responsible for calpain
activation by hypo-osmotic swelling, we modified the
above protocol in two ways. (1) We explored the effects of
three changes of [Ca2+]o: 15 mm (10 × normal), 0.15 mm

(0.1 × normal) and nominal absence of Ca2+. Results are
shown in Fig. 6A. Calpain activation by osmotic swelling
was almost constant in the range 15–0.15 mm [Ca2+]o,
suggesting that the influx of Ca2+ was rate-limiting in
spite of the increase of the inward electrochemical gradient
over the 0.15–15 mm concentration range. However, in
the absence of external Ca2+, calpain activity was no
longer increased by the swelling; instead it was inhibited
down to 35% of the reference level in untreated fibres.
Thus swelling by itself did not activate calpain (its
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Figure 5. Calpain activity and [Ca2+]i transients in response to hypo-osmotic shocks
Calpain activity was measured at rest and 10 min after bathing the fibres in a Krebs solution diluted to obtain
an osmolarity of 160 mosm l−1 and containing 1.5 mM Ca2+. Note that fluorescence recording (and application
of Boc-Leu-Met-CMAC (BLMC)) was interrupted during the first 10 min in hypo-osmotic solution. Results are
illustrated for C57 fibres in A and B and summarized for C57 and mdx fibres in C and D. ∗ and ∗∗Significantly
different (P < 0.05 and P < 0.01, respectively) from control conditions (paired Student’s t test). §Significantly
different (P < 0.05) from C57 in the same conditions (unpaired t test); n = 8–14.

effect entirely depended on an influx of external Ca2+)
without contribution from the internal stores of Ca2+; this
conclusion is confirmed by (2) below. (2) The importance
of the mechanosensitive TRP-type Ca2+ channels was
assessed on fibres pretreated with the specific GsMTx-4
toxin before being submitted to the hypo-osmotic shock.
As illustrated in the example of Fig. 6B, the slope of
the fluorescence signal did not change significantly upon
application of the osmotic shock, in contrast to the sharp
increase in the absence of the toxin (Fig. 5B), a result
confirmed on all fibres tested (n = 6, Fig. 6A, far right).
The same toxin completely inhibits Ca2+ flux through these
mechanosensitive Ca2+ channels (Ducret et al. 2006).

Calpain activity in the presence of elevated
concentrations of calpastatin

Cells contain a natural inhibitor of m- and μ-calpains
called calpastatin. Its concentration usually exceeds that of
calpains so that the enzymic activity of the latter is thought
to be inhibited in basal conditions. Spencer & Mellgren
(2002) have developed two murine transgenic lines that
over-express very large concentrations of calpastatin. We
measured the in situ calpain activity in fibres from the ‘74.1
Tg’ line where expression of calpastatin was over 300-fold
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greater than the normal level, which produced a complete
inhibition of both m- and μ-calpain activities in assays on
muscle extracts (Spencer & Mellgren, 2002). We observed
that the cleavage rate was reduced to 62% of the value
measured in fibres from normal littermates (Fig. 2, far
right). Thus, although the calpain activity was significantly
reduced by the high calpastatin concentration, the residual
in situ activity was far from negligible, which is contrary to
the expectations from the results of the in vitro assays. This
puzzling observation will be examined in the Discussion.

Susceptibility of the calpain activity
to pharmacological agents

We tested the effect on the cleavage rate of inhibitors of
calpain activity, using the cell-permeant Z-Leu-Leu-CHO
(Tsubuki et al. 1996) and SNT198438 (the latter combines
inhibitory effects on calpains and the proteasome).
Moreover, in order to evaluate the contribution of
proteasome activity on the cleavage rate, we also tested
the effect of bortezomib, a selective inhibitor of the
proteasome. Each drug was applied 30 min before addition
of the calpain substrate and the onset of the recording.

Z-Leu-Leu-CHO and SNT198438 reduced the cleavage
rate to 49.4 ± 9.7% (n = 5) and 38.2 ± 3.2% (n = 4) of
untreated fibres, respectively. As bortezomid had no effect
at all, it can be concluded that the proteasome activity did
not contribute to the cleavage of Boc-Leu-Met-CMAC. In
the course of this pharmacological study, we checked that
the use of BTS for preventing contraction (see above) did
not affect the cleavage rate.

State of calpain in intact muscle fibres

Resting fibres maintain their bulk cytosolic [Ca2+] below
100 nm. Still a basal calpain activity could be measured,
which proved to be Ca2+ sensitive (Fig. 2). We reported
several experimental interventions that stimulated calpain
activity while [Ca2+]i remained below 500 nm. In these
conditions (rest and stimulated), a contribution of the
m-calpain to the cleavage rate is extremely unlikely.
Moreover, from the relationship between [Ca2+] and
μ-calpain activity established by Kapprell & Goll (1989),
the cleavage activity should also be very low because its
half-maximal activation requires 34 μm Ca2+. The fact
that a Ca2+-senstive calpain activity was measurable in
our in situ conditions, suggests that some μ-calpain was
present in the 78 kDa autolysed form which is much more
Ca2+ sensitive (half-maximal activation at 600 nm Ca2+).
Indeed, there are several reports that living muscles (from
human and rat) at rest contain a small fraction of their
μ-calpain in the 78 kDa autolysed form (see Murphy et al.
2006a,b). We wanted to confirm this for mouse muscle.
Calpain analysis from intact muscles at rest (by electro-
phoresis and Western blot identification, see Methods)

revealed that a small fraction of μ-calpain was present in
the 78 kDa form. The Western blot pattern illustrated in
Fig. 7 was systematically observed in all specimens analysed
(n = 15), whatever the mouse strain (C57, n = 6; mdx,
n = 6; NMRI, n = 3). If, before analysis, muscle extracts
were treated with 5 mm [Ca2+] to activate autolysis, the
78 kDa form became the predominant form, and the
further hydrolysed 76 kDa form was then clearly present,
as previously reported (Murphy et al. 2006b).

Calpain activity in adult dystrophin-lacking fibres

Fibres from the FDB muscles of adult mdx mouse were
isolated and treated exactly as described above for normal
fibres. Calpain activity was measured in 39 individual
fibres. The histogram distribution (class size, 20%) is
shown in Fig. 8. The mdx population appears unevenly
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Figure 6. Role of extracellular [Ca2+] and the spider GsMTx-4
toxin in the activation of calpain by hypo-osmotic shock
A, calpain activity was measured in resting conditions (average taken
as 100%, dashed horizontal line) or after 10 min incubation in a
hypo-osmotic solution containing 15 mM (n = 8), 1.5 mM (n = 5) or
0.1 mM [Ca2+]o (n = 8), or in the absence of [Ca2+]o (1 mM EGTA,
n = 5). B, the effect of 5 μM GsMTx-4 was also tested in the presence
of 1.5 mM [Ca2+]o (n = 6). ∗Significantly different from control
conditions (P < 0.05), paired Student’s t test.
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Figure 7. Immunodetection of calpain and its autolysed forms (78 and 76 kDa)
Left, comparison between C57 and mdx muscles (extraction performed in the presence of 1 mM EGTA). Right,
illustration of Ca2+-induced autolysis: two muscles from the same NMRI mouse are compared (one extracted in
the presence of 1 mM EGTA, the other extracted in the presence of 5 mM Ca2+).

distributed, with most results (36/39) ranging from 15
to 265% (the average activity of normal fibres taken as
100%); such a wide range was also observed in normal
fibres (Fig. 1) and, indeed, there is a great deal of over-
lap of the two histograms (compare Figs 1 and 8). A
second small group (3/39) showed much higher activities.
The average of the first group is 128% ± 9.7 (n = 36)
and is significantly different from the average normal
value of 100% (P < 0.01). When all values are taken
together, the average is 154% ± 17 (n = 39), which is
also highly significantly different (P < 0.01) from normal
average.

Extracts of freshly isolated muscles (tibialis anterior and
EDL) from mdx mice showed, as in normal mice, the
presence of μ-calpain, predominantly in the intact 80 kDa
form, together with a small fraction as the autolysed 78 kDa
form (Fig. 7). We could not find a significant difference of
the 78/80 kDa proportion between mdx and normal mice.

Turner et al. (1988) observed that the tyrosine leakage
from mdx soleus was ∼2-fold higher than from normal
muscle, and was normalized by a 10-fold reduction
of [Ca2+]o. However, strictly speaking, tyrosine leakage
reflects the activity of the ubiquitin-proteasome and it was
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Figure 8. Histogram of distribution of calpain activity in
dystrophic (mdx) muscle fibres
Calpain activity observed in mdx fibres is normalized to average
activity observed in C57 fibres (during the same session).

important to see whether the same influence of [Ca2+]o was
observed when measuring calpain activity directly. The
latter was first measured in normal conditions (1.5 mm

[Ca2+]o), then after 10 min of perfusion with 0.15 mm

[Ca2+]. We observed a significant (P < 0.05) reduction of
24 ± 7.8% (n = 5).

This elevated cleavage rate was also sensitive to the
calpain inhibitor SNT 198438 (2 μm) which reduced it
by about 50% (n = 6, P < 0.01). In dystrophin-lacking
myotubes, the origin of the elevated calpain activity has
been related to the increased activity of the so-called
Ca2+ leak channels (Alderton & Steinhardt, 2000). The
latter are sometimes considered as the developmental
equivalent of the voltage-independent/mechanosensitive
Ca2+ channels of the adult fibre (see above) because
both are voltage-independent and show an increased
activity in the absence of dystrophin (Franco-Obregón
& Lansman, 1994). As for normal fibres, mdx fibres
were submitted to the hypo-osmotic shock to activate
these channels. Swelling produced a larger increase of
[Ca2+]i than in normal fibres (Fig. 5C, right), as previously
reported (Deconinck et al. 1997), and the associated
increase of calpain activity was also larger, reaching 350%
of the C57 reference value (Fig. 5D, right). However, when
mdx fibres were pretreated with the GsMTx-4 toxin, the
hypo-osmotic shock failed to produce any increase of the
cleavage rate, as in normal fibres (Fig. 6A and B).

To determine whether the elevated calpain activity
was a specific feature of dystrophinopathy, we measured
the cleavage rate in fibres from mice suffering from
a calpain-3 deficiency, a murine model of human
limb-girdle muscular dystrophy type 2A (Richard et al.
1995), obtained by gene targeting (calp(−/−) mice; Richard
et al. 2000). Compared with fibres from normal mice of
the same genetic background (n = 13), the cleavage rate
of calp(−/−) fibres (n = 14) was on average 143% ± 17.2
of the normal rate (P = 0.04). Thus an elevated activity of
ubiquitous calpains appears to be a non-specific feature
of muscle dystrophy (at least in our conditions of study)
whatever its causal origin (assuming that the content
of ubiquitous calpains is normal in calpain-3-deficient
mouse, as already observed for m-calpain by Dr Isabelle
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Richard, personal communication). This suggests that
activation of calpain is a rather distant downstream
consequence of the initialization of the dystrophic process.
Moreover, this observation also shows that activity of
calpain-3, the muscle-specific calpain isozyme (Sorimachi
et al. 1989), did not contribute to the cleavage rates
measured which reflected the activities of ubiquitous
calpains (either μ alone or μ and m isozymes).

Discussion

We report here in situ measurements of the cleavage rate
of Boc-Leu-Met-CMAC, a synthetic, permeant substrate
of calpains, in collagenase-isolated muscle fibres form
normal mice. The cleavage rate varied from fibre to fibre
and its distribution was documented in 173 individual
measurements (Fig. 1). Calpain activity is needed for
myoblast fusion and some residual activity was observed
in myotubes (Alderton & Steinhardt, 2000). It could have
been expected that in fully differentiated fibres, calpain
activity would be negligible. This was not the case.

Ca2+ and calpain activity

In spite of the fact that the cytosolic [Ca2+] in these
fibres is maintained within the 20–80 nm range (De Backer
et al. 2002), a significant cleavage rate could be measured,
suggesting either that this basal activity is Ca2+ insensitive,
or, as already considered, the Ca2+ sensitivity of calpain is
much higher because a significant proportion of μ-calpain
is autolysed in living fibres. To test the first possibility,
we studied several experimental conditions where the
intracellular Ca2+ availability was either reduced or
increased, in long-lasting, steady-state situations. We
observed that the calpain activity could be changed
by 30-fold within the range of experimental conditions
studied (Fig. 2). Therefore, the calpain activity in situ
was definitely Ca2+ sensitive. The second possibility was
confirmed by the observation that a small but significant
proportion of μ-calpain is present in the 78 kDa, auto-
lysed form, in extracts from resting muscles (Fig. 7). Most
probably, the basal calpain activity in resting fibres is due to
this Ca2+-sensitive, autolysed form of μ-calpain. However,
at [Ca2+]i of 100 nm, this activity would be, at most, 5%
of its possible V max, as deduced from the activity–pCa2+

relationship established by Kapprell & Goll (1989). The
observation by us and others that significant amount of the
78 kDa autolysed μ-calpain is present in resting condition
is puzzling, as autolysis itself requires 30 μm Ca2+, whereas
cytosolic [Ca2+] is about 50-fold lower. For the same
reason, it seems unlikely that the Ca2+ stimulation of the
cleavage rate could be due, even partially, to an increased
proportion of the 78 kDa autolysed form, though we have
no experimental way to exclude it.

In some experimental conditions tested here (change
of [Ca2+]o to 15 mM, presence of a low concentration

of a Ca2+ ionophore), calpain activity increased (Fig. 2)
while it is documented that the bulk cytosolic [Ca2+]
remained constant (De Backer et al. 2002). In the case
of the ionophore, we previously showed that in spite of
an increase of Ca2+ influx, the intracellular mechanisms
of Ca2+ homeostasis were robust enough to maintain
[Ca2+]i within the normal 20–80 nm range (De Backer
et al. 2002). However, this bulk situation does not preclude
the possibility that in microdomains, such as the sub-
membranous space where Ca2+ channels open, the local
[Ca2+] could be higher, in a dynamic equilibrium that
depends on the size of the influx, on the one hand, and
on the rate constants of the homeostatic mechanisms
(diffusion, binding and active uptake), on the other
hand. Thus, we propose that the observed changes of the
cleavage rate reflected the activity of calpain located in the
submembranous space where changes of Ca2+ influx could
generate local changes of [Ca2+]. This is supported by
the fact that the 78 kDa, autolysed form of μ-calpain is
preferentially associated with the plasma membrane
(Murphy et al. 2006b).

We further tested whether [Ca2+]i transients, as seen
in excitation–contraction coupling, were able to increase
calpain activity. In these experiments, [Ca2+]i peaked
at a maximum of 500 nm with time courses ranging
from tens of milliseconds to a few seconds. We found
that neither series of action potentials, single (1 Hz)
or in trains (100 Hz), nor K+-dependent depolarization
affected the basal calpain activity, suggesting that the
time-integral of these Ca2+ transients did not reach
the threshold for further calpain activation. It must be
recalled that fibres were treated with BTS so that no
mechanical force was produced. The present results do
not preclude the possibility that physiological contractions
(when mechanical stress is developed) could activate the
calpain system. However, it was reported that various
types of exercise in humans did not increase autolysis
of μ-calpain which requires [Ca2+] > 1 μm for several
minutes (Murphy et al. 2006a).

We further examined the effect of [Ca2+]i transients
of much slower time courses. The sequence of depletion
and refilling of internal Ca2+ stores is associated with
long-lasting [Ca2+]i transients evolving over several
minutes, while [Ca2+]i peaks reached 250–350 nm. As our
protocol allowed the separation in time of the depletion
and the refilling, we observed that both phases were
associated with a significant (1.5- to 2.5-fold) increase of
the basal calpain activity. This increase occurred regardless
of the origin of Ca2+ (i.e. the intracellular stores, in
depletion and the extracellular milieu in refilling.

Activation of mechanosensitive Ca2+ channels offered
another opportunity to increase Ca2+ availability and
activate calpain. This was obtained by submitting the
fibres to hypo-osmotic swelling that produced a 175%
increase of calpain activity (Fig. 5D, left). This effect was
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directly related to an increased of [Ca2+]i, resulting from an
increased influx of external Ca2+ (Fig. 5C, left) through the
channels: it was suppressed when Ca2+ was removed from
the external medium and when the channels were blocked
by the specific GsMTx-4 toxin (Fig. 6A). Thus calpain
activation was not produced by the osmotic swelling per se
and the resulting membrane stress and deformation. Here
again, [Ca2+]i transients evolved over several minutes and
individual peaks rarely exceeded 120 nm (Fig. 5C)

Our results showed that [Ca2+]i transients must
attain a certain amplitude and time course combination
to activate calpain, suggesting the presence of some
integrative mechanisms. This was indeed demonstrated
in experiments on purified μ-calpain (from erythrocytes)
subjected to repetitive (1–50 Hz) Ca2+ pulses producing
10 μm peaks of [Ca2+] (Tompa et al. 2001). Our
results suggest that such an integrative mechanism might
operate in situ for [Ca2+]i transients, the amplitudes of
which remained well below 1 μm (i.e. similar to those
attained by most Ca2+ signals in physiological conditions).
Recent findings suggest that the ‘integrative mechanism’
proposed above might involve calpain phosphorylation
by Ca2+ and/or by stress-activated kinases. Indeed, m-
and μ-calpains can be phosphorylated and activated by
protein kinase Cι and by extracellular signal-regulated
kinases 1/2 (ERK1/2) in human lung cancer cells (Xu
& Deng, 2004, 2006) It is interesting that in skeletal
muscle these latter kinases are activated by mechanical
stretch (hence the involvement of mechanosensitive
Ca2+ channels) and by physical exercise (Kumar et al.
2004; Nakamura et al. 2005). Alternatively, calpain
phosphorylation might provide an independent activation
mechanism.

Is the basal calpain activity measured in resting fibres
still sensitive to the calpastatin inhibition? The basis of
this inhibitory effect is calpastatin binding to calpain,
which is itself Ca2+ sensitive; it shows a much higher
Ca2+ sensitivity for the autolysed forms (both m- and
μ-calpain). At the cytosolic [Ca2+] of resting fibres,
this binding would be ∼60% complete for autolysed
μ-calpain (Kapprell & Goll, 1989). Thus the basal
activity we measured most probably reflects that of the
calpastatin-free and autolysed μ-calpain. In fibres from
transgenic mice over-expressing calpastatin (300-fold
increase), we observed that the basal calpain activity
was further reduced by 40% (Fig. 2). Most probably the
high concentration of calpastatin increased the relative
importance of the calpain–calpastatin complex, but
the very low [Ca2+]i prevented a complete inhibition.
Moreover, one cannot exclude a differential calpain and
calpastatin localization, as the latter has been observed to
be confined to aggregates (in neuroblastoma; De Tullio
et al. 1999), so that, in spite of an elevated calpastatin
content, the formation of the calpain–calpasatin complex
and the inhibition of calpain activity would be marginal

or moderate in our resting conditions. This would not
preclude an important inhibitory effect as [Ca2+]i

increases by the combined effect of calpastatin
solubilization (De Tullio et al. 1999) and increased
binding of calpain to calpastatin. At 0.5 μm Ca2+, the
calpain–calpastatin complex would amount to 90%
(Kapprell & Goll, 1989). The fact that all our protocols
intended to increase [Ca2+]i, produced, at most, a 3- to
5-fold increase of the basal calpain activity (Figs 2 and
4D) might reflect a self-limiting process, resulting from
two antagonistic effects of Ca2+: activation of the enzyme
and binding of its inhibitor calpastatin.

Calpain activity in situ was affected by several
compounds documented as specific inhibitors that
reduced the activity to 40–50% of the resting values,
provided they were in contact with the fibres for at
least 30 min before measurements. None completely
suppressed calpain activity. They were less efficient than
diffusible EGTA which reduced [Ca2+]i to undetectable
levels (∼10−9

m) and produced the more potent inhibition
(Fig. 2). The absence of effect of bortezomid, a specific
inhibitor of the proteasome, indicates that this proteolytic
system did not contribute to the cleavage rate of Boc-Leu-
Met-CMAC.

Calpain activity in dystrophin-lacking fibres (mdx)

Dystrophin-lacking fibres isolated from the mdx mouse,
showed a 1.5-fold increase of calpain activity in
resting conditions (Fig. 8), while the cytosolic [Ca2+]
remained within normal values (Fig. 5C, right). We
found no evidence that this effect reflected a significant
increase of autolysed μ-calpain (Fig. 7). This elevated
calpain activity could be normalized by a 10-fold
reduction of [Ca2+]o as anticipated from previous
results (Turner et al. 1988). As an elevated activity of
the voltage-independent/mechanosensitive Ca2+ channels
had been observed in mdx fibres, the increase of calpain
activity seems directly related to the increased Ca2+ influx
through these channels. When the latter are further
stimulated by hypo-osmotic swelling, calpain activity
was also increased (Fig. 5D, right), an effect that was
suppressed by the specific channel blocker GsMTx-4.
As discussed above, a higher Ca2+ influx is expected
to increase the submembrane [Ca2+] and stimulate the
autolysed μ-calpain preferentially located there, as already
discussed for normal fibres. Submembrane [Ca2+] has
been reported to be ∼3-fold higher in mdx fibres
(Mallouk & Allard, 2000), but this observation was recently
challenged using a membrane-bound Ca2+ indicator
(Han et al. 2006) (for a detailed discussion of this
controversial point, see Gillis, 2007). However, increased
calpain phosphorylation could also contribute to the
elevated cleavage rate in mdx fibres, as a higher level of
activation of ERK1/2 has been observed in the mdx muscle
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in response to stretch, which is a Ca2+-dependent process
(Kumar et al. 2004).

Voltage-independent/mechanosensitive Ca2+ channels
display a higher activity in the absence of dystrophin. In
resting conditions, the mechanisms of intracellular Ca2+

homeostasis are robust enough to cope with the increased
Ca2+ influx and to maintain [Ca2+]i within normal values
(Fig. 5C, right). Notwithstanding, the increased Ca2+

influx is able to stimulate some calpain activity (Fig. 5D,
right) probably located near the plasma membrane.
However, in response to stimulation of the channel activity
by mechanical stress, [Ca2+]i exceeded normal values
and further stimulated calpain activity (Fig. 5C and D,
right). Assuming that fibre swelling imposes on the plasma
membrane a stress that simulates the one generated by
contraction, the present results suggest that mechano-
sensitive Ca2+ channels could be stimulated by contractile
activity, and that this stimulation, amplified in the absence
of dystrophin, could result in greater calpain activity
in mdx fibres. In particular, his would be the case in
eccentric contractions (Allen et al. 2005). The moderate
calpain activation observed in mdx fibres is, however,
not a specific feature of dystrophinopathy, as it was
observed in calpain-3-deficient fibres (present results) and
in δ-sarcoglycan-lacking fibres from the mutant hamster
(Bartoli et al. 2006).

Calpain activation: a step towards fibre necrosis
or a fibre protection mechanism?

A widely held view is that calpain activation contributes to
muscle wasting in dystrophinopathy (Turner et al. 1988).
This view is supported by the fact that calpain inhibition
alleviates dystrophic disorders (Spencer & Mellgren, 2002).
However, the only clear cause–effect relationship between
calpain activation and a structural/functional defect comes
from the recent work of Murphy et al. (2006b) on normal
rat fibres. They showed that application of pre-activated
exogenous μ-calpain to stretched (200%), skinned fibres
produces a sharp decline in passive tension resulting from
proteolysis of the tension-bearing filaments of titin. This
required [Ca2+] of1 μm. The same effect was obtained
by dipping the fibres in a 5 mm Ca2+ solution. These
effects resulted from a massive activation of calpain
and were predominantly due to the high proteolytic
activity of the 76 kDa autolysed form (see Fig. 7 for
the various forms of calpain). The possibility cannot
be excluded that the experimental protocol artificially
increased the susceptibility to calpain by exposing regions
of the titin molecule that are recoiled at normal
muscle length. By contrast, the situation in unstretched,
resting muscles, normal and mdx, is far from these
experimental conditions: [Ca2+]i is maintained at 100 nm,
the 76 kDa form of μ-calpain is not detected and resting
tension is negligible. Light microscopic observations

of collagenase-isolated fibres do not reveal structural
alterations (the striation pattern remained very sharp and
regular) even after stimulation by Ca2+ of the calpain
activity of the amplitude reported here.

Recently, it was shown that a localized wound of the
plasma membrane of a muscle fibre reseals spontaneously
in a matter of a few tens of seconds. This requires
dysferlin and its activation by Ca2+ (Bansal et al. 2003).
Moreover, resealing involves membrane fusion and a
local remodelling of the cytoskeleton for which calpain
activation by Ca2+ is essential for the degradation of
talin and vimentin; resealing and thus cell survival is
highly compromised in calpain-null mutant cells or in
the presence of calpain inhibitors or EGTA (Mellgren
et al. 2006). The presence of the highly Ca2+-sensitive
78 kDa form of μ-calpain close to the membrane would
provide a ready-to-work system for membrane repair. In
this context, the activation of Ca2+ leak channels in the
surroundings of microlesions in myotubes (McCarter &
Steinhardt, 2000) may be seen as a way to provide a
channel-controlled influx of Ca2+ needed to activate both
the dysferlin and the calpain systems. Loss-of-function
mutations of dysferlin are responsible for limb girdle
muscular dystrophy type 2B, suggesting unexpectedly that
membrane wounds and repairs are common events in
a healthy muscle fibre. Thus, instead of being seen as
deleterious, calpain activation, at the level observed here,
may be considered as playing an important function
in maintaining fibre integrity. In these circumstances,
calpain inhibition could have adverse effects. This view
could be extended to mdx fibres where the slightly higher
(∼1.5-fold) calpain activity may be seen as an adequate
response to a higher occurrence of wounds in a plasma
membrane made fragile by the loss of dystrophin and its
associated glycoproteins. However, if membrane damage
allows [Ca2+]i to rise and remain far above physiological
values then a massive activation of calpain would occur
with structural/functional damage as reported by Murphy
et al. (2006b). They showed that the threshold [Ca2+]i for
damage was in the 1–10 μm range, and full effect occurred
at much higher Ca2+ concentrations. This probably occurs
during eccentric contractions to which mdx fibres are
highly susceptible (Moens et al. 1993). Indeed, a very
recent study demonstrated that high calpain activity was
specifically detected in fibres exhibiting structural damage
after extensive downhill run (Bartoli et al. 2006). In these
circumstances, calpain inhibition (e.g. by high levels of
calpastatin or pharmacological compounds) would be
beneficial.
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