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Abstract

Calcium is the most ubiquitous second messenger. Its concentration inside the cell is tightly regulated by a series of mechanisms, among
which some have been extensively studied in nonmuscle cells. This is the case of the “store-operated entry of Ca> *”*, the uptake of Ca>* by
mitochondria and the inositol 1,4,5-trisphosphate (IP3) cascade. These processes were recently found to be also present in skeletal muscle and
are reviewed here. The “store-operated entry of Ca® " allows the refilling of the stores after muscle fiber depolarization and is activated even
after a partial depletion of the sarcoplasmic reticulum (SR). The uptake of Ca®* by mitochondria accelerates muscle relaxation and allows the
adaptation of ATP supply to the increased energy demand. IP5 receptors are found in the nuclear envelope and are involved in Ca®* waves
propagating from one nucleus to another. This pathway is possibly involved in gene expression regulation. Finally, cytosolic Ca®* buffers
like parvalbumins modify [Ca®™]; transients and, therefore, muscle mechanics.

The importance of these regulation mechanisms is also evaluated in Duchenne muscular dystrophy (DMD), a disease in which impairment
of [Ca® *]; homeostasis has been postulated but remains, however, controversial. This genetic disease is indeed characterized by the absence
of a cytoskeletal protein called dystrophin, a situation leading to a disorganization of the cytoskeleton and to an abnormal influx of Ca* .
How this increased entry of Ca® "~ affects the local concentration of Ca®* in subcellular compartments and whether this process is involved in

the development of the disease are still unclear.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The importance of Ca®" in cardiac muscle contraction
was discovered in the end of the 19th century [1]. This led to
the concept of second messenger and was studied in great
detail in cardiac and skeletal muscle [2,3]. The coupling
between the stimulation of a skeletal muscle cell by its
motoneuron and the contractile response occurs through a
unique mechanism, called excitation contraction (EC) cou-
pling, in which the depolarization of the plasma membrane
triggers the release of Ca® " from the sarcoplasmic reticulum
(SR). Ca?" binds to troponin C and removes the steric
inhibition of acto-myosin ATPase by troponin and tropo-
myosin. Ryanodine receptors (RyRs), the Ca”-releasing
channels of the SR, are opened via a direct physical
interaction with the dihydropyridine receptors (DHPRs)
which constitute voltage sensors [4] localized in the T-
tubules in front of the terminal cisternae of the SR [5]. This
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mechanism ensures a synchronized response from all the
Ca’ "-releasing elements. The release of Ca>* can also occur
through one or only a few RyRs and induce an increase of
[Ca’™]; in very localized microdomains. These events,
called sparks, seem to be controlled either by the DHPRs
(probably for type 1 RyRs) or by Ca® " itself (Ca® *-induced
Ca®" release, CICR; probably for the type 3 RyRs). At the
end of stimulation, Ca® " is pumped back into the SR by
sarco/endoplasmic reticulum Ca®* ATPases (SERCA) and
muscle relaxes. All these matters have been treated in a
number of excellent reviews [5—8] and will not be further
detailed here.

It is now unanimously recognized that Ca’” plays a
signaling role and controls numerous different functions in
all living cells [9]. Different mechanisms involved in the
precise control of cytosolic concentration of free calcium
([Ca®*];) were thus discovered in nonmuscle cells. Such
mechanisms like the “store-operated entry of Ca”*”, the
inositol 1,4,5-trisphosphate (IP3) cascade or the uptake of
Ca’" by mitochondria were found ubiquitously but were

1570-9639/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S1570-9639(02)00442-9



P. Gailly / Biochimica et Biophysica Acta 1600 (2002) 38—44 39

thought not to be important in skeletal muscle signaling
probably because their rate was much slower than EC
coupling [10] or, in the case of mitochondria, because their
affinity for Ca® " seemed much too low. Surprisingly, it is
therefore quite recent that these mechanisms were shown to
play a role also in skeletal muscle. This review will be
focused on these processes. At the end of each paragraph,
special attention will be given to the Duchenne muscular
dystrophy (DMD) (introduced hereafter), a pathology pos-
sibly related to an alteration of [Ca® *]; homeostasis.

DMD is a progressive neuromuscular disease affecting 1/
3500 male birth (reviewed in Refs. [11,12]). It is charac-
terized by an important muscle degeneration (foci of
necrotic fibers) followed, at early stages, by an intense
regeneration process. As the regenerative capacity dimin-
ishes, muscle tissue is progressively replaced by adipose and
fibrous connective tissue, leading to an important muscle
weakness. This pathology is due to a deficiency in dystro-
phin, a 427-kDa protein located at the cytoplasmic face of
the sarcolemma. In normal skeletal muscle cells, dystrophin
is associated at its carboxy-terminal domain, with a complex
of transmembrane proteins, called dystrophin-associated-
proteins (DAP), that also bind merosin (laminin-2), a
component of the extracellular matrix. At its amino-terminal
domain, dystrophin binds cytoskeletal F-actin filaments (i.e.
non-sarcomeric actin). Dystrophin thus constitutes a link
between the cytoskeleton and the extracellular matrix. It is
now clear that the alteration of dystrophin expression affects
DAPs’ targeting to the membrane and causes a disruption of
the link between the cytoskeleton and the extracellular
matrix. This process has two consequences: (i) the cell
membrane is more fragile and can be mechanically damaged
during eccentric muscle contraction; (ii) membrane proteins,
especially mechanosensitive ion channels, are disregulated
(see below). It has been proposed that an alteration of the
homeostasis of intracellular calcium might be responsible of
muscle degeneration in DMD. This was based firstly on the
fact that the total calcium (free and bound calcium) content
is doubled in mdx mice (a murine model of DMD) muscle
and, secondly, that the influx of calcium through the cellular
membrane is increased. This led to the hypothesis that
dystrophin-lacking fibers suffer from a chronic Ca”>* over-
load, resulting in activation of Ca®*-dependent proteases
[13,14].

2. Calcium fluxes through the plasma membrane
2.1. Calcium channels

Patch clamp studies have revealed the presence of
stretch-sensitive, voltage-independent Ca® " channels in the
plasma membrane of collagenase-isolated muscle fibers
[15]. These channels had a conductance of 8 pS (in the
presence of 110 mM [Ca®*] in the pipette) and had a poor
selectivity, allowing fluxes of Ca®>", Ba®*, Mn® ", Na' and

K [16]. Their activity was increased in dystrophin-deficient
fibers, suggesting a regulation by the cytoskeleton. Accord-
ingly, Mn? * influx (measured by Mn? * quenching of fura-2
and indicative of Ca®>" influx) was almost doubled in mdx
fibers in comparison with controls [16,17]. However, the
bulk value of [Ca® *]; stayed in a normal range in mdx fibers
and in fibers in which Ca” " influx was artificially elevated
up to 10 times, suggesting that muscle fibers have very
efficient mechanisms of Ca®" extrusion. As expected, in
such case of accelerated influx and efflux, [Ca® "] in the
submembranous compartment was increased [18,19]. We
recently studied fibers maintained in culture for 6 days (dO
to d5) and observed that the open probability of Ca®*
channels and the influx of Mn®>" peaked at dl and then
declined with time. This process occurred in both normal
and mdx fibres but was accentuated and very variable in the
latter (20% of mdx fibers had an influx 10 to 30 times higher
than in control). In spite of such influx, 90% of the mdx and
control fibers kept a normal [Ca® ];, again suggesting a very
robust Ca® * homeostasis. However, we observed an impor-
tant decrease in the survival of mdx fibers (about one
quarter) between dl and d2, which could be reduced by
lowering extracellular [Ca® "] [16]. Thus, it seemed that in a
fraction of mdx fibers population, Ca>" homeostasis was
eventually compromised and cells did not survive. In these
cells, calpains or other proteases might be activated (possi-
bly locally in the submembranous space), as proposed by
Turner et al. [13] (reviewed in Ref. [20]).

2.2. Store-dependent entry of calcium

In most nonexcitable cells, agonist stimulation leads to a
biphasic Ca® " signal in the cytosol consisting in a transient
increase due to the release of Ca®" from the IP;-sensitive
endoplasmic reticulum followed by a sustained phase due to
the entry of Ca® " from the external medium. This secondary
influx of Ca®" is stimulated by the depletion of Ca®*
intracellular stores of and has been called “capacitative
entry” [21] (reviewed in Refs. [22,23]; Fig. 1). The nature
of the messenger (CIF, calcium influx factor) carrying the
information about the stores content to the activation of a
membrane channel (CRAC, Ca”*-release activated Ca®"*
channel) remains elusive. It might be a diffusible factor [24]
like a poly-unsaturated fatty acid [25,26] (reviewed in Ref.
[27]) and/or a structural link between the plasma membrane
and the stores (conformational coupling between IP53 recep-
tors and Ca® " channels in the plasma membrane) [28,29].
These mechanisms could additionally involve an exocyto-
sis-like process (reviewed in Ref. [30]). The identification of
the channel involved in store-dependent Ca®” entry has
been largely investigated in nonexcitable cells. Candidate
molecules for this pathway probably belong to the transient
receptor potential channel (TRPC) protein family (reviewed
in Ref [31]). This has been shown by heterologous expres-
sion of TRPC proteins. However, such overexpressed chan-
nels usually have a conductance, a selectivity and/or a mode
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Fig. 1. Ca®> " signaling pathways in skeletal muscle cells. Abbreviations—a: actin; SERCA: sarco/endoplasmic reticulum Ca®>* ATPase; CIF: calcium influx
factor; coll: collagen; Contr.: contraction; d: dystrophin; DAP: dystrophin associated proteins; DHPR: dihydropyrine receptor; M: mitochondria; m: merosin;
Myofib.: myofibrils; PV: parvalbumin; Relax: relaxation; RyR: ryanodine receptor; S: sarcolemma; SR: sarcoplasmic reticulum; TRPC: transient receptor
potential channel; TT: T-tubule; U: uniporter. Color and form codes—red arrows: Ca® * movements; yellow circle Na'/Ca® " exchanger; green trapezoids: RyRs
involved in the EC coupling (present in the junctional SR); blue trapezoids: RyRs (possibly type 3) in the parajunctional SR possibly involved in close contacts
between the SR and the mitochondria. “Ca® " store-depletion Ca>* entry coupling” might require a physical link of RyRs with TRPCs (green star) or a
diffusible CIF (green dotted arrow). TRPCs might also be regulated by the cytoskeleton (green arrow).

of activation that is/are different from the native store-
activated channels. The functional role of TRPC proteins
was also evaluated by selectively repressing their expression
by transfection with antisense nucleotide sequences. This
strategy demonstrated that TRPC4 is part of the native
“Ca’ "-release activated Ca®>* channel” (CRAC) in adrenal
cells [32], that TRPC1 and/or TRPC3 are involved in the
thapsigargin-induced entry of Ca?" in HEK-293 cells [33],
and that TRPC2 protein is involved in store-operated influx
of Ca?" in fibroblasts [34].

Store-dependent entry of Ca®>* has now also been found
in excitable cells such as smooth muscle cells [35] and,
recently, Kurebayashi and Ogawa [36] demonstrated the
presence of such an influx in adult skeletal muscle fibers.
This was unexpected because muscle fibers do not seem to
exchange much Ca’" with the extracellular medium.
Indeed, they have large amounts of SR rich in Ca*"-pumps
(SERCA) and containing a high buffering capacity (calse-
questrin and calreticulin). On the other hand, Ca” " extrusion
through the plasma membrane is very slow. So almost all of
the Ca®" released during contraction are immediately
restored after stimulation; accordingly, twitch contractions
can thus be produced repeatedly for hours in the absence of
extracellular Ca®?”. Nevertheless, the authors showed that
the store-dependent influx was activated even by a partial
depletion of the stores and should therefore be functional in

physiological conditions. The influx of Ca>" was sensitive
to Ni* ", but resistant to nifedipine and was suppressed by
plasma membrane depolarisation. The coupling mechanism
between the depletion of the stores and the entry of Ca” " is
not known. As mentioned above, several studies strongly
suggest the involvement of the IP3 receptors in capacitative
Ca®" entry and skeletal muscle contains low amounts of IP;
receptors (see below), suggesting that such a coupling is
possible. However, it is clear that, in skeletal muscle, SR
releases Ca® " essentially through RyRs. Moreover, Kise-
lyov et al. [37] demonstrated a possible conformational
coupling between RyRs and TRPC3, strengthening the idea
that store-operated channels might be controlled by RyRs.
Accordingly, Pan et al. [38] recently demonstrated that
store-dependent entry of Ca® " induced by repetitive elec-
trical stimulations of myotubes was impaired in the absence
of RyRs, and when the integrity of the triads was altered by
the absence of mitsugumin 29, a synaptophysin-family
related protein. The channel involved was sensitive to 2-
aminoethoxydiphenyl borate (2-APB) and 1-(beta-[3-(4-
methoxy-phenyl)propoxy]-4-methoxyphenethyl)-1 H-imida-
zole hydrochloride (SKF-96365), two drugs previously used
to inhibit store-dependent channels in nonexcitable cells, but
not to verapamil. At variance with Kurebayashi’s and Pan’s
studies, Islam et al. [39] showed that store-dependent entry
of Ca’"* in L6 myotubes was inhibited by diltiazem and
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proposed a model in which Ca®" goes directly from the
extracellular medium into the SR by passing through a
combined channel formed from the DHPR and the RyR.

In a recent work [40], we identified the molecular nature
of the capacitative entry channels in adult skeletal muscle
fibers. We first showed that voltage-independent Ca”*
channels found in C57 and mdx adult fibers (see previous
paragraph) were store-dependent, and therefore hypothe-
sized that they might be constituted of TRPC proteins. By
using a conserved coding sequence in the different TRPC
genes, we then repressed the expression of TRPC1 and
TRPC4 by transfection with antisense oligonucleotides and
showed that the occurrence of channel activity decreased by
a factor of 10. We therefore concluded that the abnormal
influx of Ca?" observed in adult mdx fibers occurs through
store-dependent Ca” * channels constituted, at least partially,
of TRPC proteins. The lack of dystrophin and the conse-
quent disorganization of the cytoskeleton observed in dys-
trophic fibers might therefore induce a disregulation of these
proteins, and lead to an increased influx of Ca®".

3. Sarcoplasmic reticulum

In nonexcitable cells, the major Ca®* signaling pathway
involves the phosphoinositide production [41,42]. Skeletal
muscle possesses the biochemical machinery able to pro-
duce and degrade IP; but it is clear that IP; is not involved
in EC coupling [43], and it is only recently that the func-
tional importance of the IP; pathway was established [44].
The nonneuronal form of type 1 IP; receptor was found in
skeletal muscle, predominantly in oxidative fibers [45]. At a
subcellular level in myotubes, these receptors were found in
the I-band region of the SR, a region of the SR that is also
rich in Ca®>" ATPases, and in the nuclear envelope [46].
Interestingly, cell depolarization induced an increase of IP;
mass. This effect was still visible in the absence of Ca®*
entry or Ca’" release but was inhibited by nifedipine,
therefore suggesting the involvement of DHPRs. Depolari-
zation could exert its effects by modifying the rate of
inositide lipid phosphorylation [44]. In these myotubes,
depolarization induced a rapid and global increase of
[Ca®"]; associated with contraction and a much slower
and delayed Ca®"* wave propagating from one nucleus to
another. This slow signal possibly had long term effects.
Indeed, within minutes following depolarization, extracel-
lular signal-regulated kinases 1 and 2 (ERKs 1 and 2) and
cAMP response element-binding protein (CREB) were
phosphorylated, suggesting that this stimulus could regulate
gene expression [46].

Cyclic ADP-ribose (cADPR) and nicotinic acid adenine
dinucleotide phosphate (NAADP) are two other potent Ca® *
mobilizing molecules present in many tissues and acting on
RyRs and on unidentified receptors respectively [47,48]
(reviewed in Ref. [49]). In skeletal muscle, cADPR poten-
tiated the depolarization-induced Ca®* release but did not

trigger Ca” " release by itself [50]. According to Copello et
al. [51], muscle RyRs would not directly interact with
cADPR or with NAADP but this is still controversial.
Obviously more investigation will be necessary to under-
stand the role of these messengers in skeletal muscle.

It is not yet clear to what extent SR is involved in the
abnormal Ca® " homeostasis observed in dystrophic muscle.
The expression of al-, a2- and B-subunits of the DHPRs
were similar in control and in mdx microsomes. The type 1
RyR and the fast isoform of Ca®>" ATPase (SERCA1) were
also found to exist in comparable amounts in control and
dystrophin-deficient muscles [52]. However, Kargacin and
Kargacin [53] found that the SERCA pump was functionally
altered (V,ax reduced by 40%, but normal K,,,) but this result
was in contradiction with Takagi et al.’s [54] study on
skinned fibers reporting an increased leakage of Ca”> " from
the SR in mdx but a normal Ca?>" ATPase activity. The
concentration of free Ca>" in the SR ([Ca” *]sr) was found
to be elevated in mdx myotubes [19]. This resulted in a
higher depolarization-induced release of Ca”". However,
this effect was not found in human DMD myotubes [55].
Interestingly, Culligan et al. [52] also observed a reduction
of calsequestrin-like proteins (intraluminal Ca®" buffers),
and a reduced Ca® " binding capacity in dystrophic muscles.
Finally, the IP; signaling pathway might also be affected
since both the level of IP3 (at rest or after depolarization)
and the amount of IP; receptors were significantly increased
in mdx myotubes [56]. This could alter gene expression
activity and might therefore be important in the pathophysi-
ology of the disease.

4. Mitochondria

It has been known for a long time that mitochondria
possessed the necessary machinery to transport Ca” " into
and out of their matrix: Ca® " entry is promoted by a very
large electrochemical gradient and occurs through a ruthe-
nium red sensitive uniporter; Ca®>" efflux occurs via an
electroneutral exchange with 2 Na" or 2 H" ions. Initially,
these processes were proposed to contribute to [Ca®];
homeostasis. In the 1980, it was also suggested that Ca®*
ions might play a role in the regulation of mitochondrial
metabolism. This was based on the fact that pyruvate
dehydrogenase, 2-oxoglutarate dehydrogenase and NAD'-
isocitrate dehydrogenase, three key enzymes involved in
NADH formation (and hence ATP synthesis) were activated
by Ca’" in the range 0.1 to 10 uM (see Ref. [57] for
review). This mechanism explained how a cell could pro-
vide ATP supply in response to an increased demand with-
out any decrease in the ATP/ADP ratio. However, for a long
time, the physiological relevance of these observations
remained controversial because of the very low affinity of
the uniporter for Ca® " (half-maximal rate of Ca” " transport
observed for [Ca®"] levels above 30 pM and very low
uptake for [Ca®*] below 10 uM [58]). Opinion changed
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when, in 1992, Rizzuto et al. [59] developed the strategy of
targeted recombinant aequorin allowing to follow Ca®*
concentration in subcellular compartments, e.g. in mito-
chondria ([Ca®*]mi) and provided a clear demonstration
that agonist-induced [Ca®*]; elevations evoke rapid and
transient increases of [Ca® ]ni. The activation of such
Ca’" uptake in mitochondria resulted from the high
[Ca®"]; reached in very localized microdomains close to
the TIP3 or RyRs [60] (up to 20—40 uM [61]; Fig. 1); these
Ca?" microdomains could be sensed by mitochondria
because of their close apposition to the ER [62]. So it
became more and more evident that endoplasmic reticulum
and mitochondria form structural and functional units that
allow mitochondria to sense [Ca®']; oscillations more than
slow and global increases of [Ca® *];, the frequency of these
oscillations controlling the activation of calcium-sensitive
dehydrogenases [63]. But it is now also clear that mitochon-
dria play a role in [Ca®"]; homeostasis. In sympathetic
neurons, for example, they diminish [Ca®*]; transients
induced by fast depolarization (due to the accumulation of
calcium from the cytosol) and slow down the recovery
phase (release of accumulated Ca®™) [64]. In other cases,
mitochondria can directly recycle Ca?* back to the retic-
ulum, reducing the store depletion during agonist stimula-
tion [65].

The situation seems particular in striated muscle, since
RyRs are located in specialized regions of the SR (junctional
SR) which face the T-tubules and form the so-called triads
[5]. In the triads, DHPRs of the T-tubule plasma membrane
are physically connected to the RyRs (probably RyR1) of
the SR in a very precise stoichiometry (4 DHPRs attached to
every other RyR). It is therefore probable that Ca®™ is
released from SR regions essentially devoid of mitochon-
dria. This picture is, however, too simple: DHPR/RyR ratio
measured in various muscles is usually lower than 2,
suggesting that a nonnegligible proportion (e.g. 30—40%
in rat soleus [66]) of RyRs are present in nonjunctional
regions of the SR and could therefore be involved in CICR.
Felder and Franzini-Arsmstrong [67] have recently shown
that RyR3 were localized in a parajunctional position to the
RyR1. These parajunctional regions could therefore also
form close contacts with mitochondria as it has been
proposed in the case of cardiac muscle [68] (Fig. 1). In
any case, [Ca®"]; transients are much larger in skeletal
muscle than in any other cells, reaching 3 to 7 uM
[69,70]. Moreover, the K, for Ca®>" of the uniporter was
around 1 and 2.5 pM in mitochondria isolated from fast and
slow skeletal muscles, respectively (determined in physio-
logical conditions of [Mg® ™)), i.e. a value lower than in
other tissues (see above) [71]. Mitochondria might thus be
able to sense high [Ca®*]; and participate in Ca>* homeo-
stasis also in skeletal muscle. The role of such participation
was indeed demonstrated in mechanically skinned fibers
[72]: ruthenium red prolonged the contractile activity (pre-
sumably due to Ca accumulation in the cytoplasm) and
slowed down relaxation. This effect was observed in type I

and ITA fibres (slow, oxidative fibres rich in mitochondria)
but absent in type IIB fibres (fast glycolytic fibres, poor in
mitochondria), suggesting that it was due to the inhibition of
the mitochondrial uniporter by ruthenium red and not to its
potential inhibitory effects on RyRs [73]. Note that the role
of mitochondria in the recovery phase may appear opposite
to what is observed in neurons (see above [64]): in neurons,
during the recovery phase, mitochondria release the previ-
ously accumulated Ca®*, thus slowing down the decay of
[Ca®*]; whereas in skeletal fibers, mitochondria accumulate
Ca’" during the recovery phase and therefore accelerate
relaxation. This difference is probably due to the very fast
transients observed in skeletal muscles and/or to the differ-
ent structural disposition of SR and mitochondria. It has to
be assumed that, at the end of relaxation, Ca®> " accumulated
in mitochondria is restored into the SR without [Ca®*];
increase (no contraction). This might be rendered possible
by the proximity of mitochondria with nonjunctional SR
rich in SERCA pumps (Fig. 1).

Is [Ca® |mie regulation normal in dystrophic muscle?
Robert et al. [19] recently showed that in normal myotubes
in culture, depolarization induced a peak of [Ca®"] in the
cytosol that was sensed and amplified in mitochondria
([Ca® "mic peak around 10 uM). This response was
increased in mdx myotubes ([Ca” “]mi peak around 15-20
uM). Such increased Ca®?* accumulation in mitochondria
might trigger fiber apoptosis which seems to precede
necrosis in dystrophic muscle [74,75].

5. Cytosolic calcium buffers

Fast-contracting skeletal muscles from lower vertebrates
and from small mammals contain high amounts of parval-
bumin (0.5 to 1 mM), a cytosolic Ca® * buffer. Parvalbumin
has two high affinity binding sites for Ca> " (K,=10°* M~ ).
These sites can also bind Mg? * with a 10* lower affinity. In
the resting state ((Mg” “]=1 to 3 mM and [Ca® “];=20 to 50
nM), parvalbumin therefore mainly binds Mg2+ [76]. Dur-
ing stimulation, when [Ca®"]; increases, Ca’>" binds to
troponin C in spite of the fact that its affinity for Ca®" is
lower than parvabumin affinity for Ca? ", This is due to the
fact that Ca”> " binding rate to parvalbumin is limited by the
much slower dissociation of Mg® ", whereas Ca®>" binding
to troponin C (which does not bind Mg? " in physiological
conditions) is only limited by the Ca®* diffusion. At the end
of stimulation, parvalbumin is able to store the Ca®"
previously bound to troponin C and can therefore accelerate
relaxation (for review see Ref. [77]). Ca® " is then progres-
sively removed from the Ca—parvalbumin complex and
pumped into the SR by the Ca®>" ATPase (which has an
even greater affinity for Ca® " than parvalbumin; see Fig. 1).
As the binding capacity of parvalbumin is limited, the rate
of relaxation slows exponentially with increasing contrac-
tion duration (due to the saturation of parvalbumin) [78—
80]. This saturation of parvalbumin and the consequent
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slowing of relaxation rate were limited by Mg” " dissocia-
tion. Recently, we investigated this process in a mouse strain
where the parvalbumin gene had been knocked-out [81]. As
expected, in the normal mouse, we observed that in two fast
muscles, namely extensor digitorum longus (EDL) and
flexor digitorum brevis (FDB), increased tetanus duration
reduced the rate of relaxation until an approximately con-
stant value was obtained. The tetanus duration necessary to
eliminate the contribution of parvalbumin to relaxation was
lower in FDB than in EDL, in agreement with the fact that
the average parvalbumin content in FDB muscle was also
lower than in EDL. In parvalbumin-deficient mice, muscle
relaxation was slow and did not depend on tetanus duration.
More interestingly, the comparison between normal and
parvalbumin-deficient muscles revealed a property that
was not expected from the ‘saturation’ model presented so
far. Indeed, at all tetanus durations, relaxations were slower
in parvalbumin-deficient muscles than in normal, (i.e. even
after long tetani when parvalbumin is supposed to be Ca-
saturated). This property is reminiscent of the ‘shuttle’
model proposed a long time ago [82]. This model, inspired
by the role of myoglobin in oxygen transport, suggests that
parvalbumin facilitates Ca® " diffusion from the myofibrils
to the SR, a property that has been established in vitro [83].
Besides, it is interesting to note that parvalbumin interacts
with the SR and stimulates Ca® * uptake [84], an effect that
could enhance this shuttle effect on relaxation.

We recently investigated the possible ‘protective’ role of
parvalbumin in the development of mouse Duchenne-type
dystrophy. The reasons were the following: (i) The very
benign manifestations of the dystrophy in mice sharply
contrast with the severe and life-threatening evolution in
humans. (ii) Dystrophin-lacking fibers suffer from an
increased Ca?" influx, resulting in activation of Ca®’-
dependent proteases. However, several laboratories have
consistently reported that basal cytosolic Ca® " levels were
identical in mdx and wild-type mice (reviewed in Ref. [12]),
suggesting that a compensatory mechanism could be
present. We indeed observed increased mRNA levels of
the intracellular calcium buffer parvalbumin [85]. (iii) In
humans, Duchenne dystrophy predominantly affects type
IIB muscle fibers which are progressively replaced by
oxidative type I and ITA fibers [86]. This phenomenon,
though present, is much less pronounced in muscles from
mdx mice. Parvalbumin is found in large amounts in these
fibers in mice but undetectable in humans [87].

In order to test the hypothesis that, in muscle from mdx
mice, parvalbumin contributed to maintain a mild dystro-
phic phenotype, possibly by preventing Ca” “-dependent
activation of proteases, we generated double mutant mice
lacking both dystrophin and parvalbumin [88]. Compared to
the mdx phenotype, these double knock-out animals pre-
sented a more important muscle pseudo-hypertrophy, an
accentuated process of degeneration and regeneration and an
increased fibrosis in late adulthood. This suggests that Ca**
transients (that are affected by parvalbumin), more than

resting [Ca® ]; (which is not affected), have an influence on
the development of pathological processes. These transients
could be sensed by calpains, which have been recently
shown to be more activated by presenting Ca®" in a
pulsatile manner than by a steady-state [Ca” "] correspond-
ing to the time-average of transients [89]. Mitochondria (see
above) constitute other Ca®* oscillations “detectors” pos-
sibly involved in the disease.

6. Conclusions

There are now evidences that a series of mechanisms
regulate [Ca® *]; in skeletal muscle cells in addition to the
well characterized EC coupling. The study of these mech-
anisms is crucial to understand pathological processes
involved in muscle diseases such as DMD. This also means
that skeletal muscle, the tissue in which the notion the
second messenger was established several decades ago,
stays an interesting model whose special differentiation
and architecture can reveal new aspects of [Ca” ']; signaling.

Acknowledgements

I thank Prof. Lebacq, Prof. Gillis and Dr. Vandebrouck
(University of Louvain, Belgium) for their critical com-
ments on the manuscript. The work of our laboratory was
supported by the “Association frangaise contre les myo-
pathies” (AFM), the ““Association belge contre les maladies
neuro-musculaires” (ABMM) and by grant ARC 00/05-260
from the General Direction of Scientific Research of the
French Community of Belgium.

References

[1] S. Ringer, J. Physiol. 4 (1883) 29-42.
[2] L.V. Heilbrunn, An Outline of General Physiology, Saunders, Phila-
delphia, 1952.
] S. Ebashi, Annu. Rev. Physiol. 53 (1991) 1-16.
1 E. Rios, G. Pizarro, Physiol. Rev. 71 (1991) 849—908.
] C. Franzini-Armstrong, F. Protasi, Physiol. Rev. 77 (1997) 699—729.
] C. Caputo, J. Muscle Res. Cell Motil. 22 (2002) 485—504.
[71 W.A. Catterall, Cell 64 (1991) 871-874.
1 G.D. Lamb, Clin. Exp. Phamacol. Physiol. 27 (2000) 216—224.
] E. Carafoli, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 1115-1122.
] P.C. Pape, M. Konishi, S.M. Baylor, A.P. Somlyo, FEBS. Lett. 235
(1988) 57-62.
[11] D.J. Blake, A. Weir, S.E. Newey, K.E. Davies, Physiol. Rev. 82
(2002) 373-428.
[12] J.M. Gillis, J. Muscle Res. Cell Motil. 20 (1999) 605—-625.
13] P.R. Turner, T. Westwood, C.M. Regen, R.A. Steinhardt, Nature 355
(1988) 735-738.
[14] P.A. MacLennan, A. McArdle, R.H. Edwards, Am. J. Physiol: Endo-
crinol. Metab. 260 (1991) E594—-E598.
[15] A.J. Franco-Obregon, J.B. Lansman, J. Physiol. 481 (1994) 299—-309.
[16] F.De Backer, C. Vandebrouck, P. Gailly, J.M. Gillis, J. Physiol. 542.3
(2002) 855—-865.
[17] O. Tutdibi, H. Brinkmeier, R. Rudel, K.J. Fohr, J. Physiol. 515 (1999)
859-868.



[50]
[51]
[52]
[53]
[54]

[55]

P. Gailly / Biochimica et Biophysica Acta 1600 (2002) 38—44

N. Mallouk, V. Jacquemond, B. Allard, Proc. Natl. Acad. Sci. U. S. A.
97 (2000) 4950—-4955.

V. Robert, M.L. Massimino, V. Tosello, R. Marsault, M. Cantini, V.
Sorrentino, T. Pozzan, J. Biol. Chem. 276 (2001) 4647—4651.
M.W. Berchtold, H. Brinkmeier, M. Miintener, Physiol. Rev. 80
(2000) 1215-1265.

J.W. Putney Jr., Cell Calcium 11 (1990) 611-624.

M.J. Berridge, Biochem. J. 312 (1995) 1-11.

A.B. Parekh, R. Penner, Physiol. Rev. 77 (1997) 901—-930.

C. Randriamampita, R.Y. Tsien, Nature 364 (1993) 809—-814.

P. Gailly, Cell Calcium 24 (1998) 293—-304.

S. Chyb, S.P. Raghu, R.C. Hardie, Nature 397 (1999) 255-259.

K. Kiselyov, S. Muallem, Trends Neurosci. 22 (1999) 334—-337.

K. Kiselyov, X. Xu, G. Mozhayeva, T. Kuo, I. Pessah, G. Mignery,
X. Zhu, L. Birnbaumer, S. Muallem, Nature 396 (1998) 478—-482.
J. Tang, Y. Lin, Z. Zhang, S. Tikunova, L. Birnbaumer, M.X. Zhu,
J. Biol. Chem. 276 (2001) 21303-21310.

J.W. Putney Jr., L.M. Broad, F.-J. Braun, J.-P. Lievremont, G.St. J.
Bird, J. Cell Sci. 114 (2001) 2223-2229.

D.E. Clapham, L.W. Runnels, C. Strubing, Nat. Rev., Neurosci. 2
(1991) 387-396.

S. Philipp, J. Hambrecht, L. Braslavski, G. Schroth, M. Freichel, M.
Murakami, A. Cavalie, V. Flockerzi, EMBO J. 17 (1998) 4274—4282.
X.G. Wu, G. Babnigg, M.L. Villereal, Am. J. Physiol., Cell Physiol.
278 (2000) C526—C536.

P. Gailly, M. Colson-Van Schoor, Cell Calcium 30 (2001) 57—-65.
A. Gibson, I. McFadzean, P. Wallace, C.P. Wayman, Trends Pharma-
col. Sci. 19 (1998) 266—269.

N. Kurebayashi, Y. Ogawa, J. Physiol. 533 (2001) 185—199.

1 K.I. Kiselyov, D.M. Shin, Y. Wang, I.N. Pessah, P.D. Allen, S. Mual-

lem, Mol. Cell 6 (2000) 421—-431.

Z. Pan, D. Yang, R.Y. Nagaraj, T.A. Nosek, M. Nishi, H. Takeshima,
H. Cheng, J. Ma, Nat. Cell Biol. 4 (2002) 379-383.

M.N. Islam, B. Narayanan, R.S. Ochs, Exp. Biol. Med. 227 (2002)
425-431.

C. Vandebrouck, D. Martin, M. Colson-Van Schoor, H. Debaix, P.
Gailly, J. Cell Biol. 158 (2002) 1089—1096.

M.J. Berridge, Nature 361 (1993) 315-325.

K. Mikoshiba, T. Furuichi, A. Miyawaki, Sem. Cell Biol. 5 (1994)
273-281.

A.P. Somlyo, J.W. Walker, Y.E. Goldman, D.R. Trentham, S. Kobaya-
shi, T. Kitazawa, A.V. Somlyo, Philos. Trans. R. Soc. Lond., B Biol.
Sci. 320 (1988) 399-414.

E. Jaimovich, R. Reyes, J.L. Liberona, J.A. Powell, Am. J. Physiol.,
Cell Physiol. 278 (2000) C998-C1010.

M.C. Moschella, J. Watras, T. Jayaraman, A.R. Marks, J. Muscle Res.
Cell Motil. 16 (1995) 390—400.

J.A. Powell, M.A. Carrasco, D.S. Adams, B. Drouet, J. Rios, M.
Miiller, M. Estrada, E. Jaimovich, J. Cell Sci. 114 (2001) 3673 —-3683.
A. Galione, Science 259 (1993) 325-326.

H.C. Lee, R. Aarhus, J. Biol. Chem. 270 (1995) 2152-2157.

S. Patel, G.C. Churchill, A. Galione, Trends Biochem. Sci. 26 (2001)
482-489.

N. Yamaguchi, M. Kasai, Biochem. Biophys. Res. Commun. 240
(1997) 772-777.

J.A. Copello, Y. Qi, L.H. Jeyakumar, E. Ogunmunmi, S. Fleischer,
Cell Calcium 30 (2001) 269—284.

K. Culligan, N. Banville, P. Dowling, K. Ohlendieck, J. Appl. Phys-
iol. 92 (2002) 435—445.

M.E. Kargacin, G.J. Kargacin, Biochim. Biophys. Acta 1290 (1996)
4-8.

A. Takagi, S. Kojima, M. Ida, M. Araki, J. Neurol. Sci. 110 (1992)
160—164.

C. Vandebrouck, N. Imbert, G. Duport, C. Cognard, G. Raymond,
Neurosci. Lett. 269 (1999) 110—-114.

[56]
[57]

[58]
[59]

[60]

[o1]

[62]
[63]

[64]
[65]

[66]

[67]
[68]

[69]

[70]
[71]

[72]
[73]

[74]
[75]

[76]
[77]
(78]
[79]
[80]

[81]

[82]

[83]
[84]

[85]
[86]
[87]

[88]

[89]

J.L. Liberona, J.A. Powell, S. Shenoi, L. Petherbridge, R. Caviedes,
E. Jaimovich, Muscle Nerve 21 (1998) 902—-909.

J.G. McCormack, A.P. Halestrap, R.M. Denton, Physiol. Rev. 70
(1990) 391-425.

A. Scarpa, P. Graziotti, J. Gen. Physiol. 62 (1973) 756—772.

R. Rizzuto, A.-W.M. Simpson, M. Brini, T. Pozzan, Nature 358 (1992)
325-768.

R. Rizzuto, M. Brini, M. Murgia, T. Pozzan, Science 262 (1993)
744-747.

M. Montero, T.M. Alonso, E. Carnicero, I. Cuchillo-Ibanez, A. Abil-
los, A.G. Garcia, J. Garcia-Sancho, J. Alvarez, Nat. Cell Biol. 2
(2000) E25-E27.

R. Rizzuto, P. Pinton, W. Carrington, F.S. Fay, K.E. Fogarty, L.M.
Lifshitz, R.A. Tuft, T. Pozzan, Science 280 (1998) 1763—1766.

G. Hajnoczky, L.D. Robb-Gaspers, M.B. Seitz, A.P. Thomas, Cell 82
(1995) 415424,

D.D. Friel, R-W. Tsien, J. Neurosci. 14 (1997) 4007-4024.

S. Arnaudeau, W.L. Kelley, J.V. Walsh Jr., N. Demaurex, J. Biol.
Chem. 276 (2001) 29430—-29439.

A. Margreth, E. Damiani, G. Tobaldin, Biochem. Biophys. Res. Com-
mun. 197 (1993) 1303—-1311.

E. Felder, C. Franzini-Armstrong, Biophys. J. 80 (2001) 382a.

G. Csordas, A.P. Thomas, G. Hajnoczky, Trends Cardiovasc. Med. 11
(2001) 269-275.

A. Bakker, S.I. Head, D.G. Stephenson, Cell Calcium 21 (1997)
359-364.

0. Delbono, E. Stephani, J. Physiol. 463 (1993) 689—-707.

W.L. Sembrowich, J.J. Quintinskie, G. Li, J. Appl. Physiol. 59 (1985)
137-141.

J.M. Gillis, J. Muscle Res. Cell Motil. 18 (1997) 473-483.

L. Xu, A. Tripathy, D.A. Pasek, G. Meissner, J. Biol. Chem. 274
(1999) 32680—-32691.

M.R. Duchen, J. Physiol. 516 (1999) 1-17.

M. Sandri, C. Minetti, M. Pedemonte, U. Carraro, Lab. Invest. 78
(1998) 1005-1016.

J.M. Gillis, D. Thomason, J. Leféevre, R.H. Kretsinger, J. Muscle Res.
Cell Motil. 3 (1982) 377-398.

J.A. Rall, News Physiol. Sci. 11 (1996) 249—255.

T.T. Hou, J.D. Johnson, J. Rall, J. Physiol. 441 (1991) 285-304.
A. Berquin, J. Lebacq, J. Physiol. 445 (1992) 601-616.

S.L. Carroll, M.G. Klein, M.F. Schneider, J. Physiol. 501 (1997)
573-588.

J.M. Raymackers, P. Gailly, M. Colson-Van Schoor, D. Pette, B.
Schwaller, W. Hunziker, M.R. Celio, J.M. Gillis, J. Physiol. 527
(2000) 355-364.

J.M. Gillis, A. Piront, C. Gosselin-Rey, Biochim. Biophys. Acta 585
(1979) 440-450.

J.J. Feher, Biochim. Biophys. Acta 773 (1984) 91-98.

H. Ushio, S. Watabe, Biochem. Biophys. Res. Commun. 199 (1994)
56-62.

P. Gailly, E. Hermans, J.N. Octave, J.M. Gillis, FEBS Lett. 326
(1993) 272-274.

C. Webster, L. Silberstein, A.P. Hays, H.M. Blau, Cell 52 (1988)
502-513.

C.W. Heizmann, M.W. Berchtold, A.M. Rowlerson, Proc. Natl. Acad.
Sci. U. S. A. 79 (1982) 7243-7247.

J.M. Raymackers, P. Gailly, H. Debaix, M. Colson-Van Schoor, D.
Kahn, F. De Backer, B. Schwaller, W. Hunziker, M.R. Celio, J.M.
Gillis, International Congress of Myology Organized by the French
Association Against Myopathies (AFM), AFM, Eury, 2000, pp. 267.
P. Tompa, R. Toth-Boconadi, P. Friedrich, Cell Calcium 29 (2001)
161-170.



