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Abstract: Store-operated Ca®" entry (SOCE) represents a unique Ca>* entry mechanism, where Ca®" channels located on
the plasma membrane sense the Ca?" filling status of intracellular Ca®* stores and gate the entry of Ca®* from the extracel-
lular reservoir to replenish intracellular Ca?* storage. This pathway has received great interest not only because of its un-
usual nature as a retrograde signal, but also due to its wide occurrence in both excitable and non-excitable cells and its po-
tential role in various physiological and pathophysiological situations. In skeletal muscle, contractility is contingent upon
the maintenance of intracellular Ca>* homeostasis, which requires the preservation of low levels of resting cytosolic Ca?”,
readily available releasable pool of Ca®" from the sarcoplasmic reticulum, as well as functional Ca®" uptake and extrusion
mechanisms. Recent studies have demonstrated that SOCE is present in skeletal muscle, and may play a significant role in
muscle physiology. While the need for SOCE is increased during strenuous muscle exercise and fatigue, disruption of this
process can lead to pathophysiological conditions. Repressed SOCE activity has been linked to aging related dysfunction.
Elevated SOCE could lead to elevated intracellular Ca®" in dystrophic muscle cells and progression of muscular dystro-
phy. The role of SOCE in the physiology and pathophysiology of skeletal muscle is a subject of increasing interest in the
muscle biology field. Manipulation of SOCE by chemical, pharmacological and genetic approaches should have great po-

tential in the treatment of muscle disorders that involve dysfunctional Ca** homeostasis.

STORE OPERATED CA* ENTRY: A LINK BE-
TWEEN INTRACELLULAR CA* STORES AND THE
EXTRACELLULAR CA* RESERVOIR

Store-operated Ca”" entry (SOCE), or capacitative Ca®*
entry (CCE), was originally proposed by Dr. James Putney
as an extracellular Ca** ([Ca*'],) entry pathway in non-
excitable cells that is stimulated by the reduction of intracel-
lular Ca?* stores [1, 2]. Since this initial finding, SOCE has
been observed in many different cell types, including skele-
tal muscle [3, 4]. When the intracellular Ca* stores of a cell,
and in particular the stores within the endoplasmic reticulum
(ER) or sarcoplasmic reticulum (SR), are reduced due to
cellular activity, the cell must refill these stores to maintain
Ca?* homeostasis and effective cellular function.

During the course of normal cellular physiology, Ca®* is
released from the ER/SR into the cytosol primarily through
the inositol 1,4,5-trisphosphate receptor (InsP3R) or ryano-
dine receptor (RyR) and the majority of this Ca>" returns to
the ER/SR through the sarco/endoplasmic Ca®*-ATPase
(SERCA) pump. A fraction of Ca® is lost from the cell
through the action of Ca’*-ATPase pumps in the plasma
membrane. Thus, as these release and uptake cycles con-
tinue, there would be an eventual depletion of ER/SR Ca®*
store without the intervention of Ca** entry mechanisms.
While multiple mechanism of Ca?* entry are present in many
cell types, SOCE is one process by which the cell senses
reductions in the ER/SR Ca®* store and induces Ca?* entry
into the cytosol to compensate for the Ca®* lost to the ex-
tracellular space [5]. SOCE allows Ca®* entry into the cell
from the vast reservoir of [Ca®], in response to depletion of
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Ca?* within the ER/SR. The value of such a mechanism to
the cell is obvious, as it provides a gate to refill the intracel-
lular Ca®* storage. This pathway has received great interest
not only because of its unusual nature as a retrograde signal,
but also due to its wide occurrence in both excitable and
non-excitable cells and its potential role in various physio-
logical and pathophysiological situations [6].

Interest in SOCE grew after the initial observation of a
highly selective, non-voltage activated inward current that
was activated by depletion of the ER Ca?* store of mast cells
[7]. This Ca** release activated Ca®* current (Icrac) Was sub-
sequently identified in many cell types, particularly those of
hematopoietic origin [8-10]. While Icrac has been exten-
sively studied as a model for SOCE, other currents with dis-
tinct conductance properties appear to account for SOCE in
various cell types. These so called store-operated Ca®* cur-
rents, or lsoc, have been identified in many cell types [5],
including smooth muscle cells [11, 12]. Studies from our
laboratory and those of other investigators demonstrate that
SOCE is present in skeletal muscle cells [3, 4, 13], and that
SOCE may function during strenuous muscle exercise and
fatigue [14-16].

Two major obstacles have slowed progress in the study
of SOCE. The first is the lack of high specificity inhibitors of
SOCE. While econazole, 1- [B- [3-(4-Methoxyphenyl)propo-
xy]-4-methoxyphenethyl]-1H-imidazole (SKF-96365) and 2-
aminoethoxydiphenylborane (2-APB) have all been used to
block SOCE in multiple cell types, they all display some
degree of off-target effects [17]. A second major obstacle is
the difficulty in resolving the molecular identity of store-
operated Ca®" channels. In the search for these channels,
much of the interest has focused on some members of the
transient receptor potential (TRP) family of channel proteins.
Many studies indicate that various TRP proteins contribute
to SOCE activity in some cell types, while other studies
show that these TRP proteins cannot reproduce all aspects
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required of SOC [18]. Thus, the precise role for TRP pro-
teins in mediating SOCE has not yet been clearly defined
and has remained a target of significant study. It is possible
that multiple proteins form a complex of regulatory factors
and a pore conduction unit that vary in different cell types in
order to facilitate SOCE. In this view, store-operated chan-
nels would consist of a macromolecular complex containing
the membrane resident Ca** permeable pore subunit, plus
cytosolic factors that integrate the retrograde signal from
ER/SR to activation of SOCE. Such an arrangement would
explain the difficulty in molecular determination of store-
operated channels and that different current characteristics
are observed in many cell types under various conditions.

Recent screenings of the Drosophila genome have re-
vealed a gene, Orail [19] or CRACML1 [20], that is a strong
candidate for a molecular component of SOCE, and perhaps
even the pore conduction unit of the CRAC channel. Disrup-
tion of this gene results in ablation of Icgrac in several cell
types. This gene codes for a protein that is predicted to con-
tain four transmembrane domains, however there is no clear
pore structure to be resolved in the secondary structure of
this protein and it does not contain the canonical glutamate
ring sequence found in many Ca’* selective channels. Con-
sidering that store-operated channels have different conduc-
tion properties than previously identified Ca’* channels, it
would not be surprising if the structure of this channel also
diverged from the current understanding of Ca’** channel
structure. It is interesting to note that genetic disruption of
Orail/CRACML results in immune deficiency and no other
obvious phenotypes in affected patients. This provides fur-
ther evidence of heterogeneity of store-operated channels in
different cell types and suggests that other family members,
such as Orai2 and Orai3 may provide for similar functions in
other cell types [21].

MECHANISMS OF SOCE REGULATION

A major remaining question in the study of SOCE is the
molecular mechanism responsible for the retrograde signal-
ing from ER/SR Ca®" store depletion to activation of SOCs
on the plasma membrane. There have been several theories
presented to account for this signal transduction, most of
which fall into one of four major categories [22]. In the first,
a diffusible messenger is released from the ER/SR to induce
activation of SOCE. The diffusible messenger theory for
SOCE activation was first proposed based on the finding that
extracts from Jurkat cells with depleted Ca** stores could be
used to activate SOCE in other cell types [23]. This unde-
fined low-molecular weight factor was termed Ca?* influx
factor (CIF). Despite intensive studies following these find-
ings, the role of CIF in the activation of SOCs is still not
clear. However, a recent study has shown that CIF mediated
activation of SOCE is likely dependent on a signaling cas-
cade that involves Ca®-insensitive phospholipase A2
(iPLA,) [24]. While CIF is the most studied diffusible regu-
lator of SOCE, numerous other factors have been suggested
to regulate SOCE activation in several cell types. These in-
clude lysophospholipids [25] and protein kinase C [26] in
smooth muscle cells, and calmodulin in skeletal muscle cells
[27].

Another theory for the activation of SOCE is that store-
operated channels are sequestered from the plasma mem-
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brane into intracellular vesicles until ER/SR Ca?* stores are
depleted, which would result in the translocation of these
vesicles to the membrane, much like the insulin activated
translocation of GLUT4 glucose transporters. Much of the
support for this theory is derived from the translocation of
TRP channels to the plasma membrane following ligand-
induced activation [28]. While early studies suggested that
exocytosis may be important in regulation of SOCE [9, 29,
30], other studies have provided alternative interpretations of
these findings [31-33]. Other more recent studies have sug-
gested that exocytosis is not a major component in the regu-
lation of SOCE in some cell types [34, 35].

Some have proposed that SOC may be inhibited by local
Ca’®* concentration at the site of the channel on the plasma
membrane [36]. In this case, SOCs would remain inactive as
long as the Ca”" concentration near their plasma membrane
location was above a certain threshold. Reduction of the in-
tracellular Ca”* store would result in reduced Ca** concentra-
tions beneath the plasma membrane and removal of this in-
hibition on SOCE.

The fourth major theory for SOCE regulation is one in-
voIving direct conformational or secretion coupling between
the Ca“* release channels on the ER/SR, particularly InsP3R,
and the SOCs on theflasma membrane [37]. Direct coupling
between ER/SR Ca”" release channels and SOCs would
likely result in rapid activation of SOCE following store de-
pletion. This appears to be the case in mammalian skeletal
muscle fibers [16, 38], but not the case in several other cell
types [31]. This slow activation in some cell types lead to the
hypothesis that remodeling of the ER/SR might follow de-
pletion of the internal Ca** stores, allowing a slow transloca-
tion of InsP3R channels to a close physical proximity to the
SOC on the plasma membrane, a so-called secretion-like
mechanism [39]. These two versions are currently the most
generally accepted mechanism for SOCE activation [22],
however there are studies that suggest that these mechanisms
are not at work in some cell types following store Ca’* de-
pletion [40] and that InsP3R is not required for SOCE activa-
tion in other cell types [41, 42]. Currently, the field has not
reached a strong consensus as to the primary mechanism of
SOCE activation. While current results point towards a more
specific role for CIF in SOCE activation [43], the large
number of studies conflicting with and in support of various
models further suggests a heterogeneity of store-operated
channels and regulatory processes for proper function of
SOCE in various cell types. This likely reflects the specific
kinetic and spatial requirements of different cells for mainte-
nance of intracellular Ca®* stores. While some common mo-
lecular machinery may prove to underlie the store-operated
channels activity and/or SOCE regulation in different cell
types, it is probable that the molecular machinery would be
significantly different comparing a skeletal muscle fiber ver-
sus cells of hematopoetic origin. Thus, determination of the
role of SOCE in cellular physiology and pathophysiology
will require intensive efforts in several complementary cell
model systems.

Recent studies have determined that specific intracellular
factors, including iPLA, and stromal interaction molecules
(STIM1) [44-46] participate in the regulation of SOCE.
STIM1 is a transmembrane protein found to localize
throughout the ER/SR at the resting state, which contains a
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Ca’* binding motif thought to act as a sensor for the loading
state of the Ca®* store within the ER/SR. Upon Ca®" store
depletion, STIM-1 translocates from a diffuse pattern in the
ER/SR to a punctate pattern near the plasma membrane. This
translocation appears to be essential, but perhaps not suffi-
cient [47], to activate SOCE. Identification of these impor-
tant SOCE regulatory factors provides an entry point for
further dissection of the molecular mechanisms at work in
SOCE regulation.

EXTRACELLULAR CA* ENTRY AND SKELETAL
MUSCLE CONTRACTILITY

In mammalian skeletal muscles, opening of the skeletal
muscle RyR isoform (RyR1) channel is directly coupled to
conformational changes of voltage sensors (i.e., dihydro-
pyridine receptors, DHPR) located on the sarcolemmal
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membrane [48, 49]. Upon depolarization of the sarcolemmal
membrane, Ca?* is rapidly released from the SR through
RyR1. Consequently, the major resource for contraction in
skeletal muscle originates from the SR Ca®" store, not from
[Ca?'], entry. After the Ca®* release phase, intracellular Ca**
must be quickly returned to nanomolar levels for muscle
relaxation to occur, a process that is primarily accomplished
by the highly effective SERCA pump in the SR and also by
Ca’*-ATPase pumps located in the sarcolemmal membrane
[50, 51] (Fig. 1). While the SERCA pump recycles the vast
majority of Ca** from the cytoplasm back to the SR store,
not all Ca®* released during a contraction cycle returns to the
SR, since a fraction of the Ca®* buffered by mitochondria
and another fraction is unavoidably lost through the SERCA
pump in the sarcolemmal membrane, as illustrated in Fig.
1A. In fact, Hemmings has demonstrated that the use of Ca*"

Dystrophy

Sarcolemma

Fig. (1). Possible role of SOCE in skeletal muscle physiology and pathophysiology.

A. Under normal, physiological conditions, depolarization of the sarcolemmal membrane leads to opening of the RyR Ca?* release channel
through conformational coupling to the DHPR. Ca?* release from the SR constitutes the major source for skeletal muscle contraction. Se-
guestration of cytosolic Ca?* back into the SR through SERCA leads to muscle relaxation. Ca* transport into and out of the mitochondria
(MT) provides certain buffering capacity for the changes in cytosolic Ca?*. With each contraction-relaxation cycle, a portion of cytosolic
Ca?" is pumped out of the muscle fiber by the sarcolemmal-membrane localized the Ca’*-ATPase. SOCE provides an important Ca* entry
pathway in response to increased muscle activity, e.g. exercise and fatigue. SOCE also serves to replenish the decreased SR Ca?* store asso-
ciated with muscle contraction. B. Elevated Ca?* entry through SOCE leads to a drastic increase in [Ca"];, and contributes to certain dys-
trophic phenotype in muscular dystrophy. C. Compromised SOCE in aged skeletal muscle could play a role in the reduced contractility of
aged skeletal muscle. Many other aspects of dysfunctional Ca®* signaling, such as reduced efficacy of excitation-contraction coupling, segre-
gation of intracellular Ca?* release, or altered mitochondria Ca** signaling, could all contribute to the overall muscle wasting and weakness

during aging.
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pumps evolved from dependence on the SERCA Joump in
amphibian skeletal muscle to the reliance on the Ca™" pumps
in both the SR and the sarcolemmal membrane in mammal-
ian skeletal muscle [52]. Thus, a Ca®* entry mechanism must
help maintain intracellular Ca®* storage and homeostasis in
skeletal muscle; otherwise the SR Ca”" store would become
chronically depleted and skeletal muscle would weaken until
it would be unable to perform basic contractile tasks.

Although SOCE appears to be ubiquitous in non-
excitable cells, recent experimental evidence indicates that
SOCE is also present in skeletal muscle [3], smooth muscle
[26], and neurons [53]. While SOCE is a mechanism present
in excitable and non-excitable cells, it has been more exten-
sively explored in the latter. Interestingly, it has been recently
shown that activation of RyR opens human TRPC3 channels
(hTRPC3) in HEK293 cells [54], suggesting a functional
coupling between RyR and hTRPC3 similar to what has been
previously reported for hTRPC3 and InsP3R [55]. Further-
more, depletion of the ER via activation of RyR in cells lack-
ing InsP3R initiates SOCE, illustrating functional coupling
between RyR and store-operated channels that is independ-
ent of InsP3R action [56]. Additional physiological evidence
highlighting the contribution of Ca*" entry and SOCE to
muscle physiology and pathophysiology has emerged. For
example, exaggerated [Ca], entry has been linked to muscu-
lar dystrophy [57, 58], while our recent study shows that
increased muscle activity requires increased [Ca], entry for
maintenance of contractile activity [16].

While SOCE is an interesting candidate to refill the SR
Ca?* store in skeletal muscle, there are several other Ca?*
entry pathways that have been identified in skeletal muscle
fibers. While L-type Ca®* channel could provide one such
alternative, previous studies have suggested that that L-type
Ca’* channel does not contribute significantly to maintaining
repetitive muscle contraction [59]. It is well known that the
L-type Ca’* channel in skeletal muscle has slow activation
kinetics [60, 61], suggesting that significant Ca** entry is
unlikely to occur through the L-type Ca®* channel. In addi-
tion, a role for L-type Ca** entry on skeletal muscle contrac-
tility is improbable as L-type Ca®* channel blockers do not
significantly affect contractility in mammalian muscle prepa-
rations [62-65]. Therefore, other Ca** entry mechanisms are
likely responsible for maintaining proper intracellular Ca**
storage and homeostasis during skeletal muscle contraction.

Recent studies have suggested a process of [Cazj0 entry
in cultured myotubes, named excitation-coupled Ca** entry
(ECCE), which is coupled to conformational changes of the
RyR that follow membrane depolarization [66, 67]. Cur-
rently, this mechanism has not yet been demonstrated in
adult skeletal muscle fibers. It is possible that ECCE may
play a role during the maturation of myoblasts to myotubes,
since skeletal muscle contractility is more dependent on
[Ca?'], entry during earlier stages of development [68-70]. In
addition, the physiological relevance of ECCE to adult mus-
cle contraction is not clear since activation of ECCE is
mainly governed by membrane depolarization and is inde-
pendent of the Ca*" storage within the SR [66, 67], thus a
mechanism that would allow for ECCE termination has not
been defined.

Therefore, it seems that SOCE represents a relevant
[Ca?*], entry mechanism in both non-excitable cells [5, 22,
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71, 72] and in skeletal muscles, as it provides a mechanism
where Ca** channels located on the sarcolemmal membrane
sense the Ca’* filling status of the SR and gate the entry of
Ca’* from the extracellular reservoir to replenish and main-
tain intracellular Ca?* storage. In fact, while many studies
have identified SOCE in skeletal muscle, the role of SOCE
in skeletal muscle physiology and pathophysiology have just
begun to be recognized [3, 13, 16, 51, 73].

SOCE seems to play an important role under conditions
of higher Ca?* demand, such as muscle exercise and aging
[16, 74]. While elevated SOCE seems required under condi-
tions of increased muscle activity for maintenance of con-
tractile activity [16], reduced SOCE has been recently re-
ported in aged human fibroblasts [75] and in aged rat cervi-
cal ganglion cells [74]. In contrast, a physiological role of
SOCE under normal contractile conditions that do not en-
gage higher Ca?* demand is uncertain. Therefore, we have
conducted an extensive series of experiments in an effort to
determine if [Ca®], entry through SOCE plays a role in
skeletal mammalian muscle contractility under non-fatiguing
conditions. Our experimental design involved fulfillment of
four essential conditions. First, our experiments were de-
signed to mimic working muscles under physiological condi-
tions where the duty cycle duration does not induce fatigue
(1 tetanic stimulation/min). Second, to inhibit [Ca?*], entry,
we removed Ca?* from the bathing solution. As shown in
Fig. 2, removal of [Ca®*], results in a quick drop in the con-
tractile force with this inhibitory effect continuing to develop
with prolonged exposure to 0 [Ca],. Here, it is important to
observe that our 0 [Ca*"], solution also contained 0.1 mM
EGTA, as we have found this to be essential to unequivo-
cally observe the [Ca®], dependence of normal contractility
in skeletal muscles. We have concluded that by simply re-
moving Ca** from the extracellular solution without adding
an effective Ca®* chelator, contaminating levels of [Ca®],
could easily reach ~20 uM. Since under physiological condi-
tions the transverse-tubular invagination of the sarcolemmal
membrane stores more than 1 mM Ca?*, these contamination
levels of Ca®* would maintain threshold levels of Ca®* within
the transverse-tubules, thereby shrouding a clear observation
for a role of SOCE on skeletal muscle contractility. Third,
since physiological mechanisms display obvious dependence
on temperature, it is indispensable to establish the extent to
which SOCE affects contraction of working muscle at
physiological temperatures. Our experiments at 37°C re-
vealed an essentially similar effect of [Ca*'], entry on con-
tractility at both room and physiological temperatures.
Lastly, we confirmed the role of SOCE on physiological
muscle contractility by incubating skeletal muscles with
pharmacological blockers of SOCE, such as NiCl, and 2-
APB. The effects of NiCl, and 2-APB on muscle contractil-
ity are similar to that observed with 0 [Ca?*],, suggesting that
SOCE is likely involved in the normal contractile function of
skeletal muscle.

SOCE AND MUSCLE FATIGUE

Fatigue is an important functional hallmark of skeletal
muscles, and is defined as a reversible decrease in contractile
force in response to an increase in the frequency or duration
of stimulation. Muscle fatigue is still a research area in need
of additional investigation, as the cellular and molecular
mechanisms are not yet fully established [76-78]. Some of
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Fig. (2). Dependence of skeletal muscle contraction on extracellular Ca?* entry. (a) An Intact EDL muscle was electrically stimulated with
low (40-60 Hz) and high frequency (100-130 Hz) in a bath solution with either 2.5 mM extracellular Ca®* ([Ca?*],) (control) or 0 [Ca®"],+0.1
mM EGTA. Fast recovery upon return of preparation to 2.5 mM [Ca®'], is observed.

the current theories of muscle fatigue include: a) Disruption
of intracellular Ca?* homeostasis, leading to failure in the
effective communication between the transverse-tubules and
Ca’* release from the SR (discussed below), b) Sodium the-
ory: changes in the muscle cell ionic concentration leading to
failure of action potential propagation. This is thought to
occur only during continuous fatigue, but not during inter-
mittent fatigue; c) Activation of Ca®* proteases: fatiguing
stimulation leads to a rise in intracellular Ca**, activation of
Ca’* proteases and subsequent cleavage of essential excita-
tion-contraction (E-C) coupling related proteins, d) Reactive
oxygen species (ROS) theory: increased muscle activity
leads to increased mitochondrial respiration, causing a net
increase in superoxide, hydrogen peroxide and free radicals
that can directly modify protein function, ) Accumulation of
metabolites theory: a number of metabolites such as ROS,
inorganic phosphate, ADP, AMP, etc, accumulate during
fatigue and cause both a decrease in the amount of Ca* re-
lease from the SR and functional inhibition of the myosin-
actin interaction. It is fascinating that for more than 60 years
a dominant theory in muscle research has been that lactate
accumulation was a major cause of muscle fatigue [79]. In
the last 10 years this concept has evolved significantly from
initial suggestions that lactate did not play such a prominent
role in muscle fatigue [80], to a more recent concept that
lactate may even play a protective role during fatigue [81,
82]. This example reveals the dependence of our knowledge
on technical advancements that can either support or chal-
lenge theories. Our current understanding of fatigue may
further develop as a greater understanding of the physiologi-
cal and pathophysiological role of SOCE in skeletal muscle
is developed.

A consensus view in muscle physiology research is that
optimal muscle performance revolves around the mainte-
nance of intracellular Ca** homeostasis, as inadequate Ca?*
release from the SR leads to decreased force output, a phe-
nomenon observed when muscles are exposed to fatiguing
stimulation [78, 83]. This deficient Ca** release process can
result from improper coupling between the transverse-
tubules and RyR, reduction of the SR Ca®* store and/or direct
modification of RyR function [76, 84, 85]. Since SR Ca**
depletion is the cellular signaling mechanism that activates

SOCE, and SOCE is essential for proper maintenance of SR
Ca’* storage, a role of SOCE during muscle fatigue must be
carefully considered as part of the cellular mechanisms re-
sulting in reduced force output that occurs during fatigue and
recovery from fatigue. Thus, SOCE not only provides a
mechanism for refilling of intracellular Ca** stores [5, 22, 71,
72], it can certainly add to the Ca* required for muscle con-
traction under conditions of muscle fatigue and intensive
exercise when the SR Ca?* store becomes naturally reduced.
Therefore, reduced SOCE should exaggerate muscle fatigue,
because the SR would deplete of Ca** during fatiguing
stimulation at a higher rate, while the sarcolemmal Ca®*
pumps would extrude at higher rates, leaving less Ca®* avail-
able for Ca®* release during repetitive contraction cycles.

To directly test the contribution of SOCE to the acute
fatigue behavior of skeletal muscle, intact muscle fibers from
wild type mice were fatigued under conditions where the
SOCE pathway is inhibited. Fig. 3 shows that contractile
force is diminished and fatigability is enhanced in soleus
muscles when Ca** was removed from the extracellular solu-
tion. In addition, the addition of SKF-96365 (10 uM) re-
sulted in significantly reduced contractile force in soleus and
concomitant enhancement of fatigability.

The role of SOCE in muscle contractility has just begun
to be appreciated and the establishment of the physiological
relevance of SOCE to skeletal muscle Ca** signaling and
contractility is an exciting area of future research. SOCE
may represent a unique therapeutic target for improvement
of muscle performance during health and diseased condi-
tions.

SOCE AND MUSCLE AGING

Recent studies have indicated that SOCE is significantly
reduced in aged cell preparations derived from both non-
excitable and excitable cells. Using the broadly accepted
technique of Mn®* quenching of Fura-2 fluorescence to quan-
tify unidirectional ion flux through SOCE, Vanterpool et al.
demonstrated that aging reduces both rapid and spontaneous
refilling of caffeine-sensitive Ca®* stores in sympathetic su-
perior cervical ganglion cells from aged rats, suggesting that
SOCE is compromised in mammalian neuronal cells during
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Fig. (3). Contribution of [Ca2+]0 and SOCE to muscle fatigue. Records show fatiguing stimulation (tetanic stimulation trains of 80 Hz, 500
msec, every second) of isolated mouse soleus in the presence of 2.5 mM [Ca?"],, 0 [Ca®*], muscle, and 10 uM SKF. Vertical bar denotes

normalized force in kPa and horizontal bar denotes time in minutes.

aging [74]. In humans, a similar phenomenon has been re-
cently demonstrated by Papazafiri and Kletsas as they re-
ported a diminished SOCE function in aged fibroblasts [75].

In aged skeletal muscle, changes in contractile apparatus
function cannot fully explain the decrease in the specific
force [86, 87]. Since reduced contractile force appears before
muscle wasting is prevalent, disruption of E-C coupling and
cellular Ca®* handling may contribute to decreased function
during muscle aging. Studies by Delbono and collaborators
[87, 88] have suggested that disruption of E-C coupling is a
central contributor to reduced contractility in aged muscle.
Specifically, a population of aged skeletal muscle fibers has
been shown to exhibit increased dependence on Ca* entry to
maintain contractile function [89]. This finding suggests that
compromised Ca”* entry may contribute to the reduced mus-
cle function in aging. Our recent studies revealed that muscle
aging is associated with compromised Ca®* spark signaling,
the elemental process of RyR-mediated Ca** release, accom-
panied with the development of a segregated Ca®* pool that
uncouples for the normal E-C coupling process [90].

In agreement, Fraysee et al. recently reported the impact
of aging on Ca®" homeostasis in soleus and EDL muscles of
aged rats by using intracellular Ca** measurements with fura-
2 [91]. They reported that aging increases the resting cytoso-
lic calcium concentration in both EDL and soleus muscles.
Furthermore, these authors found that this effect was inde-
pendent of Ca?* influx since a reduced resting permeability
of sarcolemma to divalent cations was observed in aged
muscles. These authors concluded that the observed reduced
resting permeability was likely due to a decreased activity of
leak channels in the sarcolemmal membrane. We believe that
what these authors defined as leak channels likely constitute
SOCE and may point towards a reduced SOCE function dur-
ing aging. We have unpublished data that suggests SOCE is
significantly compromised in aged skeletal muscle. One can
speculate that a defective SOCE may contribute to the re-
duced specific contractile fore in aged skeletal muscle, as a
reduced SOCE will contribute to a reduced availability of SR
Ca’* during repetitive contraction cycles (Fig. 1C).

SOCE IN MUSCULAR DYSTROPHY

Muscular dystrophy is characterized by reduced contrac-
tile function and atrophy due in part to the death of skeletal
muscle fibers. The most common form, Duchenne muscular

dystrophy (DMD), results from a loss of function of dystro-
phin [92], a high molecular weight structural protein that
stabilizes the sarcolemma of muscle fibers by linking cy-
toskeletal actin to laminin in the extracellular matrix through
the dystroglycan complex [93]. As a result, dystrophin pro-
tects the muscle against various mechanical stresses, main-
taining sarcolemmal integrity [94]. While the exact cause of
muscle fiber death is a matter of some controversy, there is
an increasing body of evidence that a defect in Ca”" homeo-
stasis is a causal factor in muscular dystrophy [95].

One of the first cellular defects observed in dystrophic
muscle fibers was a determination that the resting intracellu-
lar Ca** concentration was elevated above that seen in nor-
mal muscle fibers, which are thought to result from an in-
creased influx of Ca?* through stretch-activated Ca** chan-
nels and/or store-operated Ca”* channels [57, 58, 96, 97].
Studies from other laboratories also find that SOCE may
contribute to Ca®* entry and elevated intracellular Ca?* levels
in dystrophic muscle fibers. A previous study showed that
SOCE induced by either thaspigargin (TG) or caffeine was
elevated in dystrophic mouse (mdx) fibers and that this ele-
vated Ca® entry facilitated the increased intracellular Ca**
observed in mdx muscle fibers [98]. This activity was attrib-
uted, at least in part, to the TRP family of proteins, as an
antisense oligonucleotide approach against TRPC1 and
TRPC4 resulted in attenuation of the exaggerated Ca®" entry.
An additional study by the same group concludes elevated
SOCE is directly related to the absence of dystrophin, as
elevated SOCE can be observed in dystrophin negative myo-
tubes and transient expression of dystrophin into these myo-
tubes can prevent the elevation of SOCE activity [99]. While
there had been no mechanism proposed to explain the activa-
tion of SOCE in dystrophic muscle, our recent findings [100]
suggest that aberrant Ca®* spark activity in dystrophic muscle
can lead to localized reduction of SR Ca®* stores, resulting in
sustained activation of SOCE, increased intracellular Ca?*
levels and muscular dystrophy. Fig. 1C illustrates the essen-
tial mechanisms involved with this upregulation of SOCE in
dystrophic muscles.

It is not completely clear to what extent that SOCE con-
tributes to the elevated intracellular Ca®* levels observed in
dystrophic muscle fibers. Other Ca®* entry pathways aside
from SOCE have been implicated in the elevation of intra-
cellular Ca** in muscular dystrophy. As previous studies
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have shown that Ca®* leak channels have altered open prob-
abilities in dystrophic fibers [57] and contribute to Ca®*-
dependent proteolysis [101]. These channels may also be
regulated by membrane stretch [102, 103]. Recent molecular
studies have linked the activity of these channels with TRP
channels [104], which are associated with SOCE in several
cell types. This creates the possibility that these supposedly
separate Ca”" entry pathways could converge on similar mo-
lecular machinery at the sarcolemma.

CONCLUSIONS

Through recent advances in several laboratories, our un-
derstanding of the role of SOCE in skeletal muscle physiol-
ogy and pathophysiology has begun to come into focus.
SOCE acts to replenish the SR Ca’" store in skeletal muscle,
compensating for the loss of Ca?* during cycles of SR Ca?*
release and uptake associated with muscle contraction. As a
result, SOCE appears to play a role in the response to fatigu-
ing stimulation of skeletal muscle, where repetitive contrac-
tion increases the need for Ca®* entry into the muscle fiber.
In pathophysiology, alteration of the normal level of SOCE
can result in disruption of skeletal muscle function. Aged
skeletal muscle appears to display reduced SOCE, which
correlates with the diminished contractile force observed in
skeletal muscle from aged animals. In dystrophic skeletal
muscle, increased SOCE may produce the elevated intracel-
lular Ca®* levels thought to contribute to the progression of
the pathology of muscular dystrophy. Determination of the
molecular identity of the regulatory factors that control
SOCE, as well as the pore-conducting unit responsible for
SOCE, in skeletal muscle will be a vital next step to under-
stand the role of SOCE in muscle function. Establishing the
molecular mechanisms contributing to SOCE regulation in
skeletal muscle will provide excellent candidates for thera-
peutic intervention by chemical or pharmacological ap-
proaches that will apply to muscle disorders that involve
altered muscle fiber Ca?* homeostasis.
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