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Examination of store-operated Ca2� entry (SOC) in single, mechan-
ically skinned skeletal muscle cells by confocal microscopy shows
that the inositol 1,4,5-trisphosphate (IP3) receptor acts as a sarco-
plasmic reticulum [Ca2�] sensor and mediates SOC by physical
coupling without playing a key role in Ca2� release from internal
stores, as is the case with various cell types in which SOC was
investigated previously. The results have broad implications for
understanding the mechanism of SOC that is essential for cell
function in general and muscle function in particular. Moreover,
the study ascribes an important role to the IP3 receptors in skeletal
muscle, the role of which with respect to Ca2� homeostasis was ill
defined until now.

S tore-operated Ca2� entry (SOC) in response to depletion of
internal Ca2� stores is important for maintaining normal cell

Ca2� homeostasis, but the precise mechanism is not understood
fully (1, 2). In nonexcitable cells, the inositol 1,4,5-trisphosphate
(IP3) receptor (IP3R) (3) appears to have a dual role: releasing
Ca2� from internal stores and mediating SOC by physical
coupling with the plasma membrane (4, 5). A SOC mechanism
has been identified in adult skeletal cells (6), which contain
ryanodine receptors (RyRs)�Ca2�-release channels involved in
excitation–contraction (E-C) coupling (7) and IP3Rs that may be
involved in regulation of gene expression (8). However, it is not
known whether the mechanism of SOC in skeletal muscle
involves IP3Rs, the role of which in Ca2� homeostasis remains
controversial (7, 9–11).

Here we image extracellular Ca2� in the sealed tubular
(t)-system of mechanically skinned fibers (12, 13) to examine
SOC. The sarcoplasmic reticulum (SR) and t-system remain
functionally coupled in this preparation while allowing full
experimental access to the interior of the cell. We found a fully
operational SOC mechanism in this preparation and probed its
mechanism by direct and rapid manipulation of the cytoplasmic
environment.

Materials and Methods
The use of animals in this study was approved by the Animal
Ethics Committee at La Trobe University. Adult cane toads were
killed by double pithing, and the iliofibularis muscles were
removed rapidly and placed in a Petri dish under a layer of
paraffin oil. Single intact iliofibularis fibers were isolated and
loaded with a physiological solution containing 112 mM NaCl,
3.3 mM KCl, 2.5 mM CaCl2, 1 mM MgCl2, 1 mM Fluo-5N
(impermeant form, Molecular Probes), and 20 mM Hepes, pH
7.4, with a microcap pipette (Drummond Scientific, Broomall,
PA) and then skinned mechanically to trap the dye in the sealed
t-system as described (12, 13). Note that the presence of Fluo-5N
in solution reduced the ionized [Ca2�] to �1.5 mM and made it
possible to measure [Ca2�] changes in the sealed t-system in the
micro- to millimolar range because of its relatively low sensitivity
to [Ca2�] (KD � 90 �M, also verified under our conditions).
Dye-loaded preparations were moved to a custom-built experi-
mental well that used a thin coverslip as a base and contained a

standard myoplasmic solution. The standard myoplasmic solu-
tion contained 117 mM K�, 36 mM Na�, 1 mM Mg2�, 7 mM
MgATP, 10 mM creatine phosphate, 46 mM hexamethylenedia-
mine-N,N,N�,N�-tetraacetate, 60 mM Hepes, pH 7.1, 1 mM
azide, and 4 mM CaEGTA�EGTA (200 nM Ca2�) to maintain
a high level of Ca2� in the t-system and SR. Before the beginning
of the experimental protocol (see Fig. 1), this solution was
substituted for a similar one with 4 mM EGTA and no added
Ca2� (�1 nM Ca2�). Heparin (from porcine intestinal mucosa,
Catalog Nr H-3393, Sigma), a potent antagonist of IP3Rs (14)
and IP3 were added to this solution as required. Caffeine (30
mM, an agonist of RyRs) (15) was added to a similar solution
except where [Mg2�] was reduced to 75 �M to facilitate the rapid
depletion of Ca2� in the SR (16, 17).

Confocal imaging was in x-y mode averaging eight scans per
line by using a Leica confocal laser (argon ion) scanning inverted
microscope and a �63, 1.4-numerical-aperture oil-immersion
lens. Commercial confocal software (Leica) was used to analyze
images. Fluorescence signals were converted to [Ca2�] by using
the equation [Ca2�] � Kd�R�(Kd�[Ca2�]0 � 1 � R), where R �
F�F0, F � f luorescence intensity in the t-system at 30 s after
solution application, and F0 � f luorescence intensity in the t-
system before solution application corresponding to a nominal
initial [Ca2�]0 of 1.5 mM (see above). The fluorescence intensity
in the t-system was measured as described in detail by Launi-
konis and Stephenson (18) by subtracting from the average fiber
fluorescence intensity the background fluorescence between
regularly spaced t-system elements where no tubules were
present.

In some experiments, junctional t-system and SR were un-
coupled by means of exposure to high intracellular [Ca2�] (16).
Ca2� uncoupling of the SR and t-system membranes was
achieved by initially preequilibrating the preparation with a 0
ATP (rigor) solution containing 66 mM hexamethylenediamine-
N,N,N�,N�-tetraacetate, 60 mM Hepes, 1.5 mM Mgtotal (1 mM
[Mg2�]), 36 mM Na�, and 110 mM K� for 1 min at 4°C and then
to a similar solution with 1 mM CaCl2 added for a further 1 min
at 4°C. For further details see Lamb et al. (16).

Otherwise, all experiments were performed at room temper-
ature (22 � 2°C). All average results are presented as the mean
value � SEM, and the statistical significance (P � 0.05) between
results was assessed by using one-way ANOVA followed by
Newman–Keuls posttest, two-way ANOVA, and Student’s t tests
as appropriate.
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Results
To measure SOC in skeletal muscle we used mechanically
skinned fibers where the t-system seals, forming a separate,
closed extracellular compartment. Before mechanical skinning,
the isolated intact fiber was exposed to a physiological solution
containing 1 mM of the membrane impermeant form of Fluo-
5N, a Ca2�-sensitive fluorescent dye (KD � 90 �M; see Materials
and Methods). Mechanical skinning traps Fluo-5N in the lumen
of the sealed t-system, allowing the measurement of the now
essentially finite extracellular Ca2� pool while full experimental
access to the myoplasm of the fiber is gained (12, 13). Fig. 1 A
shows a confocal image of a toad skinned fiber loaded with
Fluo-5N in such a manner, bathed in a solution designed to
minimize contractile movement during the ensuing caffeine
application (the solution contained 4 mM EGTA and no added
Ca; [Ca2�] � 1 nM) but otherwise mimicking the myoplasmic
environment with high [K�], 1 mM Mg2�, 8 mM ATP, and 10
mM creatine phosphate, pH 7.1. The large vesicles evident in Fig.
1A are enlargements of the t-system unique to mechanically
skinned fibers of toad, and we provide a detailed description
elsewhere (13). A drop in t-system Ca2� levels is indicated in Fig.
1B, which is an image scanned 30 s after the substitution for a
myoplasmic solution containing 30 mM caffeine, 0.075 mM
Mg2�, and 4 mM EGTA. The application of this solution will

deplete the SR of Ca2� (16, 17) rapidly under all conditions used
in this study. The subsequent decrease in Fluo-5N fluorescence
signal indicates an operational SOC mechanism in this prepa-
ration, as shown by the results presented in Figs. 2 and 3 where
the SOC mechanism is interrupted. The Fluo-5N signals in Fig.
1 A and B indicate [Ca2�] of 1.5 mM and 36 �M, respectively.
In nine preparations, t-system [Ca2�] dropped within 30 s from
1.5 mM to an average of 48 � 14 �M (n � 9) after SR Ca2�

depletion (see Fig. 3). The t-system [Ca2�] dropped even further
after longer times in the SR Ca2�-depleting solution, but accu-
rate [Ca2�] measurements could not be made at relatively low
levels of Fluo-5N fluorescence.

Fig. 1 C–E shows that Ca2� can reaccumulate into the sealed
t-system in a myoplasmic solution containing 1 mM Mg2� and
200 nM Ca2� after depletion. The estimated t-system Ca2�

concentrations in Fig. 1 C, D, and E are 39, 49, and 1,387 �M
after 2, 7, and 12 min, respectively. This shows that the sealed t-
system requires in the order of several minutes to reload with
Ca2� to physiological levels. In contrast, the Ca2�-depleted SR
only requires �1 min to fully reload with Ca2� to endogenous
levels under the same conditions (data not shown). Previous
studies with isolated t-system vesicles (19) have also shown that
the rates of calcium transport by the t-system are two orders of
magnitude lower than those of SR.

Fig. 1. Ca2� movements across the sealed t-system of a toad skeletal muscle fiber by SOC and Ca2� reloading. Confocal images of the fluorescence of Fluo-5N
trapped in the sealed t-system in the presence of standard myoplasmic solution containing �1 nM Ca2� and 1 mM Mg2� (A), 30 s after application of 30 mM
caffeine in myoplasmic solution with 0.075 mM Mg2� and �1 nM Ca2� (B) and after 2 (C), 7 (D), and 12 (E) min in myoplasmic solution containing 200 nM Ca2�

are shown. Note that depleting the SR of Ca2� with caffeine and low Mg2� also resulted in the loss of Ca2� from the sealed t-system indicating an operational
SOC (B) and that Ca2� can be reloaded into the Ca2�-depleted t-system (C–E). (Scale bar, 20 �m.)
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Because IP3Rs are strongly believed to mediate SOC in many
nonexcitable cells (1, 2, 4, 5), it was important to know whether
the IP3Rs play a role in SOC in skeletal muscle. To find out
whether this was the case, the potent competitive IP3R antag-
onist heparin (14, 20, 21) was used in a series of experiments, and
the results are summarized in Fig. 2. The protocol for these
experiments was similar to that described for Fig. 1 A and B
except that at each heparin concentration tested the preparation
was allowed to equilibrate with heparin for 5 min before caffeine
application (heparin was also present in caffeine solutions).
Heparin inhibited SOC in a concentration-dependent manner
(see filled symbols in Fig. 2). It is important to note that caffeine

application caused complete depletion of the SR Ca2� stores
through the RyRs at each [heparin] (data not shown),
thus enabling what would otherwise be maximal activation
of SOC in the absence of heparin (which would be seen as a
drop in t-system [Ca2�] to 48 � 14 �M in these preparations).
Furthermore, Fig. 2 (open squares) shows the effect of addition
of exogenous IP3 to heparin-containing solutions of IP3 was
included in the heparin solutions in the ratios (IP3�heparin): 10
�M:10 �g�ml; 100 �M:100 �g�ml; and 100 �M:1 mg�ml. At all
[heparin] examined the addition of IP3 caused a reduction of the
inhibitory effect of heparin on the loss of t-system Ca2� when the
stores were depleted. This is fully consistent with the action of
heparin as a competitive IP3R blocker (22). Thus, the results in
Fig. 2 point to graded SOC mediation by IP3Rs in skeletal muscle
cells.

We have also found that high [IP3] (	0.2 mM) by itself could
not deplete the SR of Ca2� nor cause marked loss of t-system
Ca2� without an agent capable of causing SR-store depletion
(Fig. 3). Nevertheless, there was a statistically significant de-
crease in t-system Ca2� when IP3 was present compared with
controls (Fig. 3).

It is well known that the t-system dihydropyridine receptor
(DHPR) and RyR form a physical coupling in skeletal muscle,
which is essential for skeletal-type coupling (7). In skinned
skeletal muscle fibers, it is possible to sever this physical link by
the application of high intracellular Ca2�, which induces subtle
changes at the triad (16). Therefore, we used this uncoupling
method to determine whether a physical coupling existed and
was necessary [such as the proposed retrograde coupling involv-
ing calsequestrin (23)] for the normal function of SOC in skeletal
muscle. The [Ca2�] gradient across the t-system was not different
after uncoupling (data not shown), but importantly, depletion of
SR Ca2� with caffeine (16) greatly inhibited SOC (Fig. 3). Fig.
3 also shows a summary of the effect of the DHPR blocker
nifedipine (10 �M) on SOC. Nifedipine had no effect on SOC,
as also reported for adult mammalian skeletal muscle (6).

Discussion
SOC in Mechanically Skinned Skeletal Muscle Fibers. This study has
shown that there is a functional SOC mechanism in mechanically
skinned skeletal muscle fibers of toad examined by confocal
measurements of extracellular [Ca2�], using Fluo-5N trapped in
the essentially finite pools of the sealed t-system. [Ca2�] in the
sealed t-system dropped rapidly after the sudden depletion of SR
Ca2� in the presence of caffeine and 75 �M Mg2� (Fig. 1).
Importantly, when the SOC mechanism was inhibited by heparin
(Fig. 2) or when the E-C coupling was interrupted by high Ca2�

treatment (Fig. 3), relatively little Ca2� was lost from the sealed
t-system over a 30-s period in the presence of 30 mM caffeine and
75 �M Mg2�, which are known to fully deplete the SR of Ca2�

under these conditions (16, 24). This shows that (i) neither 30
mM caffeine nor the reduction in [Mg2�] from 1 mM to 75 �M,
by themselves, could cause thorough depletion of Ca2� in the
sealed t-system over this time period, and (ii) only preparations
with functionally coupled membranes at the triad (see Coupling
of the IP3R to the t-System Membrane) were able to elicit SOC.

The load of t-system Ca2� could subsequently be reaccumu-
lated via functional t-system Ca2� pumps in a myoplasmic
solution containing 200 nM Ca2� and 1 mM Mg2� (Fig. 1). Thus,
the mechanically skinned fiber is a unique preparation contain-
ing both RyRs and IP3Rs [both previously implicated in SOC (4,
5, 23)] where SOC can be studied with full experimental access
and control of the cytoplasm.

Role of the IP3R in Skeletal SOC. We present evidence here that
implicates the IP3R as the SR Ca2� sensor necessary for SOC
(Fig. 2). This evidence is twofold. First, heparin blocked SOC in
a concentration-dependent manner. Second, the addition of

Fig. 2. Summary of the effect of heparin (■ ) and the addition of IP3 (�; 10
�M for 10 �g�ml heparin and 100 �M for the 0.1 and 1 mg�ml heparin data
points) to the heparin solution on SOC. Note that caffeine completely depletes
the SR of Ca2� under all conditions. The data represent means � SEM from
13–16 cells under both sets of conditions and have been fitted to sigmoidal
curves. The two sets of data with and without IP3 are statistically different
(P � 0.05) from each other (two-way ANOVA). The data points for heparin
� 0.01 mg�ml are significantly different (P � 0.05) from controls and the
initial [Ca2�] (one-way ANOVA).

Fig. 3. [Ca2�] in the t-system 30 s after the following interventions: control
fibers after SR Ca2� depletion with caffeine and low Mg2�; ‘‘high-Ca2� un-
coupled’’ fibers after SR Ca2� depletion with caffeine and low Mg2� (see
Results); and fibers preincubated in 10 �M nifedipine after SR Ca2� depletion
with caffeine and low Mg2� in the presence of nifedipine and fibers exposed
to 500 �M IP3 in a myoplasmic solution containing 1 mM Mg2� and 200 nM
Ca2� (no caffeine). The data represent means � SEM for three to nine cells per
condition. The data points for ‘‘uncoupled’’ fibers are significantly different
(P � 0.01) from those for controls and nifedipine (one-way ANOVA), and there
is no statistically significant difference (P 	 0.5) between controls and nife-
dipine-treated fibers. The values for IP3-treated and uncoupled fibers are
significantly smaller (P � 0.05) than the initial [Ca2�] (1.5 mM) in the t-system.
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exogenous IP3 to the heparin-containing solutions caused fur-
ther loss of t-system Ca2� (Fig. 2). This result shows that heparin
alone is blocking the IP3R, and the addition of IP3 to the
heparin-containing solution removes the blocking effect of
heparin on the IP3R as one would expect considering that
heparin is known to be a competitive IP3R blocker (14, 20–22).
This implies that IP3 must bind to the IP3R for SOC function in
skeletal muscle as suggested in other cells (4). Because SOC
operates without exogenous IP3 in the freshly skinned muscle
fibers, it indicates that sufficient endogenous IP3 is present in this
preparation to activate a significant fraction of the IP3Rs. This
is supported further by the relatively large concentration of
heparin necessary for blocking SOC (Fig. 2). Indeed, it has been
shown that there is a high level of IP3 production in the triad of
amphibian skeletal muscle (25), and IP3Rs have been identified
in muscle fibers (26) and localized at the triad in the SR (27, 28).
The presence of IP3�IP3Rs at the triad in skeletal muscle led to
the idea that they may be directly involved in E-C coupling (9,
10), but it now appears that IP3�IP3Rs play little role in normal
E-C coupling (7, 11, 29, 30). Interestingly, the addition of 500 �M
exogenous IP3 did cause a statistically significant loss of t-system
Ca2� without depletion of the SR Ca2� stores (Fig. 3), although
the t-system Ca2� loss was much smaller than when SOC was
fully activated. This result may suggest that at the endogenous
level of IP3, not all IP3Rs are complexed with IP3, and that by
increasing [IP3], some SOC channels become activated at the SR
Ca2�-loading level in our preparations. Taken together, the
results suggest a previously uncharacterized role for the IP3Rs at
the triad in skeletal muscle as SR Ca2�-content sensors that
is important for maintaining the long-term stability of E-C
coupling (31).

Coupling of the IP3R to the t-System Membrane. High Ca2� exposure
causes subtle morphological changes at the triad (16) that sever
the ‘‘mechanical’’ coupling between the DHPRs and the RyRs
(16). Because this mode of uncoupling junctional membranes is
nonspecific for various protein–protein interactions, other types
of physical coupling in existence across the triad (32) between
the t-system and SR membranes are also likely to be disrupted
by such high Ca2� treatment. The marked loss of SOC after Ca2�

uncoupling indicates that the pathway between the IP3R and the

t-system must have been severed. It is important to be aware that
the SR maintains the ability to sequester and release Ca2� with
caffeine and that the t-system is also able to maintain a [Ca2�]
ratio across its membrane of �106 (see Results and ref. 16). This
indicates that the functional state of the membrane-imbedded
proteins are affected little by high Ca2� exposure. Therefore,
presumably, the SOC mechanism would be unaffected by Ca2�

uncoupling if a diffusible messenger were responsible for me-
diating SOC. A physical coupling between the IP3R and plasma
membrane has been shown in nonexcitable cells (4, 5), and this
study suggests that a similar mechanism of SOC is occurring in
skeletal cells.

Complete inhibition of SOC by the nonspecific IP3R blocker
2-aminoethoxydiphenylborane has also been observed in myo-
tubes (31), but the authors suggested that there may be a
retrograde action between the RyR and DHPR to account for
SOC after they found that SOC was sensitive to but not inhibited
completely by the genetic deletion of RyRs and the membrane
scaffolding protein mg29 (31). The results, however, are also
consistent with a physical coupling of the IP3R to the SOC
channel in skeletal muscle without requiring a retrograde action
between the RyR and DHPR, because it is likely that RyR and
mg29 deletions affect the normal protein structuring at the triad,
which may affect the coupling of the IP3R to the SOC channel.

Furthermore, the results of this study (Fig. 3) and that of
Kurebayashi and Ogawa (6) found that SOC in adult skeletal
muscle was insensitive to nifedipine, suggesting that the t-system
SOC channel in skeletal muscle is not the DHPR. As in other cell
types, the most likely candidates for SOC channels in skeletal
muscle are channels formed by transient receptor potential (trp)
proteins (4).

In conclusion, these results demonstrate an important func-
tional role of the IP3R in Ca2� homeostasis in skeletal muscle,
which was not clear until now. Furthermore, this study provides
direct support for the physical-coupling model of SOC operation
(1, 2, 4, 5) and shows that IP3Rs are essential in mediating SOC,
which plays a major role in Ca2� homeostasis and the mainte-
nance of longer-term E-C coupling (31).
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