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Inositol 1,4,5-trisphosphate (IP3) receptors (IP3R) and ryano-
dine receptors (RyR) were localized in cultured rodent muscle
fractions by binding of radiolabeled ligands (IP3 and ryano-
dine), and IP3R were visualized in situ by fluorescence
immunocytological techniques. Also explored was the effect of
K1 depolarization on IP3 mass and Ca21 transients studied
using a radio-receptor displacement assay and fluorescence
imaging of intracellular fluo 3. RyR were located in a micro-
somal fraction; IP3R were preferentially found in the nuclear
fraction. Fluorescence associated with anti-IP3R antibody
was found in the region of the nuclear envelope and in a
striated pattern in the sarcoplasmic areas. An increase in
external K1 affected membrane potential and produced an
IP3 transient. Rat myotubes displayed a fast-propagating
Ca21 signal, corresponding to the excitation-contraction cou-
pling transient and a much slower Ca21 wave. Both signals
were triggered by high external K1 and were independent of
external Ca21. Slow waves were associated with cell nuclei
and were propagated leaving ‘‘glowing’’ nuclei behind. Differ-
ent roles are proposed for at least two types of Ca21 release
channels, each mediating an intracellular signal in cultured
skeletal muscle.

myotubes; inositol 1,4,5-trisphosphate; excitation-contrac-
tion coupling; signal transduction

CHANGES IN INTRACELLULAR Ca21 concentration ([Ca21]i)
control a tremendous variety of cell functions, includ-
ing cell secretion, cell division, and gene expression,
such as that associated with cell differentiation (16). In
skeletal muscle cells, Ca21 changes are well known to
regulate contraction; however, Ca21 changes related to
processes other than contraction have received little
attention. Nonetheless, we know that at least one
pathway might be involved in non-contractile-related
Ca21 signaling: the phosphoinositide signaling path-
way. The role of the phosphoinositide cycle in the
generation of Ca21 signals is well established in many
cell types (1). Skeletal muscle fibers possess inositol

phosphates, phosphatidylinositol 4-kinase, phosphati-
dylinositol 4-phosphate-5-kinase, phospholipase C, ino-
sitol phosphate phosphatases, inositol 1,4,5-trisphos-
phate (IP3) kinase, and G proteins (6–8, 34; for review
see Ref. 19). Nevertheless, even though skeletal muscle
fibers possess the basic biochemical machinery for the
generation and catabolism of inositol phosphates, nei-
ther the role nor the regulation of this second messen-
ger pathway has been elucidated in this cell type.

For a clarification of the role of this pathway in
skeletal muscle, we need a fuller description of func-
tional correlates of the biochemical evidence. This
implies the need for subcellular localization of the Ca21

channels involved as well as characterization of the
Ca21 transients related to changes in IP3 levels. Ca21

transients in cultured muscle are complex, and that
complexity may encode the information we seek.

Ca21 release from internal stores may follow more
than one set of kinetics and may have more than one
function. Ca21 waves have been reported in rodent and
chicken myotubes (12, 30). In rat myotubes in vitro,
sudden increases in external K1 concentrations elicit
transient elevations in [Ca21]i (10, 21). We have used a
minimal model involving two components with differ-
ent kinetics to describe the complex Ca21 release re-
sponse induced by elevated K1 (21).

The nucleus is a likely compartment to be involved in
Ca21 signaling in muscle cells, since it occupies a large
portion of the volume of the myotube. Moreover, evi-
dence for the existence of IP3 receptor (IP3R) activity in
nuclei of other cell types has accumulated (4, 18, 25, 33,
35). Such activity has been reported to be associated
with inner or outer nuclear membranes (1, 14, 27) and
to have a role in the control of nucleoplasmic Ca21

concentration, which is associated with gene regulation
(5, 22, 26).

To address the question of the existence and possible
function of the IP3 cascade in skeletal muscle, levels of
IP3R and ryanodine receptor (RyR) in nuclear and
cytoplasmic fractions of cultured rat muscle were as-
sayed by binding of [3H]IP3 and [3H]ryanodine. In
addition, IP3R was localized in situ by fluorescence
immunocytological techniques. Finally, the effects of K1

depolarization on IP3 mass and Ca21 transients were
studied using a radio-receptor displacement assay and
fluorescence imaging of intracellular fluo 3. We found
evidence for a slow [Ca21]i transient that is not involved
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in skeletal muscle contraction and evidence for the
possible involvement of IP3R in the generation of that
transient in skeletal muscle cells in culture.

METHODS

Animals were handled according to institutional guidelines
for animal welfare.

Rat cell cultures. Primary cultures of rat skeletal muscle
were prepared as described by Hidalgo et al. (17). Briefly,
muscle from the hindlimbs of 12- to 24-h-old rat pups was
dissected, and the cells were mechanically dispersed and then
treated with 0.2% (wt/vol) collagenase for 15 min at 37°C
under mild agitation. The suspension was filtered through
Nytex membranes or lens tissue paper and spun down at low
speed. After 10–15 min of preplating for enrichment of
myoblasts, cells were plated on round coverslips in culture
dishes. Densities of ,3.5 3 105/dish (35 mm) and 9.5 3
105/dish (60 mm) were used for cytosolic Ca21 measurements
and IP3 binding determination, respectively. Plating medium
was DMEM-Ham’s F-12, 10% bovine serum, 2.5% FCS, 100
mg/l penicillin, 50 mg/l streptomycin, and 2.5 mg/l amphoter-
icin B. To eliminate remaining fibroblasts, 10 µM cytosine
arabinoside was added on the 3rd day of culture. After 36 h
the medium was replaced with differentiation medium, which
is plating medium with a lower concentration of FCS (1.8%
vol/vol). Myotubes, some spontaneously contracting, with an
estimated purity of .90%, were visible after the 5th day of
culture. Most manipulations with rat myotubes were made on
6- to 10-day-old cultures.

Primary mouse cultures and fluorescence immunocytology.
Mouse myotubes were grown in culture from enzyme-
dissociated newborn hindlimb muscle and processed for immu-
nocytology, as previously reported (13). Cultures were fixed
and processed for fluorescence immunocytology at 1–3 wk
after fusion of cells into myotubes. Crude and affinity-purified
rabbit polyclonal antibodies to type 1 IP3R, control sera,
and synthetic peptide were supplied by Affinity Biore-
agents (Golden, CO). The antibodies were raised against
a synthetic peptide derived from the COOH-terminal do-
main of the human type 1 IP3R peptide. Its sequence
was determined from published nucleotide sequences (15):
N1829KKKDDEVDRDAPSRKKAKE1848 of the type 1 IP3R,
found in brain and specifically localized in the Purkinje cells
of the cerebellum. Cultures were bound with 1:100 and 1:200
dilutions of the whole antibody, 1:25 and 1:50 dilutions of the
epitope affinity-purified antibody (1.3 mg/ml), 1:100 and
1:200 dilutions of the preimmune serum, and 1:25 and 1:50
dilutions of the epitope affinity-purified antibody adsorbed
with a four times excess (mg/mg) of the peptide.

Ca21 measurements. Intracellular, ionized Ca21 images
were obtained from rat myotubes with an inverted confocal
microscope (Carl Zeiss Axiovert 135 M, LSM Microsystems).
The myotubes were preloaded with fluo 3-AM, which was
then deesterified in the cytoplasm. The cells were preincu-
bated in resting solution (see below) containing 5.4 µM fluo
3-AM for 30 min at 25°C. Cells attached to coverslips were
mounted in a 1-ml capacity perifusion chamber and placed in
the microscope for fluorescence measurements by excitation
with a 488-nm-wavelength argon laser beam. Control experi-
ments were performed using an inverted fluorescence micro-
scope (Olympus), and images were acquired with a cooled
charge coupled device camera (Spectra-Source MCD 600). A
filter wheel (Lambda-10, Sutter Instrument) was used for
excitation at different wavelengths; fura 2-AM or microper-
fused fluo 3 (acid form) was used as a Ca21 dye in this case.
The fluorescent images were collected every 0.1–2.0 s and

analyzed frame-by-frame with the data acquisition program
of the equipment. Cells were incubated in a ‘‘resting solution’’
of the following composition (in mM): 145 NaCl, 5 KCl, 2.6
CaCl2, 1 MgCl2, 10 sodium HEPES, and 5.6 glucose (pH 7.4).
Cells were exposed to high-K1 solutions (47 mM K1 unless
otherwise indicated) and depolarized by a fast (,1 s) change
of solution with the perifusion system.

Membrane potential. A number of cells, bathed in resting
solution or a high-K1 solution, were tested to measure the
mean membrane potential of a population of myotubes. The
whole cell current-clamp method was used, as previously
described (23). The intracellular medium contained (in mM)
110 KCl, 1 CaCl2, 1 MgCl2 and 10 HEPES-NaOH (pH 6.9).

Cell fractions and binding of [3H]IP3 and [3H]ryanodine.
For each assay 10–15 culture dishes of 6- to 7-day-old rat
myotubes (,3–4 mg cellular protein/dish) were used. Cells
were rinsed in PBS plus trypsin-EDTA (0.1% wt/vol) solution
for 10–15 min at 28–30°C and then centrifuged at 1,500 g for
10 min. The pellet was resuspended in a solution containing
20 mM Tris ·HCl (pH 7.5), 1 mM MgCl2, 1 mM dithiothreitol,
150 mM KCl, 100 µM leupeptin, 1 µM pepstatin, and 1 mM
phenylmethylsulfonyl fluoride. The cells were homogenized
using a Dounce homogenizer (‘‘whole homogenate’’) and cen-
trifuged at 1,000 g for 10 min to obtain a pellet (‘‘crude
nuclear fraction’’). The supernatant was then centrifuged at
5,000 g for 10 min, and this pellet, containing mitochondria
and myofibrils, was discarded. The supernatant was centri-
fuged again at 90,000 g for 90 min; the resulting pellet was
referred to as the ‘‘crude microsomal fraction.’’ Alternatively,
the whole homogenate was placed on a discontinuous sucrose
gradient (25, 35, and 45% wt/vol sucrose) and centrifuged at
22,000 rpm for 6–8 h in a Beckmann SW 25.1 rotor. Two
fractions and the pellet (purified nuclear fraction) of the
gradient were washed in a solution that contained 20 mM
Tris maleate (pH 7.0) and were centrifuged for 60–80 min at
35,000 rpm in a TFT rotor. Finally, the ‘‘purified nuclear
fraction’’ and the 35%-45% interface fraction, the ‘‘purified
microsomal fraction,’’ were resuspended in 250 mM sucrose
plus 20 mM Tris maleate (pH 7.0) and then used fresh or after
storage at 220°C for a few days. The purified nuclear fraction
was routinely tested for purity and integrity by fluorescence
microscopy. After 50 µl of the preparation were incubated
with acridine orange (0.125 mg/ml) or Hoe-33342 (1 3 1023

mg/ml) for 1 min, the preparation was centrifuged at 10,000
rpm for 5 min. The pellet was washed twice with 100 µl of a
solution containing 150 mM KCl and 20 mM HEPES·Tris
(pH 7.1) and resuspended in 20–30 µl of the same buffer.

The binding of [3H]IP3 was determined under the following
conditions: cell homogenates or cell fractions were incubated
at 4°C for 30–40 min in a medium containing 50 mM
Tris ·HCl (pH 8.4), 1 mM EDTA, and 1 mM b-mercaptoetha-
nol. Different concentrations (from a 1 µM stock) of [3H]IP3
(D-myo-[2-3H]inositol 1,4,5-trisphosphate, specific activity 21.0
Ci/mmol; NEN-Dupont; 800–1,000 cpm/pmol) were added.
The reaction was stopped by centrifugation at 10,000 g for 10
min (Heraus Biofuge 13), the supernatant was aspirated, and
the pellets were washed with PBS and dissolved in 1 M NaOH
to measure the radioactivity. The nonspecific binding was
determined in the presence of 2 µM IP3 (Sigma Chemical, St.
Louis, MO). [3H]ryanodine binding was measured in rat
myotube homogenates and subcellular fractions, as described
by Jaimovich et al. (20). The incubation medium contained
0.5 M KCl, 0.1 mM CaCl2, 20 mM HEPES·Tris (pH 7.1), and 1
mM 58-adenylylimidodiphosphate or 0.5 mM ATP; samples
were incubated with [3H]ryanodine (5–100 nM) for 90 min at
37°C in the presence or absence of cold ryanodine (10 µM) for
nonspecific binding.
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Stimulation of phosphoinositide turnover by high-K1 depo-
larization. Rat myotubes were rinsed and preincubated at
room temperature for 20 min with the resting solution
described above or, to minimize hydrolysis of inositol phos-
phates, a ‘‘high-lithium resting solution’’ of the following
composition (in mM): 58 NaCl, 4.7 KCl, 2.6 CaCl2, 1.2 MgSO4,
0.5 EDTA, 60 LiCl, 5.6 glucose, and 20 HEPES (pH 7.4).
Lithium concentration was replaced by equimolar Na1 when
indicated. Next, the cells were stimulated by replacement of
this solution with a depolarizing solution of high (47 mM) K1

with equimolar reduction of NaCl and/or LiCl. In experiments
with low external Ca21, CaCl2 was replaced by equivalent
amounts of NaCl, with ion strength in the resting solution
kept constant. In some experiments, 0.1 mM EGTA was used
instead of EDTA. The corresponding experimental concentra-
tions, determined using a Ca21 electrode, were 61 µM (in
EDTA) and 0.17 µM (in EGTA). For the Na1-free conditions,
NaCl was replaced by choline chloride. When the effect of
ryanodine was assessed, the cells were preincubated in
‘‘resting solution’’ containing 5–25 µM ryanodine and stimu-
lated with the depolarizing solution in the presence of ryano-
dine. The reaction was stopped by rapid aspiration of the
stimulating solution, addition of 0.8 M ice-cold perchloric
acid, and freezing with liquid nitrogen. Cell debris of the
thawed samples was spun down for protein determination.
The perchloric supernatant was neutralized with 2 M KOH-
0.1 M 2-(N-morpholino)ethanesulfonic acid-15 mM EDTA.
Neutralized extracts were kept frozen until IP3 quantifica-
tion.

Radioactive labeling of inositol polyphosphates and separa-
tion by anion-exchange Dowex-formiate chromatography. [3H]i-
nositol polyphosphates were obtained from cultures incu-
bated with 2.5 µCi/ml [3H]inositol at 36°C. The soluble
perchloric acid extracts containing the [3H]inositol phos-
phates were neutralized near pH 6.0 with 2 M KOH-0.1 M
2-(N-morpholino)ethanesulfonic acid-15 mM EDTA. They were
then separated from the potassium perchlorate by centrifuga-
tion at 800 g for 5 min. The supernatants were applied to a
Dowex-formiate column, as described by Downes and Michell
(11), and results are expressed as percent experimental level
of [3H]inositol phosphates relative to the control level.

IP3 mass determination. IP3 mass measurements were
carried out as described by Bredt et al. (3). Briefly, a crude rat
cerebellum membrane preparation was obtained after homog-
enization in 50 mM Tris ·HCl (pH 7.7), 1 mM EDTA, and 2
mM b-mercaptoethanol and centrifugation at 20,000 g for 15
min. This procedure was repeated three times, with the final
pellet resuspended in the same solution plus 0.3 M sucrose
and frozen at 280°C until use. The membrane preparation
was calibrated for IP3 binding with 1.6 nM [3H]IP3 and 2–120
nM cold IP3. The sample analysis was carried out in a similar

way, but an aliquot of the neutralized supernatant was added
instead of cold IP3. The [3H]IP3 radioactivity remaining bound
to the membranes was measured by liquid scintillation.

RESULTS

Binding experiments. We studied binding of [3H]rya-
nodine and [3H]IP3 to rat myotube homogenates and
crude subcellular fractions. A microsomal membrane
fraction of 6-day-old myotubes binds ryanodine with a
dissociation constant (Kd) of 11.9 6 0.8 nM and a
maximal binding capacity of 1.59 pmol/mg protein
(Table 1); a good fit to the equilibrium binding curve
implies a single type of receptor (Fig. 1C). On the other
hand, measurement of [3H]IP3 binding to crude homog-
enates of 6-day-old myotubes gave a relatively large
binding capacity (4 pmol/mg protein on average) to a
single type of receptor (Table 1) with a Kd on the order of
100 nM. Most interestingly, rough subcellular fraction-
ation of the cell homogenates suggests a different
subcellular distribution for the two types of receptors
(Fig. 1, Table 1). In fact, a fraction enriched in nuclei
(1,000-g pellet) has little ryanodine binding (0.25
pmol/mg protein) compared with the microsomal mem-
brane fraction (90,000-g pellet), which has a 6.4-fold
higher concentration of ryanodine receptors (1.59
pmol/mg protein). IP3 receptors, on the other hand,
appear more concentrated in the nuclear fraction, with
11.8 6 3.2 pmol/plate, compared with 2.4 6 0.2 pmol/
plate in the microsomal fraction (Table 1). The sum of
total IP3 receptors in the microsomal plus the nuclear
fraction is less than the total in the homogenate (Table
1); ,40–50% of the receptors were cryptic in mem-
branes forming closed vesicles or lost in the intermedi-
ate fraction. Additional measurements were made us-
ing a fraction of nuclei obtained after sucrose gradient
centrifugation of the cell homogenate. In nuclei that
appeared to be intact under the microscope when
stained with Hoe-33342 or acridine orange, binding of
[3H]IP3 (2.4 pmol/mg protein, Kd 5 92 nM) was not
significantly different from that of the cruder nuclear
fraction depicted in Table 1. On the other hand, binding
of [3H]ryanodine to the purified nuclear fraction was
not detectable.

Immunocytochemistry. The type 1 IP3R complete
antibody labels young myotubes very strongly in the
nuclear envelope region and some unknown structures

Table 1. Binding of [3H]IP3 and [3H]ryanodine in myotube cell fractions

Cell
Fraction

[3H]IP3 [3H]Ryanodine

Binding,
pmol/mg protein Kd, nM

Total Receptors,
pmol/plate

Binding,
pmol/mg protein Kd, nM

Total Receptors,
pmol/plate

Homogenate 3.960.3 110.3616.1 26.163.9 0.8760.12 25.664.2 4.6960.42
Nuclear 2.760.4 89.267.9 11.863.2 0.2560.03 15.567.5 1.2960.12
Microsomal 1.761.2 92.860.6 2.460.2 1.5960.20 11.960.8 3.0160.33

Values are means 6 SD obtained from fits to separate curves, each comprising at least 5 points in duplicate, corresponding to 2–4 different
membrane preparations. Plates of confluent rat myotubes (6–8 days) were rinsed with PBS, harvested with a rubber policeman, and
homogenized with a Dounce homogenizer. Homogenate was centrifuged at 1,000 g for 10 min (nuclear fractions), and supernatant was
centrifuged at 5,000 g for 10 min. Finally, supernatant was centrifuged to .90,000 g for 90 min. Resulting pellet was called microsomal
fraction. Binding of 3H-labeled inositol 1,4,5-trisphosphate (IP3) and [3H]ryanodine were measured in all fractions in presence of 2 µM IP3 and
10 µM ryanodine for nonspecific binding. Kd, dissociation constant.
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within the nucleus at dilutions of 1:100 and 1:200. The
same labeling pattern was seen when epitope affinity-
purified antibody solutions (at dilutions of 1:25 and
1:50) were bound to the cultures (Fig. 2A). The internal
nuclear staining is not specific for the IP3R, since the
preimmune serum also binds the internal structures
(Fig. 2B). The affinity-purified antibody binds also to
mature cross-striated myotubes that show, in addition
to nuclear staining, a cross-striated IP3R stain (Fig.
2E). Mouse and rat (not shown) myotubes stained
similarly. The ‘‘nuclear envelope’’ and cross-striated
cytoplasmic stain were completely eliminated when the
IP3R affinity antibody was adsorbed with the specific
peptide used to raise the antibody (Fig. 2C, bottom). In
the present study we labeled Purkinje cells cultured
from 14–day embryonic cerebella with the same com-
plete antibody to the type 1 IP3R, and these cells lit up
uniformly throughout the cell body and dendrites, as
expected (data not shown).

Cytosolic levels of IP3. The absolute resting mass of
IP3 varied between independent cultures plated at
different times, and sometimes it was necessary to
normalize the results from independent experiments
by indicating the change in IP3 mass relative to basal
levels. This allowed us to compare the changes induced
by the different stimuli. A study performed in 60 dishes
from 21 independent primary cultures yielded a mean
IP3 resting mass of 28.4 6 10.6 pmol/mg cell protein,
with individual cultures ranging from 9 to 50 pmol/mg
cell protein. Although culture conditions were kept
constant, differences between individual cultures could
be partly attributed to slightly different maturation
conditions. From these 21 primary cultures, 18 (85%)
responded with a significant net increase of IP3 on K1

depolarization (see below).
Effect of K1 depolarization on the IP3 levels. A 2- to 4-s

exposure to increasing external K1 concentrations posi-
tively affected IP3 levels in rat myotubes in primary
culture (Fig. 3, inset). When extracellular K1 concen-
tration was 4.7 mM, measured resting membrane
potential (Vm) was 241 6 6 mV (n 5 28 cells). The
dose-response relationship between external K1 con-
centration and IP3 (Fig. 3, inset) was arbitrarily fitted
to a sigmoidal curve that is roughly similar to that
described by Jaimovich and Rojas (21) for the relation-
ship between external K1 concentration and the peak of
the [Ca21]i concentration in these cells. In the present
experiment, the minimum external K1 concentration
needed to affect a change in IP3 mass was 22 mM
(measured Vm 5 226 6 5 mV, n 5 3 cells), and the
maximum was near 47 mM external K1 (measured
Vm 5 212 6 4 mV, n 5 10 cells). Further increases in
K1 concentration did not produce higher levels of IP3,
even when applications of external K1 as high as 63
and 83 mM continued to depolarize the myotubes to 26
and 11 mV, respectively.

Time course of the K1-induced IP3 increase and effect
of external Ca21. The effect of 47 mM K1 depolarization
on the IP3 level at different times is depicted in Fig. 3.
K1 induced a three- to fourfold transient increase on
the IP3 mass visible after 2 s of stimulation or after
10–15 s. There is a transient drop in IP3 mass levels
between 2 and 5 s in rat myotubes in primary culture
under standard conditions (Fig. 3), but a detailed study
of the first part of the curve was not possible, since 2 s is
the time resolution limit of our experimental system.
The level of IP3 was still significantly higher than basal
after 60 s of depolarization, whereas there was no
significant difference from the control condition 6 min
after K1 stimulation. The effect of K1 was still visible in
the absence of externally added Ca21. The replacement
of the bathing solution with Na1-free, Ca21-free me-
dium (made by substitution of external Na1 by choline
and EGTA addition) did not alter the effect of K1 (Fig.
4A), nor did reduction of external lithium from 60 mM
to 20 or 0 mM (not shown). Thus any influx of cations
such as Ca21 or Na1 could be dismissed as a require-
ment for increasing IP3 mass.

Fig. 1. 3H-labeled ryanodine and inositol 1,4,5-trisphosphate (IP3)
binding to crude subcellular fractions of rat myotubes. A: crude
nuclear fraction has little [3H]ryanodine binding compared with
microsomal membrane fraction (C; see also Table 1). A microsomal
membrane fraction of 6-day-old myotubes binds ryanodine with a
dissociation constant (Kd) of 11.9 6 0.8 nM and a maximal binding
capacity of 1.59 pmol/mg protein; fit to equilibrium binding curve
implies a single type of receptor. Microsomal membrane fraction has
little [3H]IP3 binding compared with nuclear fraction (B; see also
Table 1). Crude nuclear fraction of 6-day-old myotubes gives a large
binding capacity, ,4 pmol/mg protein, compared with microsomal
membrane fraction (D). [3H]IP3 binding to crude nuclear fraction
shows a single type of receptor with Kd 5 89.2 nM. Total binding (r)
and nonspecific binding (s) measured in presence of 10 µM ryanodine
or 2 µM IP3 are shown; for estimation of specific binding, straight line
(correlation coefficient .0.95 in all cases) was subtracted from curve
at each point.
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Fig. 2. Fluorescence immunolabeling of type 1 IP3 receptors (IP3R). A: epitope affinity-purified rabbit polyclonal
antibody to IP3R labels nuclear envelope region and some internal nuclear structures; latter label is nonspecific,
since preimmune serum (B) labels only internal nuclear structures, here seen in 2 myotubes; nuclear envelope
region is not labeled. C: internal nuclear labeling is nonspecific, as shown in well-differentiated myotube (top) in
phase-contrast optics; bottom: same field labeled with IP3R epitope affinity-purified antibody, adsorbed with 4 times
excess (mg/mg) of epitope peptide. D: myotubes show very faint fluorescence when incubated with fluorescence-
conjugated secondary antibody alone. Black unstained nuclei can barely be seen (arrows). Scale bar in D for A–D, 30
µm. E: mature, differentiated myotubes labeled with IP3R epitope affinity-purified antibody. Nuclear envelope and
cytoplasmic regions are positively labeled. Label in cytoplasm is found in a cross-striated pattern and is specific for
IP3R, since same type of myotube in C is a negative control and shows no staining in cross-striated tube shown in
phase. Scale bar, 30 µm.
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Influence of [Ca21]i release on the K1-induced IP3 in-
crease. Although an early K1-elicited IP3 rise is visible in
the absence of external Ca21, hypothetically the IP3 rise
could be mediated by [Ca21]i release. We negated this
possibility using ryanodine to block fast release of Ca21

from internal stores. The observation of K1-induced IP3
mass increase in rat myotubes, incubated with ryanodine
(Fig. 4B), suggests that a significant part of the K1-
induced stimulation of phosphoinositide turnover is
independent of release of Ca21 from the sarcoplasmic
reticulum (SR; see below). We must conclude then that
a separate mechanism, probably triggered by mem-
brane depolarization, influences IP3 generation.

Precursors and metabolites of IP3. An increase in the
mass of IP3 can be attained by an increase in the rate of
synthesis or a reduction in degradation. We performed
measurements using cells preincubated with tritiated
inositol to study label incorporation into various phos-
phoinositides and inositol phosphates. Radioactivity in
the lipid phase increased on K1 depolarization, and
significant differences in 3H-labeled phosphatidylinosi-
tol 4,5-bisphosphate (PIP2) values with respect to basal
levels were found after 5 s in high K1 (Fig. 4C).
Radioactivity in PIP2 tends to decrease after 60 s.
Values of phosphatidylinositol 4-phosphate and phos-
phatidylinositol increased (not shown) less than PIP2.
On the other hand, measurements of tritiated inositol

Fig. 3. Effect of changes in external K1 concentration ([K1]out) on IP3
mass. Inset: IP3 mass changes in different external K1 concentra-
tions. Seven-day-old myotubes were preincubated for 20 min in
resting solution and then depolarized with different concentrations of
K1. Reaction was stopped at 4 s with 0.8 M perchloric acid, and
neutralized extract was tested by radio-receptor assay for IP3.
Maximally stimulated over basal values were 3.6 6 0.3 in 15
experiments from 7 different cultures. Standard stimulation was
performed with 47 mM K1. Values are means 6 SD from 2 indepen-
dent experiments performed in triplicate. Time course of IP3 mass
changes on K1 depolarization in rat skeletal muscle primary cultures
is shown in 7-day-old myotubes preincubated for 20 min in resting
solution and then depolarized with 47 mM K1. IP3 mass was
measured in soluble extract. Values are means 6 SD from 3 indepen-
dent experiments performed in triplicate. *P , 0.001 vs. basal
(Student’s paired t-test).

Fig. 4. A: IP3 mass changes on K1 depolarization in rat skeletal
muscle primary cultures. Effect of external Ca21 and Na1 is shown in
7-day-old myotubes preincubated for 20 min in resting solution
containing 20 mM lithium and then depolarized with 47 mM K1 in
presence or absence of Ca21 and Na1 (EGTA and choline substitution)
in incubation medium. IP3 mass was measured in soluble extract.
Values are means 6 SD from 3 independent experiments performed
in triplicate. *P , 0.001 vs. basal (Student’s paired t-test). B: IP3
mass changes on K1 depolarization in rat skeletal muscle primary
cultures. Effect of ryanodine is shown in 7-day-old myotubes preincu-
bated for 10 min in resting solution (with or without 5 µM ryanodine)
and then for 2 min in resting solution containing EGTA in absence of
Ca21 (with or without 5 µM ryanodine). Then they were incubated for
4 s in a similar solution containing 47 mM K1 (see Fig. 3). Values are
means 6 SD from 3 independent experiments. &P , 0.01; #P , 0.05
vs. basal (Student’s paired t-test). C: 3H-labeled phosphatidylinositol
4,5-bisphosphate (PIP2) changes on K1 depolarization in rat skeletal
muscle primary culture. Seven-day-old myotubes were preincubated
for 20 min in resting solution and then depolarized with K1 during
different time periods. [3H]PIP2 was measured in soluble extracts
after Dowex-formiate chromatography. Values are means 6 SD from
3 independent experiments in triplicate. *P , 0.001 vs. basal
(Student’s paired t-test).
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phosphates (not shown) indicated significant increases
in IP3 and inositol bisphosphate, with little effect on the
levels of inositol phosphate under the conditions used.
These results suggest an effect of K1 depolarization on
the rate of inositide lipid phosphorylation.

Ca21 imaging. Confocal microscopy was used to study
fluo 3 fluorescence in rat myotubes in primary culture
after stimulation by the addition of high extracellular
K1 under various conditions. Confocal microscopy al-
lowed us to image one fast and one or more slow
intracellular fluorescence rises. The time resolution of
our system does not allow us to follow the detailed
evolution of the fast signal, but we were often able to
see part of it. In a typical experiment (Fig. 5A), a
fluorescence rise that spans the whole cell and lasts ,1
s can be seen immediately after K1 was increased.
Seconds after the fast signal faded, a focus of fluores-
cence appeared in the extreme right of the myotube

(Fig. 5B, 3.60–4.20 s). The slow propagation of a Ca21

wave became evident during and after this period (Fig.
5, B and C, 3.60–8.70 s; note different time scales). The
slow signal can be envisaged as having two compo-
nents: a more rapid, more diffuse component (the
‘‘slow-rapid component’’) of low fluorescence (green-
blue) that always precedes a localized, high-fluores-
cence (yellow-red) wave (the ‘‘slow-slow’’ component;
Fig. 5C). As fluorescence progressed, the presence of
high-fluorescence spots, usually identifiable with cell
nuclei (Fig. 5C), became evident. We believe that the
high-fluorescence spots are due to fluo 3 signal from
inside the nucleus rather than from the perinuclear
cytoplasm. As stated above (see also the bright-field
image in Fig. 5, A–C), the spots correlate in space with
the position of nuclei.

Control experiments were performed to test whether
an inhomogeneous distribution of fluo 3 could be respon-

Fig. 5. Ca21 images of fluo 3 fluorescence by confocal microscopy (A–C) and fura 2 fluorescence ratio (D) in a rat
myotube. Confocal imaging allowed dissection of a fast and a slow intracellular Ca21 concentration ([Ca21]i) rise.
Basal fluorescence is shown at top of A. Next image was taken immediately after bath solution was quickly changed
to 47 mM K1; this solution remained in bath throughout record. Subsequent images were taken every 150 ms (A).
After fast signal faded, images in B were taken every 300 ms. A focus of fluorescence appears in extreme left of
myotube (B, 3.6–4.2 s), and slow propagation of a Ca21 wave becomes evident (C). Images in C were taken every 600
ms. Fluorescence is higher in confined regions, where nuclei are found (C). Nuclei are pointed out in bright-field plus
fluorescence image of this cell (bottom of C). Total length of myotube section is 354 µm. Image ratios of a fura
2-loaded cell were taken every 2 s (D) stimulated (K1) as in A. Total length of myotube section is 225 µm.
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sible for apparent differences in Ca21 concentration
within the cell. The ratiometric dye fura 2 allowed us to
evaluate the relative changes in free Ca21 concentra-
tions produced during fast and slow responses to high
K1. In ratio images taken every 2 s (Fig. 5D), [Ca21]i
increased immediately on high-K1 perifusion (Fig. 5D
is representative of 8 independent experiments); a
substantial decrease in [Ca21]i follows (2–4 s), and a
slow, propagated rise in [Ca21]i was evident between 6
and 14 s. The ratio of fluorescence was clearly nonhomo-
geneous during the slow wave, higher Ca21 levels being
concentrated in the central part of the myotube, as in
Fig. 5C. It was also evident that cytosolic Ca21 concen-
tration is much higher during the fast response. A total
of 84 independent experiments with high K1 and fluo 3
were recorded; mouse (not shown) and rat myotubes
behaved similarly. The slow rise in fluo 3 fluorescence
described here was evident in 75 records (89%). The
fast fluorescence transient was not always evident,
possibly because of the limited time resolution (0.5–1
images/s in many cases). When relatively fast (100–400
ms/image) acquisition protocols were used, the fast
signal was present in 18 of 19 experiments recorded. In
our experimental conditions, $100 ms were needed to
acquire an image of a significant part of a myotube. The
rate of solution change was a critical factor in produc-
ing slow (and fast) transients. If the rate of replacement
of the resting solution by the high-K1 medium was too
slow, it often failed to produce a measurable fluores-
cence signal, possibly because of inactivation of the
voltage sensor. A flux of $0.5 ml/s was needed to see
Ca21 changes. The cell diameter was monitored in
bright-field images before and after solution changes;
no cell swelling was observed as a result of osmotic
imbalance after isosmotic high K1 concentration was
applied. Nonetheless, in conditions in which cell shrink-
age was evident (experiments where hyperosmotic KCl
concentration was achieved by addition of 10–20 µl of 1
M KCl to a final concentration of 20–30 mM), exactly
the same type of fluorescence signals were seen, indicat-
ing that shrinkage has no effect.

Contraction is not a factor in affecting the signal
intensity in the sarcoplasm. The two types of Ca21

signals were seen in mature myotubes (capable of
contraction) and young, immature myotubes (incapable
of contraction). The fast, early Ca21 transient was
usually associated with a contracture in mature myo-
tubes and, thus, reflected an excitation-contraction
(E-C) coupling event. However, the slow propagated
Ca21 signals were not associated with contraction of the
myotube. Lack of contraction during the slow wave is
illustrated in Fig. 6, left, in which a series of fluores-
cence images were superimposed on the bright-field
image of the myotube, acquired before K1 stimulation
(Fig. 6, top left). Propagation and collision of two slow
Ca21 waves can be seen, whereas no displacement of
the fluorescent image, with respect to the original
bright-field image, was observed. Moreover, differences
in the bright-field image between regions that propa-
gated the wave and those that did not were not evident.

Thus we conclude that changes in intensity reflect
changes in [Ca21]i, not changes in cell geometry.

Other interesting aspects of the slow wave are illus-
trated in Fig. 6, left. For example, propagation of the
waves appears limited to a portion of the myotube. Also
as illustrated, propagation of the slow wave often stops
at a certain spot. Finally, when two waves collide (Fig.
6, left), they tend to annihilate (not shown) and do not
progress further to regions where fluorescence was
recently high.

Figure 6, right, illustrates the difference between
nuclear and cytoplasmic slow fluorescence signals. The
relatively low fluorescence elicited by this wave allows
us to see that the fluorescence signal is much brighter
in the cell nuclei than in the cytosol and that it
propagates in sequence, from one nucleus to another.
By cycling between high-K1 and resting medium, we
could usually elicit several high-K1-stimulated Ca21

waves. One of these slow waves is shown in Fig. 6,
right. Figure 6, right, shows the result when high-K1

medium was added after two previous waves had
already been elicited and the corresponding high-K1

solutions were replaced by resting medium. Local prop-
agation is easier to see in regions where neighboring
nuclei are close, but an increase in fluorescence propa-
gates as well (and apparently faster, see below) through
regions seemingly devoid of nuclei.

A careful analysis of the Ca21 signals shows several
important points concerning the characteristics of the
fast and slow Ca21 waves. The fast Ca21 signal develops
during the 1st s in the cytoplasm and nuclear regions.
In Fig. 7A, the relative changes in fluorescence of three
different areas of a cell are displayed as a function of
time. The fast Ca21 signal develops in all three spots
during the 1st s; also, the relative change in fluores-
cence is higher (and lasts longer) in the cytosol than in
the nuclei. Several seconds after the fast fluorescent
change is over, a large relative change in fluorescence is
evident (a slow wave moving from right to left). This
slow wave exhibited characteristics that contrast with
those of the fast wave: the relative change in cytoplas-
mic fluorescence was much less in this later wave than
in the nuclei.

Figure 7 also provides information about the propaga-
tion time of the slow wave. The time shift between the
two nuclear signals implies an apparent mean propaga-
tion velocity for this wave of 48 µm/s. When we compare
the propagation of the slow wave in cytosolic regions
with that in regions containing rows of nuclei (Fig. 7B),
differences become apparent. By choosing two areas of
identical projected surface, located 34 µm apart in a
region of the cell devoid of active nuclei, the relative
changes in fluorescence in each area occur stepwise
(Fig. 7B, open symbols). The shift between the two
signals allows us to calculate a propagation velocity for
the wave of ,70 µm/s. The procedure was repeated
using two spots separated by the same distance in a
region where a row of nuclei was apparent (Fig. 7B,
filled symbols); more complex kinetics were displayed.
The propagation velocity was different depending on
how we defined the wave front. If we consider the front
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to be the initial, low-fluorescence rise, a speed of ,70
µm/s will be obtained. In contrast, if we consider the
time at 80% maximal fluorescence, a propagation veloc-
ity on the order of 20 µm/s will be estimated. We believe
that in some cells (not shown) the fluorescence signal
was so faint that all we could see was a ‘‘nuclear’’ wave
propagating at speeds of 10–25 µm/s. Thus we used the
maximal fluorescence to estimate propagation velocity
for the nuclear wave. The mean propagation velocity
for this type of signal was 16 6 6 µm/s (n 5 6), whereas
the cytosolic slow wave had a propagation speed of 56 6
9 µm/s (n 5 9). Therefore, we called the nuclear wave
the slow-slow wave and the cytosolic wave the rapid-
slow wave.

We do not know whether fluo 3 distributes homoge-
neously between the cytosol and nuclear compart-
ments. Because of this possible inhomogeneity, we were
not able to quantify the absolute values of Ca21 concen-
tration in the nuclear or the cytosol compartments. We

can state, however, that for the slow Ca21 wave the
ratio of fluorescence relative to basal values increases
more in the nucleus than in the rest of the cell, and this
increase reaches its peak after the cytosol (Fig. 7B).

To test for a possible component of Ca21 influx in
these signals, a total of 11 experiments were performed
in the absence of external Ca21, with 0.5 mM EGTA in
the incubation media. The fast Ca21 transient and the
slow Ca21 wave were clearly present in this condition
(not shown). Both signals then appear to depend only
on intracellular Ca21 and to be triggered by a mecha-
nism involving a voltage sensor similar to that de-
scribed for skeletal muscle E-C coupling.

A different type of image appears in myotubes treated
first with the SR Ca21 channel blocker ryanodine (5–25
µM) and then exposed to a K1 stimulus. In 12 indepen-
dent experiments, after 15–30 min of incubation with
ryanodine in Ca21-free solutions, the fast Ca21 signal
was no longer apparent. One sequence can be seen (Fig.

Fig. 6. Left: slow propagated Ca21 wave is not associated with contraction of myotube. Each of a series of
fluorescence images (taken every 150 ms) was superimposed on same transmitted light image of myotube (bright
field), acquired before K1. Propagation and collision of 2 slow Ca21 waves can be seen, and no displacement of
fluorescent image with respect to transmitted image was observed. Total length of myotube section is 314 µm. Right:
high-K1 medium was added after 2 previous waves were elicited, and corresponding high-K1 solutions were
replaced by normal medium. Relatively low fluorescence elicited by this slow wave allows us to see that Ca21 signal
is mainly located in cell nuclei and that it is propagated in sequence, from one nucleus to another. Total length of
myotube section is 243 µm.
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8, left), where the first 2 s after high-K1 perifusion are
shown in images taken every 400 ms. No changes in
fluorescence were apparent until many seconds later
(see bottom fluorescence image taken after 24 s). The
rise in fluorescence in a different ryanodine-treated
myotube is shown in Fig. 8, right. Several seconds after
the K1 increase, the central part of the myotube
became clearly fluorescent, but the propagation of the
signal was no longer that of a slow wave. It was, rather,
a sudden (or very quickly propagated) increase in
fluorescence after a delay. Most of the fluorescence
appears concentrated within the cell nuclei (Fig. 8,

right). This type of nonpropagated, delayed Ca21 rise
was seen in 8 of 12 myotubes treated with ryanodine.
Activation of ryanodine-sensitive channels, although
not necessary for producing the delayed Ca21 signals,
appears to be needed for their propagation.

DISCUSSION

Ca21 release in skeletal muscle is generally detected
as a fast process mediated by dihydropyridine receptors
(DHPR) in the T-tubule membrane and RyR in the SR
(28). We provide evidence for another, second transient
of [Ca21]i in cultured skeletal muscle cells. Further-
more, our evidence suggests the possible involvement
of IP3R, located in the cytoplasmic and nuclear enve-
lope regions, in the generation of this second transient.

In studying depolarization of cultured skeletal muscle
cells in response to high external K1, we see evidence
for at least two identifiable Ca21 signals and at least
two Ca21 release systems. The two signals are the fast
and slow waves; the two release systems are the RyR,
associated with the fast wave, and the IP3R, associated
with the slow wave.

In fast-twitch skeletal muscle, elevated external K1

concentration elicits a depolarization of the sarco-
lemma and a rise in tension followed by relaxation
along an initial plateau phase and a subsequent phase
of rapid relaxation. Although membrane depolarization
persists in high external K1 concentration, the fast,
transient release of Ca21 during the high external K1

contracture probably reflects the physiological E-C
coupling mechanism (21). In contrast, the slow Ca21

signals we see in myotubes are not associated with
contraction. We may conclude then that, during the
slow wave, Ca21 concentration in the myofibril region
does not reach levels necessary for contraction; our
experiments with fura 2-loaded myotubes do indeed
show relatively low Ca21 concentrations during the
slow wave and support this conclusion. Slow waves,
similar to those described here, were seen by Flucher
and Andrews (12) in chicken myotubes exposed to
caffeine, although they reported contraction in associa-
tion with slow Ca21 waves under those conditions.
Complex Ca21 signals in myotubes have also been
reported by researchers using indo 1 as the Ca21-
sensitive dye (10, 21). The kinetics of such signals could
be resolved into two components: a fast and larger
component, lasting a few seconds, and a slower compo-
nent, lasting .30 s. The procedure used to measure
those signals (light integration by a photomultiplier
tube) does not allow space discrimination, since re-
corded signals integrate light coming from a slow
propagating wave that spans only part of the cell
volume at any time. The slow signals can fuse with the
fast signal (21) or show a clearer time separation (10),
probably depending on the geometry of the system.

We were able to show that fluorescence heterogene-
ity, observed during slow waves, corresponds to two
separate processes: a more rapid increase in fluores-
cence (the slow-rapid wave) that propagates through
nuclei and cytosol regions and a slower component (the
slow-slow wave) seen only in the nuclear region. Nei-

Fig. 7. Relative fluorescence change [ratio of fluorescence difference,
stimulated 2 basal (Fi 2 Fo), to basal value (Fo)] as a function of time
for 2 different myotubes. A: myotube, a portion of which is shown also
in Fig. 5, is depicted in inset as transmitted light image superimposed
onto fluorescence image taken at 10 s. A continuous train of nuclei
(some indicated by arrowheads) is visible throughout entire length of
myotube (354 µm). Regions of equivalent area are designated in spots
indicated by lines: 2 spots correspond to location of cell nuclei
(octagons), and 1 spot (k) corresponds to cytoplasm located next to
nuclei and near plasma membrane. Relative fluorescence was calcu-
lated for each image in sequence. Fast Ca21 signal and slow compo-
nents were seen in this cell. B: same as A, except myotube shown in
Fig. 6 (fluorescence image at 10 s) is indicated in inset. Two pairs of
identical areas separated by same distance (34 µm) were chosen: one
(open symbols) in a region devoid of active nuclei and one (filled
symbols) in a region where several nuclei can be spotted together.
Only slow Ca21 signals were evident in this experiment.
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ther dye inhomogeneity nor differences in the Ca21-
buffering capacity could explain these phenomena; a
possible explanation might be that Ca21 is released
from the nuclear envelope or perinuclear regions in
response to the cytosolic slow-rapid wave. Measure-
ments reported previously using indo 1 in these cells
allowed an estimation of the total rise in [Ca21]i on K1

stimulation; values ranged from ,100 nM in resting
conditions to .400 nM after K1 perifusion (21). This
value corresponds kinetically to the fast Ca21 signal,
and the fura 2 experiments agree with that value. We
have no measurement that corresponds to the slow
wave.

The fact that the cell does not contract during the
slow wave indicates that [Ca21]i remains low and that
the high fluorescence spots we see must be highly
compartmentalized in the nuclear region. Interestingly,
in the presence of ryanodine, we were able to drasti-
cally alter the cytosolic propagation while preserving
the slow Ca21 rise, indicating that a ryanodine-
sensitive Ca21 pool may be involved in the mechanism

of propagation through the cytosol. Cytosolic waves
with variable propagation speed have been described in
cardiac myocytes (38), and our cytosolic propagation
shows similar features, the main difference being the
much more slowly propagated nuclear component, a
phenomenon that can only be imaged in multinucleated
cells.

Ca21 release channels have been shown to be present
in a large variety of cells and can be grouped into two
families: RyR and IP3R (for review see Ref. 14). Only a
function for RyR has been determined in skeletal
muscle and, despite important evidence for the pres-
ence of inositol phosphate metabolism and IP3R in
skeletal muscle, their role remains elusive. The kinet-
ics of increase in IP3 concentration shown here are
compatible with IP3 being the Ca21 release factor for
the slow Ca21 signals. It would be interesting to study
the early (,4 s) part of the curve in detail, since it
seems to be composed of two phases, possibly indicating
two different processes for IP3 production. An increase
in the mass of IP3 after cholinergic stimulation of these

Fig. 8. Effect of ryanodine treatments on fast and slow waves. Arrowheads, nuclei. Left: a set of images taken every
400 ms in a myotube incubated for 30 min with 20 µM ryanodine. No fast signal is apparent; a delayed slow signal
appears by 24 s. Right: a set of images in a myotube incubated for 20 min with 10 µM ryanodine. Fast Ca21 signal is
absent. After several seconds, central part of myotube became clearly fluorescent, but propagation of signal was not
apparent. Most of fluorescence appears concentrated within cell nuclei. Total length of myotube segment is 208 µm.
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cells has been described by us (32). In fact, in that work
we show that carbachol (a cholinergic agonist) elicits a
biphasic IP3 increase much like that shown in Fig. 3.
This increase is compatible with an early response to
membrane depolarization mediated by nicotinic recep-
tors; muscarine elicited a slower response. Membrane
potential depolarization may then be the event that
triggers an IP3 increase and the subsequent slow Ca21

wave.
Muscle tension development induced by IP3 has been

a highly controversial subject (29). It is conceivable
that Ca21 released from the nuclear envelope or from
neighboring structures could be enough to elicit some
contraction under certain special experimental condi-
tions but not necessarily under normal, physiological
conditions. It is also conceivable that IP3-sensitive Ca21

channels reported in SR vesicles (36, 37) could come
from perinuclear or compartmentalized SR. Neverthe-
less, our results do not rule out additional roles for IP3
in muscle cells, E-C coupling included, since we have
seen immunostaining for IP3 receptors in muscle fiber
striations. The role for such receptors remains to be
studied.

The presence of functional muscarinic receptors in
cultured myotubes (32) and the fact that IP3 increases
transiently in myotubes on K1 depolarization suggest
that Vm (via voltage sensors) and membrane ligand
receptors can be linked to IP3 production. DHPR may
be involved in these signals as voltage sensors, since
slow Ca21 signals can be blocked by nifedipine, a
specific antagonist of DHPR (21).

Direct evidence for the involvement of IP3 receptors
in slow Ca21 transients comes from a collaborative
work using marine sponge toxins able to block IP3-
mediated responses. Such compounds were able to
block the slow Ca21 wave without altering the fast
transient (unpublished observations).

The apparently different intracellular distributions
of receptors, RyR in the SR membranes and IP3R (at
least in some developmental stages), concentrated in
membranes associated with the nuclei point to the
presence of two separate Ca21 release systems. We
believe that the staining of the nuclear envelope region
with the affinity-purified type 1 IP3R supports the
finding that the IP3R binding is enriched in nuclear
fractions. The specific subcellular localization of the
immunocytological IP3R ‘‘striations’’ in mature myo-
tubes is under study. The antibody used in this study
has detected IP3R in microsomes prepared from vascu-
lar smooth muscle (Affinity Bioreagents information)
and may therefore be the form found by Chadwick et al.
(9) in smooth muscle. It is possible that skeletal muscle
also contains this form. From the control immunocyto-
logical experiments performed in the present study, it is
clear that the labeling of the envelope region is specific
for the IP3R, since the internal nuclear structures also
stain with preimmune serum and with peptide ad-
sorbed affinity-purified antibody. This nuclear envelope
labeling does not appear to us to represent perinuclear
Golgi label and thus be IP3R ‘‘on route’’ to its destina-
tion.

We can speculate that the slow waves elicited by K1

depolarization and associated with increased nucleo-
plasmic Ca21 may have an important role in the
regulation of gene expression during muscle develop-
ment. If such signals can be demonstrated in adult
skeletal muscle, they could be related to functions as
important as the phenomenon of exercise adaptation
(2, 31). They could also have a role in muscle hypertro-
phy in human muscular dystrophy. We have shown that
dystrophic muscle cell lines (human and mouse) show a
two- to threefold increase in basal levels of IP3, and the
number of IP3R is also significantly higher in dystro-
phic than in normal cells (24). The process of excitation-
transduction coupling via the IP3 cascade may be
relevant then for developing muscle and for gene
expression associated with exercise and/or disease.

The complex pattern of signal pathways from plasma
membrane to nucleus that begins to arise opens inter-
esting possibilities for future study of new, Ca21-
mediated processes in muscle cells.
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