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ABSTRACT The effect of micromolar intracellular levels of ryanodine was tested on the myoplasmic free calcium concen-
tration ([Ca2�]i) measured from a portion of isolated mouse skeletal muscle fibers voltage-clamped at �80 mV. When
ryanodine-injected fibers were transiently depolarized to 0 mV, the early decay phase of [Ca2�]i upon membrane repolar-
ization was followed by a steady elevated [Ca2�]i level. This effect could be qualitatively well simulated, assuming that
ryanodine binds to release channels that open during depolarization and that ryanodine-bound channels do not close upon
repolarization. The amplitude of the postpulse [Ca2�]i elevation depended on the duration of the depolarization, being hardly
detectable for pulses shorter than 100 ms, and very prominent for duration pulses of seconds. Within a series of consecutive
pulses of the same duration, the effect of ryanodine produced a staircase increase in resting [Ca2�]i, the slope of which was
approximately twice larger for depolarizations to 0 or �10 mV than to �30 or �20 mV. Overall results are consistent with the
“open-locked” state because of ryanodine binding to calcium release channels that open during depolarization. Within the
voltage-sensitive range of calcium release, increasing either the amplitude or the duration of the depolarization seems to
enhance the fraction of release channels accessible to ryanodine.

INTRODUCTION

In skeletal muscle, excitation-contraction (E-C) coupling
results from opening of sarcoplasmic reticulum (SR)
calcium release channels that are under the control of the
voltage sensors present in the adjacent transverse tubule
membrane. The present understanding of the mechanisms
involved in the control of SR calcium release has greatly
benefited from the use of various pharmacological tools
that specifically bind to the release channels and modu-
late their operating mode. In this respect, the neutral plant
alkaloid ryanodine has been widely used as a functional
probe of the release channel (Sutko et al., 1997). Ryan-
odine has complex effects on muscle contractile activity;
it was reported to depress twitch and tetanic tension, and
to induce a slowly developing contracture (Fryer et al.,
1989). The detailed effects of the interaction of ryanodine
with the release channel have been most extensively
studied using single-channel recordings, isolated SR ves-
icles, and skinned fibers (Meissner, 1986; Lattanzio et
al., 1987; Rousseau et al., 1987; Su, 1987; Bull et al.,
1989; Lamb and Stephenson, 1990; Buck et al., 1992;
Meissner and el-Hashem, 1992). Ryanodine displays both
high-affinity and low-affinity binding sites on the cal-
cium release channel complex. At low concentrations
(�10 �M), it is generally believed to lock the channel
into a partially open state in which it is no longer sensi-

tive to different modulators that normally affect its ac-
tivity (Meissner and el-Hashem, 1992). This open-state
stabilization was also recently confirmed in permeabil-
ized frog skeletal muscle fibers by the observation of
ryanodine-induced, long-lasting, local calcium events
(Gonzalez et al., 2000). Conversely, data concerning the
effect of ryanodine on the regulation of global intracel-
lular Ca2� concentration in isolated skeletal muscle fi-
bers under voltage control are limited. Mainly, this issue
was addressed by Garcia et al. (1991) in frog fibers under
conditions that did not allow measurement of the resting
[Ca2�]i level, and to our knowledge, there has been no
equivalent study performed on mammalian muscle fibers.
This problem is of importance as a full understanding of
the mechanism of action of ryanodine should require
integration of detailed results from both disrupted and
intact preparations. For instance, there has been so far no
clear evidence given for functional consequences of the
“open lock” phenomenon from [Ca2�]i measurements in
voltage-clamped mammalian fibers. As a consequence, it
is also not clear whether or not ryanodine-bound channels
are still under the control of the voltage sensor in these
conditions. In the present study, we examined the effect
of intracellularly applied ryanodine on the resting [Ca2�]i

level and on the changes in [Ca2�]i elicited by voltage-
clamp depolarizations in isolated mouse skeletal muscle
fibers. Our main goal was to characterize how calcium
release is affected by the presence of the alkaloid in an
intact mammalian skeletal muscle fiber. In addition, be-
cause ryanodine should essentially bind to release chan-
nels that are in an open state, investigation of the param-
eters and conditions that modulate its effects was
expected to enlighten physiologically relevant aspects of
the control of calcium release.
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MATERIALS AND METHODS

Preparation of the muscle fibers

Experiments were performed on single skeletal fibers isolated from the
flexor digitorum brevis muscles from adult mice. All experiments were
performed in accordance with the guidelines of the French Ministry of
Agriculture (87/848) and of the European Community (86/609/EEC). De-
tails of procedures for enzymatic isolation of single fibers, partial insula-
tion of the fibers with silicone grease, and intracellular dye loading were as
described previously (Jacquemond, 1997; Collet et al., 1999). In brief, mice
were killed by cervical dislocation after halothane anesthesia. Muscles
were removed and treated with collagenase (Sigma type 1, Sigma-Aldrich,
Saint Quentin Fallavier, France) for 60–75 min at 37°C in presence of
tyrode as external solution. Single fibers were then obtained by triturating
the muscles within the experimental chamber. The full length and diameter
of the fibers typically ranged within 500–700 �m and 40–60 �m, respec-
tively. The major part of a single fiber was electrically insulated with
silicone grease so that whole-cell voltage clamp could be achieved on a
short portion (60–120 �m long) of the fiber extremity. Before patch clamp,
indo-1 was introduced locally into the fiber end by pressure microinjection
through a separate micropipette containing 0.5 mM indo-1 dissolved in an
intracellular-like solution containing (in mM) 120 K-glutamate, 5 Na2-
ATP, 5 Na2-phosphocreatine, 5.5 MgCl2, 5 glucose, 5 HEPES adjusted to
pH 7.2 with K-OH. For ryanodine-injected fibers, the alkaloid was added
at either 0.1 or 0.8 mM to the injected solution. Although we could not
precisely estimate the amount of fiber volume that was injected, this
procedure was expected to achieve final intracellular ryanodine concentra-
tions in the tens of micromolar and hundreds of micromolar range, respec-
tively (Csernoch et al., 1998 for details concerning microinjections). Mi-
croinjections were carried out with the pipette tip inserted through the
silicone within the insulated part of the fiber. After being microinjected,
fibers were left for �1 h to allow for dye (and ryanodine) intracellular
equilibration. All experiments were performed at room temperature (20–
22°C), in the presence of an extracellular solution containing (in mM) 140
TEA-methanesulfonate, 2.5 CaCl2, 2 MgCl2, 10 TEA-HEPES, and 0.002
tetrodotoxin, pH 7.20.

Electrophysiology

An RK-400 patch-clamp amplifier (Bio-Logic, Claix, France) was used in
whole-cell configuration. Command voltage-pulses generation and data
acquisition were performed using commercial software (Biopatch Acquire,
Bio-Logic) driving an analog/digital, digital/analog converter (Lab Master
DMA board, Scientific Solutions Inc., Solon, OH). Analog compensation
was systematically used to decrease the effective series resistance. Voltage-
clamp was performed with a microelectrode filled with the intracellular-
like solution. The tip of the microelectrode was inserted through the
silicone, within the insulated part of the fiber. Membrane depolarizations
were applied every 30 s from a holding command potential of �80 mV.

Fluorescence measurements

The optical set-up for indo-1 fluorescence measurements was described
previously (Jacquemond, 1997). In brief, a Nikon Diaphot epifluorescence
microscope (Nikon Corporation, Tokyo, Japan) was used in diafluores-
cence mode. For indo-1 excitation, the beam of light from a high-pressure
mercury bulb set on top of the microscope was passed through a 335-nm
interference filter and focused onto the preparation using a quartz aspheri-
cal doublet. The emitted fluorescence light was collected by a 40� objec-
tive and simultaneously detected at 405 � 5 nm (F405) and 470 � 5 nm
(F470) by two photomultipliers. The fluorescence measurement field was
40 �m in diameter and the silicone-free extremity of each tested fiber was
placed in the middle of the field. Background fluorescence at both emission

wavelengths was measured next to each tested fiber and was then sub-
tracted from all measurements. On each fiber, a fluorescence measurement
was taken before impaling the fiber with the microelectrode used for
voltage-clamp. These data were used to determine what is referred to as the
initial, resting, free calcium concentration. The presence of movement
artifacts was routinely detected in the raw indo-1 fluorescence transients
measured in response to strong membrane depolarizations. As described by
Jacquemond (1997), this could be assessed from nonlinearity between the
normalized time course of change in fluorescence at the two wavelengths.
In most cases, however, the motion-related changes in fluorescence were of
small amplitude as compared with the calcium-dependent changes in
fluorescence. Furthermore, even when clearly present in the original flu-
orescence traces, motion artifacts seemed to be largely eliminated in the
ratio (F405/F470) signal.

Calibration of the indo-1 response and
[Ca2�]i calculation

Free calcium concentration was calculated using the standard ratio method
with the parameters: R � F405/F470, and Rmin, Rmax, KD, � having their
usual definition. No correction was made for indo-1-Ca2� binding and
dissociation kinetics, so that the derived time course of change in [Ca2�]i

does not exactly reflect the true amplitude and time course of change in
ionized calcium. A series of in vitro calibrations was performed on the
experimental set-up using glass capillary tubes filled with solutions con-
taining various concentrations of free calcium prepared as described pre-
viously (Jacquemond, 1997), except that the pH of all solutions was set to
7.25 instead of 7.00. In one set of calibrations, solutions also contained 50
�M indo-1, whereas in another set, solutions contained 50 �M indo-1 and
100 �M ryanodine. Results showed that the value for indo-1 KD, as well as
for Rmin and Rmax, were essentially unaffected in the presence of ryanodine.
Values for Rmin, Rmax, and KD, were 0.38, 2.13, and 310 nM in control, and
0.37, 2.16, and 280 nM in the presence of ryanodine (not illustrated). A
common value of 300 nM was used for the indo-1 KD in all [Ca2�]
calculations. In vivo values for Rmin, Rmax, and � were measured using
procedures described by Collet et al. (1999). Results were either expressed
in terms of indo-1 percentage of saturation or in actual free calcium
concentration (Jacquemond, 1997; Csernoch et al., 1998).

Simulation of [Ca2�]i transients and calculation of
intrinsic buffers occupancy

The procedure described by Timmer et al. (1998) was used to simulate
[Ca2�]i transients elicited by membrane depolarization. A defined Ca2�

release rate waveform was used as input flux in a simple calcium distri-
bution model that reproduced the basic features of Ca2� regulation in a
muscle cell. In brief, synthetic Ca2� release rate records were generated as
described by Timmer et al. (1998). The Ca2� flux waveform included an
early peak that preceded a steady level, as there is a massive body of
evidence for such a time course to underlie the change in [Ca2�]i produced
by a step voltage-clamp depolarization in frog (Rios and Pizarro, 1991) as
well as in mammalian skeletal muscle (Garcia and Schneider, 1993; Shi-
rokova et al., 1996; Szentesi et al., 1997). A small, time-independent Ca2�

“leak” flux was also included in the synthetic release records. Two sets of
calculations were performed. In one set we used the same calcium distri-
bution model as Timmer et al. (1998), including a saturable slow compart-
ment CaS (total sites concentration Stotal � 100 �M, “on” rate constant
kon,CaS � 0.01 �M�1�ms�1, “off” rate constant koff,CaS � 0.0003 ms�1), a
nonsaturable calcium uptake (rate constant kns � 0.4 ms�1), and an instan-
taneously equilibrating nonsaturating compartment the occupancy of which
was assumed to be equal to 30 times the [Ca2�]i. In another set of
calculations we used a more elaborate model that took into account the
presumed properties of the main calcium buffering and uptake mechanisms
commonly believed to operate in skeletal muscle, using values from the
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literature for the parameters. This model included troponin C binding sites
with a total sites concentration TNtotal of 250 �M, an on rate constant
kon,CaTN of 0.0575 �M�1�ms�1 and an off rate constant koff,CaTN of 0.115
ms�1 (Baylor et al., 1983); Ca-Mg binding sites on parvalbumin with a
total sites concentration PVtotal � 700 �M (Garcia and Schneider, 1993),
on rate constant for Ca2� kon,CaPV � 0.125 �M�1�ms�1, off rate constant
for Ca2� koff,CaPV � 5.10�4 ms�1, on rate constant for Mg2� kon,MgPV �
3.3.10�5 �M�1�ms�1, off rate constant for Mg2� koff,MgPV � 3.10�3 ms�1

(Baylor et al., 1983). The rate of calcium transport across the SR membrane
was considered to be proportional to the fractional occupancy of the SR
pump sites by calcium with a dissociation constant Kd Capump of 2 �M and
a maximum pump rate of 1 �M�ms�1. The resting [Ca2�]i was assumed to
be 0.1 �M. Equilibrium dissociation constants obtained from the ratio of
the corresponding values of the off and on rate constants were used to
calculate the initial resting calcium occupancy of the buffers. For parval-
bumin, the initial [Mg2�] was assumed to be 1.5 mM (Csernoch et al.,
1998), and was used together with the resting [Ca2�]i value of 0.1 �M to
calculate the initial calcium and magnesium occupancy of parvalbumin.
Under these conditions, the fractional calcium and magnesium occupancy
of parvalbumin is 59% and 39%, respectively.

Statistics

Least-squares fits were performed using a Marquardt-Levenberg algorithm
routine included in Microcal Origin (Microcal Software Inc., Northampton,
MA). Data values are presented as means � SE for n fibers, where n is
specified in Results. Statistical significance was determined using a Stu-
dent’s t test assuming significance for P � 0.05.

RESULTS

Stability of the depolarization-induced [Ca2�]i

transients under control conditions

Fig. 1 shows a series of indo-1 percentage saturation records
obtained from the same muscle fiber in response to successive
depolarizations of various amplitudes and durations. Each de-
polarization was repeated several times at a frequency of 0.033
Hz. The transients obtained in response to each series of a same
depolarization are shown with an x and y offset within the same
panel of Figure 1, respectively. Overall results clearly illustrate
the fact that our experimental conditions allow the possibility
of achieving quite stable [Ca2�]i transients recordings over
long periods of time, even when fibers were challenged by
many depolarizing pulses of seconds duration. In that particu-
lar example, the fiber was successively depolarized by series of
pulses of 2-s duration to �20 mV, 20-ms duration to 0 mV, 2-s
duration to �10 mV, 20-ms duration to 0 mV, and 2-s duration
to 0 mV, and 20-ms duration to 0 mV, respectively. Measure-
ments were taken over a period of time of �1 h, during which
resting [Ca2�]i, as estimated from the baseline level of indo-1
saturation, increased from �20 to 40 nM between the first and
last depolarization. In response to 2-s duration pulses to values
more positive than �10 mV, the indo-1 signals were routinely

FIGURE 1 Stability of [Ca2�]i measurements over long periods of time under the silicone-clamp conditions. Indo-1 saturation traces recorded from a
same fiber in response to depolarizations of various amplitude and duration. In each panel, traces were obtained in response to the pulse shown underneath,
that was applied several times; traces are presented with an x and y offset for clarity.
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observed to spontaneously decay during the pulse, as previ-
ously reported in other studies (Brum et al., 1988).

Initial resting [Ca2�]i in control and in ryanodine-
injected fibers

As ryanodine was previously reported to potentially induce
muscle contracture, we measured the initial resting [Ca2�]i

level in control and in ryanodine-injected fibers before any
membrane depolarization was applied. Under our condi-
tions, resting [Ca2�]i was 89 � 12 nM (n � 36) and 93 �
7 nM (n � 32) in control and in ryanodine-injected fibers,
respectively, indicating that the consequences of any puta-
tive spontaneous ryanodine-induced Ca2� release remained
undetectable under the present conditions.

Effect of ryanodine on [Ca2�]i transients elicited
by short (20 ms long) depolarizing pulses

Fig. 2 shows indo-1 Ca2� transients elicited by short depolar-
izing pulses in a control fiber (Fig. 2 A) and in a ryanodine-
injected fiber (Fig. 2 B). Transients were elicited by a 20-ms

long depolarization to 0 mV, applied every 30 s. Under our
conditions, such short pulses are routinely used because they
usually elicit [Ca2�]i transients of relatively low maximal
amplitude which do not produce prolonged heavy levels of dye
saturation. In Fig. 2, A and B, the left panel shows the succes-
sive indo-1 percentage saturation traces, whereas the right
panel shows the corresponding mean [Ca2�]i transient. There
was no obvious qualitative difference between the Ca2� tran-
sients in the control and in the ryanodine-injected fiber; both
were fairly stable, peaked within the submicromolar range, and
decayed rapidly upon repolarization. In Fig. 2, the result from
fitting a single exponential plus constant function to the de-
caying phase of the mean calcium transient from the control
and from the ryanodine-injected fiber is shown as a superim-
posed solid curve. The time constant of [Ca2�]i decay was 43
ms and 33 ms in the control and in the ryanodine-injected fiber,
respectively.

Fig. 3 shows the mean values for the resting [Ca2�]i (A),
peak change in [Ca2�]i (B), time constant of [Ca2�]i decay
(C), and final [Ca2�]i level (D) from the first and last
transient measured in control and in ryanodine-injected
fibers to which the protocol shown in Fig. 2 was applied.

FIGURE 2 [Ca2�]i transients elicited by short depolarizations in a control (A) and in a ryanodine-injected fiber (B). Indo-1 saturation signals (left) and
corresponding mean [Ca2�]i transient (right) obtained in response to a 20-ms depolarizing pulse to 0 mV applied every 30 s in a control (A) and in a
ryanodine-injected fiber (B). The smooth curve superimposed to the decay of the [Ca2�]i traces corresponds to the result from fitting a single exponential
plus constant function. Values for the time constant of decay were 43 ms (A) and 33 ms (B).
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There was no significant difference in the values for all
parameters between the first and last transient of the series,
indicating no systematic differential evolution of the prep-
aration under the two conditions. However, when compar-
ing the mean values for all parameters between the two
conditions, the time constant of [Ca2�]i decay was found to
be significantly decreased in the ryanodine-injected fibers
as compared with the control ones, whereas other parame-
ters were not statistically different. The mean time constant
of [Ca2�]i decay after the first depolarization was 64 � 7
ms (n � 14) and 46 � 3 ms (n � 10) in control and in
ryanodine-injected fibers, respectively. The mean [Ca2�]i

transient from all control and ryanodine-injected fibers that
took the eight successive 20-ms depolarizations to 0 mV
were averaged. In Fig. 3 E, the graphs show the correspond-
ing mean (� SE) [Ca2�]i versus time in the two conditions,
qualitatively illustrating the basic features of the [Ca2�]i

transients from that series of measurements.

Increasing the duration of the depolarizing pulses
reveals a clear effect of ryanodine on the
post-pulse [Ca2�]i level

In Fig. 4, panels B and C show indo-1 percentage saturation
traces elicited by depolarizing pulses to 0 mV of increasing
duration, in a control fiber and in a ryanodine-injected fiber,
respectively. Pulses of 20-, 220-, 420-, and 620-ms duration
were successively applied to both fibers (Fig. 4 A), and for
a given duration, each pulse was repeated four times before
its duration was increased. The time interval between two
consecutive pulses was always 30 s. In each panel of Fig. 4,
B and C, transients elicited by the four pulses of same
duration are shown superimposed. In the control fiber (Fig.
4 B), the four transients obtained in response to each series
of pulses of identical duration were well reproducible and
thus not distinguishable from one another. As shown in the
previous section, this also held true for the transients elicited

FIGURE 3 Average properties of [Ca2�]i transients elicited by short depolarizing pulses in control and in ryanodine-injected fibers. Data were obtained
from 14 control fibers (left) and 10 ryanodine-injected fibers (right) that were stimulated by a series of eight successive 20-ms depolarizations to 0 mV (same
protocol as in Fig. 1). Mean � SE values for resting [Ca2�]i (A); peak �[Ca2�]i (B); time constant of [Ca2�]i decay (C); and final [Ca2�]i level (D)
corresponding to the transients measured in response to the first (1) and last pulse (8) that was applied. (E), Overall mean (continuous trace) � SE (shaded
area) [Ca2�]i trace elicited by 20-ms pulses to 0 mV in control fibers (left, n � 14) and in ryanodine-injected fibers (right, n � 10).
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by 20-ms duration pulses in the ryanodine-injected fiber,
but not any more for the transients elicited by longer dura-
tion pulses. For those, the indo-1 saturation level tended to
remain elevated after each pulse, as compared with the
corresponding prepulse baseline level. In Fig. 4 C, this is
indicated by filled and open arrows which point to the pre-
and postpulse indo-1 saturation level corresponding to the
first and fourth transient that was measured in each series,
respectively. The relative amount by which the indo-1 sat-
uration remained elevated after each pulse seemed to be
larger as the pulse duration was increased, the effect being
barely detectable for the 220-ms duration pulses and much
more prominent for the 420- and 620-ms duration pulses. In
Fig. 4 D, the mean change in resting [Ca2�]i measured from
five control fibers (F) and four ryanodine-injected fibers
(E) to which this same protocol was applied, is plotted
versus time. In each fiber, the resting [Ca2�]i was calculated
from the baseline indo-1 saturation level preceding each
pulse. The value measured before the first (20-ms duration)
depolarization was then subtracted from all subsequent
measured values. There was a clear tendency for the resting
[Ca2�]i to increase in the ryanodine-injected fibers, al-
though on average, as compared with the control fibers, the

elevation was only statistically different after the longest
(620-ms duration) pulses that were applied.

Effect of ryanodine on [Ca2�]i transients elicited
by 2-s depolarizing pulses to 0 mV

The above results suggest that, under the present experi-
mental conditions, the effectiveness of ryanodine in affect-
ing intracellular [Ca2�] regulation during depolarization-
induced SR calcium release, may strongly depend upon the
time during which fibers were transiently depolarized. To
underscore this effect clearly, we challenged control and
ryanodine-injected fibers with a series of long-duration de-
polarizing pulses. Fig. 5 illustrates results obtained under
such conditions, which actually proved to reveal the most
striking effect of ryanodine. Fig. 5 shows two series of
indo-1 percentage saturation traces that were obtained in
response to 2-s pulses to 0 mV applied every 30 s, in a
control fiber (Fig. 5 A) and in a ryanodine-injected fiber
(Fig. 5 B), respectively. To facilitate the comparison, the
two sets of traces that are shown were selected for the
similar change in dye saturation that was elicited in re-

FIGURE 4 [Ca2�]i signals evoked by depolarizations of increasing duration in control fibers and in ryanodine-injected fibers. (A), Pulse protocol:
depolarizing pulses of 20, 220, 420, and 620 ms to 0 mV were successively applied. A 30-s time period was allowed between two consecutive pulses. For
a given duration, each pulse was repeated four times, and then duration was incremented. (B and C), Corresponding indo-1 saturation signals in a control
fiber and in a ryanodine-injected fiber, respectively; transients elicited by pulses of same duration are shown superimposed. (C), Filled arrows point to the
initial and final indo-1 saturation level of the transient elicited by the first 220-, 420-, and 620-ms pulse, respectively. Open arrows point to the initial and
final indo-1 saturation level of the transient elicited by the fourth 220-, 420-, and 620-ms pulse, respectively. (D), Time course of mean (� SE) change
in resting [Ca2�]i in control fibers (F, n � 5) and in ryanodine-injected fibers (E, n � 4) over the course of the above experimental protocol.
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sponse to the first depolarization. In the control and in the
ryanodine-injected fiber, the first pulse produced a transient
change in saturation that yielded an initial rapid decay phase
upon repolarization. In the control fiber, this initial decay
was followed by a much slower decay phase, only the initial
part of which was followed. Within the 30-s period of time
that was allowed between two successive pulses, indo-1
saturation had returned to its initial level, indicating a time
constant of seconds for the late phase of [Ca2�]i decay. In
the ryanodine-injected fiber, the most remarkable difference
was that the final level of dye saturation at the end of the
first sampling period remained essentially identical to the
baseline level measured 30 s later, just before the second
pulse was applied. This suggests that the late phase of
[Ca2�]i decay present in the control fiber was either absent
or very much slowed in the ryanodine-injected fiber, leading
to a sustained elevated [Ca2�]i level. Alternatively, it may
also be that a slow decay did occur but was followed by a
slow rise in [Ca2�]i within the nonsampled period of time
separating the two pulses. This phenomenon re-occurred
after each transient, producing in every case a new stepwise
increase in resting dye saturation. At the beginning of the
eighth transient, dye saturation had reached a value of
�65% corresponding to a [Ca2�]i level of �0.6 �M. In Fig.

5 C, the change in [Ca2�]i calculated from the first transient
elicited in the control fiber and in the ryanodine-injected
fiber, are presented superimposed. It shows that there was
hardly any detectable difference between the two transients
except during the latest period of time that was sampled.

Fig. 6 shows results from another control fiber and an-
other ryanodine-injected fiber for which indo-1 fluores-
cence was followed during �8 s after the end of a 2-s pulse
to 0 mV. Fig. 6 A shows the dye saturation traces, whereas
in Fig. 6 B, the low portion of the corresponding [Ca2�]i

traces are presented. The results clearly show the presence
of a late, slow phase of [Ca2�]i decay in the control fiber,
but in the ryanodine-injected fiber, the amplitude of this
slow component appeared very much reduced. In the control
fiber, the [Ca2�]i value measured at the end of the record
corresponded to �130% of the initial resting [Ca2�]i mea-
sured before the pulse, whereas in the ryanodine-injected
fiber, it corresponded to 210% of the initial [Ca2�]i. The
solid line superimposed to the decay of the [Ca2�]i traces
corresponds to the result from fitting the sum of two expo-
nential functions plus a constant to the [Ca2�]i records,
starting 10 ms after the end of the depolarization. In both
cases, the fit to the decline was satisfactory. In the control
fiber and in the ryanodine-injected fiber, the value for the

FIGURE 5 [Ca2�]i signals evoked by 2-s depolarizing pulses to 0 mV in control fibers and in ryanodine-injected fibers. (A and B), Indo-1 saturation
transients elicited by eight successive 2-s depolarizing pulses to 0 mV in a control fiber and in a ryanodine-injected fiber, respectively. A depolarizing pulse
was applied every 30 s. (C), Enlarged view of the [Ca2�]i transient calculated from the indo-1 saturation signal elicited by the first depolarization in the
control fiber (continuous line) and in the ryanodine-injected fiber (dots).
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slow time constant of [Ca2�]i decline was 1.7 and 1.2 s, and
the corresponding amplitude was 0.14 and 0.035 �M, re-
spectively.

Slope of the use-dependent increase in resting
[Ca2�]i in ryanodine-injected fibers

Fig. 7 A shows the time-dependent evolution of the mean
resting [Ca2�]i in control fibers (F) and in ryanodine-
injected fibers (E) that were challenged by the same proto-
col as in Fig. 5. Datapoints for resting [Ca2�]i were mea-
sured as the average baseline value before each depolarizing
pulse. Over the full protocol duration, ryanodine-injected
fibers exhibited a progressive increase in resting [Ca2�]i

from a mean resting value of 102 � 14 nM to 443 � 79 nM
(n � 6), whereas in the control fibers, resting [Ca2�]i went
from 62 � 12 nM to 81 � 11 nM (n � 8). It should be noted
that in Fig. 7 A, the mean initial resting [Ca2�]i level in the
ryanodine-injected fibers was slightly elevated as compared
with the control fibers (102 � 14 nM, n � 6 vs. 62 � 12
nM, n � 8, P � 0.05). This was attributable to the fact that
all ryanodine-injected fibers from this batch had been first
depolarized by a series of 20-ms pulses to 0 mV before
application of the 2-s pulses. Conversely, for most of cor-
responding control fibers (7 of 8) no other protocol was
applied before the series of 2-s pulses. Comparing the mean
initial resting [Ca2�]i measured at the beginning of the
experiment between these two batches of fibers showed no

statistical difference (94 � 14 nM, n � 6 ryanodine-injected
fibers vs. 62 � 12 nM, n � 8 control fibers, P � 0.11). Fig.
7 B shows the evolution of resting [Ca2�]i from experiments
similar to the ones described in Fig. 5, the only difference
being that the test pulse duration was 0.5 s instead of 2 s. As
in Fig. 5 A, a progressive rise in free [Ca2�]i was observed
in the ryanodine-injected fibers, although its slope appeared
to be less than in the ryanodine-injected fibers tested with
2-s depolarizations. In Fig. 7, A and B, the straight line
superimposed to each series of mean datapoints corresponds
to the mean slope calculated from fits of a linear function to
datapoints from individual fibers tested under the same
condition. In control fibers that were depolarized by 0.5-s
and 2-s pulses to 0 mV, the mean value for the slope was
�0.4 � 1 nM (n � 3), and 3 � 1 nM (n � 8) per pulse,
respectively. In ryanodine-injected fibers that were depolar-
ized by 0.5-s and 2-s pulses to 0 mV, the mean value for the
slope was 13 � 4 nM (n � 3) and 48 � 9 nM (n � 6) per
pulse, respectively. For a given pulse duration, mean slope
values were significantly different between control and ry-
anodine-injected fibers (P � 0.03 for 0.5-s pulses and P �
0.0001 for 2-s pulses). In Fig. 5, traces from the ryanodine-
injected fiber also indicate that, although there was a pro-
found increase in resting [Ca2�]i, the peak dye saturation
remained fairly stable throughout the applied protocol. For
fibers to which pulses of 2-s and 0.5-s duration were ap-
plied, the mean values for the peak indo-1 saturation are
plotted in Fig. 7, C and D, respectively. The peak saturation

FIGURE 6 Sustained elevated [Ca2�]i level following a 2-s depolarization to 0 mV in the presence of ryanodine. (A), Indo-1 saturation trace from a
control fiber (left) and from a ryanodine-injected fiber (right). (B), Low portion of the corresponding calculated [Ca2�]i traces; result from fitting the sum
of two exponential functions plus a constant is shown superimposed to the decay of each [Ca2�]i trace.
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was tabulated rather than the actual peak [Ca2�]i, because
the high levels of saturation reached in some fibers rendered
an accurate estimation of free calcium concentration quite
difficult. In any case, results show that the increase in
resting [Ca2�]i observed in the ryanodine-injected fibers
was not accompanied by a simultaneous parallel evolution
of the peak [Ca2�]i level reached during the pulses. Results
from this overall series of experiments show that the pres-
ence of ryanodine within the cytoplasm clearly affected
intracellular [Ca2�] regulation during the E-C coupling
process, and this in a use-dependent manner. The sustained
[Ca2�]i level most clearly observed after long-lasting depo-
larizing pulses can be intuitively related to the reported
“open-lock” effect of ryanodine at the single ryanodine
receptor channel level. Assuming that ryanodine binds to
ryanodine receptor channels that open upon membrane de-
polarization and that ryanodine-bound channels are no
longer sensitive to membrane voltage, one is to expect an
increased sustained SR Ca2� leak to follow membrane
repolarization. The following section aims at assessing the
potential effects of such a mechanism using [Ca2�]i tran-
sients simulated on the basis of simple intracellular calcium
distribution models of skeletal muscle.

Simulation of the effects of an increased SR Ca2�

leak consecutive to membrane repolarization on
the [Ca2�]i transients

Fig. 8 shows results from simulations that used a simple
model of intracellular calcium distribution to derive the time
course of change in [Ca2�]i from a synthetic release rate
record (see Methods). In Fig. 8, all four panels show, from
top to bottom, synthetic Ca2� release-rate traces, calcium
bound to the slow buffer (CaS), uptake of Ca2� into the
nonsaturable compartment and [Ca2�]i. In each case, tran-
sient increases in release rate of various duration were used
to simulate the effect of membrane depolarizations of var-
ious duration. Fig. 8, A and C show results from a “control
simulation”; the transient changes in release rate were made
to return to the initial resting level. In the “ryanodine
simulation” (Fig. 8, B and D) the transient changes in
release rate were made to return to an identical constant
value that was larger than the initial resting level (increased
Ca2� leak). Fig. 8, C and D show the same simulations as
Fig. 8, A and B, respectively, but over a longer period of
time, and also including an additional simulation using a 1-s
transient change in release rate. Overall results show that a

FIGURE 7 (A), Time-dependent evolution of the mean � SE value for resting [Ca2�]i in control fibers (F, n � 8) and in ryanodine-injected fibers (E,
n � 6) over the course of experiments during which a 2-s pulse to 0 mV was applied every 30 s. (B), Same as in A, except that the pulse duration was
0.5 s (data are from 3 control fibers and 3 ryanodine-injected fibers). (C), Evolution of the mean � SE value for the peak indo-1 saturation level measured
during the pulse, in control fibers and in ryanodine-injected fibers that were stimulated by a 2-s pulse to 0 mV applied every 30 s (same fibers as in A).
(D), same as in C, except that the pulse duration was 0.5 s (same fibers as in B). In A and B, the straight lines superimposed to the datapoints correspond
to the mean slope of change in resting [Ca2�]i from fits of a linear function to datapoints from individual fibers (see text for details).
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chronically increased Ca2� leak, occurring as the conse-
quence of a transient membrane depolarization, can quali-
tatively account for the postpulse [Ca2�]i elevation ob-
served in the presence of ryanodine. In the ryanodine
simulation, [Ca2�]i transients still exhibit an early, sharp
decay after the end of the transient change in release.
However, as a consequence of the increased Ca2� leak, the
calcium occupancy of the slow buffer and the free calcium
remain elevated, whereas the uptake system keeps operating
at an increased rate, as compared with the control condi-
tions. Fig. 9 shows results from another set of simulations
that fit with the use-dependence of the ryanodine effect; for
this, the amplitude of the Ca2� leak that followed a given
depolarization was made to be proportional to the duration
of the depolarization. In Fig. 9, all panels show the results
from the same simulations but with different levels of either
x or y axis magnification. Also, in Fig. 9, C and D, an
additional release trace simulating the effect of a 1-s depo-

larization was included. For simplicity only the release rate
and [Ca2�]i traces are shown. Under such conditions, the
longer the depolarization, the higher the amplitude of the
postpulse elevation in [Ca2�]i. Qualitatively identical re-
sults were obtained with a more elaborated model (see
Methods) that took into account the main properties of
intracellular calcium buffering and uptake in skeletal mus-
cle (not illustrated).

Effect of ryanodine for various levels of step
membrane depolarization

The preceding results and simulations are consistent with
the possibility that ryanodine binds to release channels that
open during membrane depolarization, and that increasing
the duration of depolarization increases the number of ry-
anodine-bound release channels. An alternative way to test

FIGURE 8 Simulation of the effects of a depolarization-induced SR Ca2� leak using a simple model of intracellular Ca2� distribution. In A–D, series
of traces shown from top to bottom, correspond to 1) synthetic Ca2� release rate traces simulating release evoked by depolarizations of various duration
(10, 100, and 200 ms); 2) corresponding time course of calcium bound to the slow buffer (CaS); 3) corresponding uptake of Ca2� into the nonsaturable
compartment (uptake); and 4) corresponding changes in [Ca2�]i. In A and C, release rates were made to rapidly return to the initial level following the end
of the transient change (control simulation). In B and D, transient changes in release rates was made to return to a constant elevated value as compared
with the initial level (ryanodine simulation). C and D show the same simulations as A and B, respectively, but over a longer period of time. Furthermore,
C and D include results from an additional simulation using a longer duration (1 s) change in release rate. See Methods section and text for details.
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for such a possibility was to study the effect of ryanodine
under various levels of membrane depolarization, which
represents another way of potentially recruiting a variable
fraction of release channels.

Fig. 10 B shows indo-1 percentage saturation traces elic-
ited by 12 successive 2-s duration depolarizing pulses to
�30 mV followed by 12 pulses of same duration to �10
mV. Pulses of same amplitude were applied every 30 s, and
a 1 min delay was allowed at the time when the pulse
amplitude was increased. Fig. 10 C shows the correspond-
ing time-dependent evolution of the resting [Ca2�]i level
during the course of the experiment. It shows that the slope
of resting [Ca2�]i increase was larger during the series of
pulses to �10 mV than during the series of lower amplitude
ones. The two straight lines superimposed to the datapoints
correspond to a slope of 4 nM per pulse and 33 nM per pulse
for depolarizations to �30 and �10 mV, respectively.
Qualitatively similar results were obtained in three addi-
tional fibers that took series of 2-s duration pulses to �20
mV and 0 mV, giving a mean slope of increase in resting
[Ca2�]i of 10 � 5 nM per pulse and 42 � 3 nM per pulse,
respectively.

Assuming that the increase in resting [Ca2�]i brought by
a depolarization of given amplitude is proportional to the
increase in SR calcium leak, a simple, straightforward ex-
planation for the above effect would be that, within the

voltage-sensitive range of calcium release, raising the am-
plitude of the depolarization opens up an increased fraction
of release channels during the pulse. As a consequence, an
increased number of channels would potentially bind ryan-
odine and remain locked in a partially open state after
repolarization. However, this interpretation should also take
into account the fact that, opening a larger fraction of
release channels also produces an increased peak [Ca2�]i

level during the pulse which, by itself, may be expected to
potentiate ryanodine binding. In an attempt to explore the
occurrence of such an effect, we examined the dependence
of the postpulse elevation in resting [Ca2�]i upon the max-
imal amplitude of the free [Ca2�]i reached during the pulse,
and this for fibers that were transiently depolarized to the
same level.

Dependence of the amplitude of the rise in
resting [Ca2�]i consecutive to a depolarization
upon the peak [Ca2�] reached during the pulse

Fig. 11 shows the dependence of the amplitude of the
change in resting [Ca2�] (�[Ca2�]rest) produced by a 2-s
depolarization to 0 mV, versus the peak [Ca2�]i reached
during the pulse, in control fibers (F) and in ryanodine-
injected fibers (E). It was obtained by pooling all data from

FIGURE 9 Simulation of the effects of a depolarization-induced SR Ca2� leak assuming the amplitude of the leak to increase with the pulse duration.
Simulations were performed with the same model as used in Fig. 8. (A—D), synthetic Ca2� release traces (top traces) simulating release evoked by
depolarizations of increasing duration and corresponding calculated time course of change in [Ca2�]i (bottom traces). In all cases, the transient changes
in release rate were made to return to a constant elevated value (as compared with the initial level); the amplitude of this elevated level was made to increase
linearly with the pulse duration. (C and D), same simulations as in A and B, but over a longer period of time and also including result from an additional
simulation using a longer duration (1 s) transient change in release rate. (B and D), lower expanded portion of the traces shown in A and C, respectively.
See Methods section and text for details.
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fibers that were challenged by the protocol illustrated in Fig.
5: values for �[Ca2�]rest were obtained by subtracting the
[Ca2�]i level measured before a depolarization, to the value
measured 30 s later, just before the next depolarization was
applied. Data were then sorted according to the peak [Ca2�]i

reached during the pulse, and the �[Ca2�]rest values falling
within the same range of corresponding peak [Ca2�]i (with
an increment arbitrarily set to 0.4 �M) were averaged. For
peak [Ca2�] values higher than 2 �M, all corresponding
data were averaged. It should be mentioned that the vari-
ability of the peak [Ca2�]i values which is being taken
advantage of here, results essentially from fiber to fiber
variability, and that a similar figure would be obtained if
one were to plot the individual mean values of �[Ca2�]rest

versus mean peak [Ca2�]i for each fiber (not illustrated). In
any case, results show that, in ryanodine-injected fibers, the
amplitude of the rise in resting [Ca2�]i produced by a same
depolarization seems to depend upon the peak [Ca2�]i

reached during the pulse. Although in Fig. 11 it was tempt-
ing to fit the ryanodine datapoints with an Hill equation,
uncertainty concerning the highest [Ca2�]i levels along the
x axis, because of heavy saturation of the indicator, would
make the fit results doubtful.

Effect of injecting a high ryanodine concentration
on [Ca2�]i transients

In another series of experiments we attempted to test the
effect of a higher intracellular ryanodine concentration than
in the previously described experiments. For this, the dye

injecting pipette contained 0.8 mM instead of 0.1 mM
ryanodine (see Methods). These conditions were found to be
quite extreme as 70% of the injected fibers died during the
period of dye (and ryanodine) equilibration, and only in a
few fibers were we able to record [Ca2�]i transients elicited
by membrane depolarizations. Fig. 12 A shows indo-1 sat-
uration transients measured from one of these fibers, to
which the protocol shown in Fig. 4 was applied. Traces
shown from top to bottom of Fig. 12 A correspond to the
transients elicited by four successive 20-ms membrane de-
polarizations to 0 mV, followed by four 220-ms pulses to
the same potential. Results show that a postpulse steady
elevation of dye saturation could already be detected after
each of the successive 20-ms pulses, corresponding to an
increase in [Ca2�]i to �80, 90, 95, and 110 nM, from the
initial resting level of �65 nM, respectively. Most spectac-
ular was the result from the following first 220-ms pulse
which produced a very substantial postpulse increase in dye
saturation, corresponding to a [Ca2�]i elevation from a
prepulse level of 110 nM to 215 nM. The effect was again
present in response to the next 220-ms depolarizations,
which brought the dye saturation to corresponding [Ca2�]i

levels of 265 nM and 345 nM, respectively. In Fig. 12 B the
open triangles correspond to the mean change in resting
[Ca2�]i measured from three fibers injected with the
0.8-mM ryanodine-containing solution, versus the period of
time along which that same protocol was applied. For com-
parison, data obtained from control fibers and from fibers
that were injected with the 0.1 mM ryanodine containing
solution (same data as in Fig. 4 D) are shown on the same

FIGURE 10 Dependence of the ryanodine-induced increase in resting [Ca2�]i upon the amplitude of the depolarizing pulse. (A), Pulse protocol: 2-s
depolarizing pulses to �30 mV were followed by 12 pulses to �10 mV of the same duration. Pulses of same amplitude were applied every 30 s. (B), Indo-1
saturation traces elicited by the protocol shown in A. (C), Time course of the change in resting [Ca2�]i over the course of the experiment. The two straight
lines superimposed to the datapoints correspond to the result of a linear fit.
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graph (F and E, respectively). Results clearly show that, for
a given depolarization, the relative elevation in postpulse
[Ca2�]i increased with the ryanodine concentration.

DISCUSSION

The present results provide new insights into the mechanism
of modulation of the E-C coupling process by ryanodine. In
addition, they emphasize the physiological relevance of
some of the most classically described effects of ryanodine
on its isolated receptor. From a more general point of view,
our results also prove the present experimental conditions,
consisting in measuring intracellular [Ca2�] under mem-
brane voltage control in a fiber previously injected with a
pharmacological tool, to be reliable when studying the reg-
ulation of SR calcium release in a functioning muscle fiber.

Ryanodine has been extensively used on various types of
skeletal muscle preparations, providing breakthrough in-
sights into the details of its mechanism of action, and most
interestingly, into the operating and regulation of the SR
release channels (Coronado et al., 1994; Meissner, 1994;
Franzini-Armstrong and Protasi, 1997; Sutko et al., 1997).
However, although the effects of ryanodine have been par-

ticularly well studied on isolated release channels, SR ves-
icles preparations, skinned fibers, and in intact muscle, the
as-yet published results concerning its effects on intracellu-
lar calcium in a skeletal muscle fiber under voltage control
do not fully account for what may be expected from the
effects reported on more fragmented preparations. Mainly,
in frog fibers, ryanodine (1–100 �M) was shown to initially
potentiate the intracellular calcium transient elicited by a
voltage-clamp depolarization, and to then cause a slowly
developing inhibitory effect (Garcia et al., 1991). Our re-
sults in mouse skeletal muscle fibers demonstrate that the
most prevailing effect of micromolar levels of ryanodine is

FIGURE 11 Dependence of the change in resting free calcium
(�[Ca2�]rest) produced by a 2-s depolarization to 0 mV upon the peak
[Ca2�]i reached during the pulse. Data are from control fibers (F) and
ryanodine-injected fibers (E) that took a series of 2-s depolarizations to 0
mV (same protocol as in Fig. 5). �[Ca2�]rest values were obtained by
subtracting the [Ca2�]i level measured before a given pulse to the level
measured 30 s later, just before the next pulse was applied. Mean (� SE)
�[Ca2�]rest values were obtained by averaging data that fell within a
similar range of corresponding peak [Ca2�]i levels (measured during the
pulse).

FIGURE 12 Effect of injecting a high intracellular concentration of
ryanodine. (A), Indo-1 saturation traces elicited by (from top to bottom)
successive depolarizations to 0 mV: four pulses of 20-ms duration were
followed by four pulses of 220-ms duration. Dotted lines correspond to the
initial saturation level of each trace. Data are from a fiber that was injected
with a 0.8-mM ryanodine-containing solution, expected to produce a final
intracellular ryanodine concentration within an �50–100 �M range. (B),
Time course of mean change in resting [Ca2�]i over the course of the
protocol shown in A, in control fibers (F, n � 5), in fibers that were
injected with the 0.1-mM ryanodine-containing solution (E, n � 4), and in
fibers that were injected with the 0.8-mM ryanodine-containing solution
(‚, n � 3).
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to induce a chronic elevation of the resting [Ca2�]i level that
requires membrane depolarization to occur. Although we
could not accurately estimate the ryanodine concentration
within the injected fibers, this effect seemed to be dose
dependent as it could be more readily detected under injec-
tion conditions expected to produce an �10 times higher
concentration of ryanodine in the fiber. We believe it is
attributable to ryanodine binding to open release channels,
and having the same functional consequences that were
described at the isolated ryanodine receptor level. Under
control conditions, membrane depolarization opens release
channels, producing a rise in intracellular free calcium con-
centration. While depolarization is maintained, the overall
time course of change in [Ca2�]i is a complex function
depending on the amplitude and waveform of the calcium
release rate and of the rate of Ca2� removal from the
cytosolic compartment through the effect of high- and low-
affinity intrinsic calcium buffers and SR calcium pumping.
Upon repolarization, as release turns off, [Ca2�]i decays
back toward its initial resting level because of the sole
action of the removal mechanisms. When depolarizing in
the presence of ryanodine, opening of release channels as
well as the consecutive increase in myoplasmic [Ca2�] are
both expected to favor binding of the alkaloid, which should
then leave the channels in a partially open substate (Meiss-
ner, 1986; Pessah et al., 1987). Under our conditions, in the
presence of ryanodine, the time course of the [Ca2�]i tran-
sient during the pulse looked similar to what was observed
in control fibers. In addition, [Ca2�]i transients also exhib-
ited a rapid decaying phase after repolarization, indicating
that a substantial fraction of the release channels that
opened during the pulse did turn off after its end. Again, the
most remarkable effect of ryanodine was the close to steady
increased [Ca2�]i level that was observed following suffi-
ciently long depolarizing pulses. Under normal conditions,
the resting [Ca2�]i level is to result from a balance between
a constant SR Ca2� leak and SR Ca2� pumping. An in-
creased resting level is thus to reflect either a reduced Ca2�

pumping rate, or an increased SR Ca2� leak. As the time
course of [Ca2�]i decay after short pulses was found to be
even faster in the presence of ryanodine than in control
fibers, it is very unlikely that the SR pumping rate was
reduced in the presence of ryanodine. Also, an effect of
ryanodine on SR ATP-dependent calcium transport is un-
likely as calcium influx into longitudinal SR membranes
was previously shown to be unaffected by the alkaloid
(Lattanzio et al., 1987). Along this line, it may be worth
mentioning that, although we have no straightforward ex-
planation for the faster relaxation rate, this effect is consis-
tent with the initial acceleration of twitch relaxation pro-
duced by 1 �M of the alkaloid in rat skeletal muscle fibers
(Fryer et al., 1989). As also supported by the results from
the simulations, this leaves an increased SR calcium leak as
the most prevailing explanation for the chronically elevated
[Ca2�]i level that was observed following sufficiently long

depolarizing pulses. This interpretation is consistent with
the single channel data showing that ryanodine permanently
opens the release channels into a subconductance state
(Imagawa et al., 1987; Rousseau et al., 1987). It is also
consistent with results from skinned fibers (Lamb and Ste-
phenson, 1990) showing that depolarization-induced con-
traction was prolonged in the presence of ryanodine, and
could not be stopped upon repolarization. Accordingly, our
results also suggest that, in an intact muscle fiber, ryanod-
ine-bound channels are no longer under the control of the
voltage sensor, or at least that some of them fail to turn off
after membrane repolarization. In contrast with the results
from Lamb and Stephenson (1990) showing that after a
depolarization in the presence of 25 �M ryanodine, no
subsequent depolarization could elicit a response, we could
not find any clear evidence, from the presently tested ex-
perimental conditions, for ryanodine having a blocking shut
effect on the release activity. Specific differences between
the two preparations and experimental conditions may be
responsible for this discrepancy. It could also be speculated
that, under the skinned fiber conditions used by Lamb and
Stephenson (1990), depolarization activated the majority of
the release channels, and that it would not be the case, for
instance under our conditions of 2-s depolarization to 0 mV.

Apart from giving credit to the physiological relevance of
the open-lock effect of ryanodine, our results also put for-
ward interesting issues concerning the calcium release ac-
tivity during a voltage-clamp pulse.

A point which is of specific interest is the [Ca2�] depen-
dence of the phenomenon. The activity of the SR release
channels as well as the binding of ryanodine are promoted
by micromolar levels of Ca2� (Pessah et al., 1987; Smith et
al., 1988; Meissner and el-Hashem, 1992). In the skinned
fiber preparation, ryanodine was also found to be ineffective
when [Ca2�] was buffered at very low levels (Lamb and
Stephenson, 1990), and it is generally believed that the
Ca2�-dependence of ryanodine binding is attributable to
release channels being opened by Ca2� rather than on an
effect of Ca2� on ryanodine binding. Under our conditions,
we found that the effectiveness of ryanodine in producing a
sustained increase in [Ca2�]i following a given depolariza-
tion seemed to depend on the peak [Ca2�]i reached during
the pulse. Interpretation of these data should though be
taken with caution as a high-peak [Ca2�]i could simply be
related to a high level of release channels being open, and
thus to a large fraction of channels being given access to
ryanodine binding.

A postpulse elevation in [Ca2�]i observed in the presence of
ryanodine could be reproduced after successive depolarizations
in a same fiber, leading to a quasilinear relationship between
resting [Ca2�]i and time, as the pulses were applied at constant
frequency. This is consistent with an additional, probably sim-
ilar fraction of release channels being bound to ryanodine
during each successive pulse. The slope of rise in resting
[Ca2�]i seemed to depend not only upon the ryanodine con-
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centration but also on the duration of the depolarizing pulse,
suggesting that an increasing number of release channels gets
activated as the pulse duration is increased. Along this line, the
fact that we could hardly detect the effect of ryanodine when
short (20-ms long) pulses were used can be taken as evidence
that only a restricted fraction of release channels activate under
such pulse protocol.

Finally, it should be stressed that the overall details of
how ryanodine affects SR calcium regulation in an intact
fiber are certainly more complex than inferred from above.
For instance, it is far from easy to speculate about how
processes such as voltage-dependent inactivation of the
voltage sensors, Ca2�-dependent inactivation of release
channels, SR Ca2� depletion, retrograde signaling between
release channels and voltage sensors (Gonzalez and Caputo,
1996) would modulate the overall effect of ryanodine and/or
be affected in the presence of the alkaloid. Also, it is not
clear whether or not ryanodine-bound, open-locked release
channels are still sensitive to activation by Ca2� as there
seems to be conflicting results between single channel data
(Rousseau et al., 1987) and skinned fibers data (Oyamada et
al., 1993).

In conclusion, although a complete understanding of the
effects of ryanodine on E-C coupling will require additional
efforts, our results provide original clues to how the alkaloid
affects intracellular calcium regulation in an intact skeletal
muscle fiber. In addition, they demonstrate the efficiency of
the presently used experimental approach for giving insights
into the physiological regulation of SR calcium release.
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de la Recherche Scientifique (CNRS) and the University Claude Bernard.
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