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Voltage-gated and calcium-gated calcium release during

depolarization of skeletal muscile fibers

Vincent Jacquemond, Laszlé Csernoch, Michael G. Klein, and Martin F. Schneider
Department of Biological Chemistry, University of Maryland, School of Medicine, Baltimore, Maryland 21201 USA

assTRACT The role of elevated intracellular calcium concentration ([Ca®*]) in activating calcium release from the sarcoplasmic
reticulum (SR) was studied in skeletal muscle fibers microinjected with strong calcium buffers. After the injection of 3.8 + 0.5 mM
{mean = S.E. of mean, n = 16) BAPTA (1,2-bis[0-aminophenoxy]ethane-N,N,N ' N'-tetraacetic acid) or 2.2 — 2.8 mM fura-2 the
normal increase in [Ca?*] during a depolarizing pulse was virtually eliminated. Even though calcium was released from the SR the
kinetics of this release were markedly altered: the extensive buffering selectively eliminated the early peak component of SR
calcium release with no effect on the maintained steady level. Microinjections of similar volumes but with low concentrations of
fura-2 had no significant effect on the release waveform. The calcium released by voltage-dependent activation during
depolarization may thus be involved in activating further calcium release, that is, in a calcium-induced calcium release mechanism.

INTRODUCTION

The activation of a skeletal muscle fiber is preceded by
the depolarization of the surface- and transverse-(7-)
tubular membranes. This change in 7-tubular mem-
brane potential causes the movement of charged voltage
sensors (Schneider and Chandler, 1973), within the
dihydropyridine receptors (Rios and Brum, 1987; Tan-
abe et al., 1987), located in the T-tubule membrane. The
voltage sensors then activate calcium release (Miledi et
al., 1977; Blinks et al., 1978) through channels in the
ryanodine receptors (Fleischer et al., 1985; Pessah et al.,
1986; Imagawa et al., 1987; Lai et al., 1988) of the
apposed but distinct sarcoplasmic reticulum membrane.
Several alternative mechanisms have been proposed
(see for recent review Fleischer and Inui, 1989) as to
how the movement of the voltage sensor may be linked
to the opening of the SR calcium release channels.
Although calcium-induced release of calcium from the
SR has been documented in skinned skeletal fibers
(Endo et al., 1970; Ford and Podolsky, 1970) and in SR
vesicles (Miyamoto and Racker, 1982; Meissner et al.,
1986) and SR calcium release channels (Smith et al.,
1986) from skeletal muscle, its role during physiological
activation of intact skeletal muscle fibers has been
strongly questioned (Endo, 1985; Baylor and Holling-
worth, 1988). We have investigated this issue by injecting
sufficient amounts of the high-affinity calcium buffers
1,2-bis(0-aminophenoxy)ethane-N,N,N ', N '-tetraacetic
acid (BAPTA) (Tsien, 1980) or fura-2 into voltage
clamped frog skeletal fibers to almost completely sup-
press the elevation of myoplasmic free calcium concen-
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tration during depolarization. Under these conditions
the early peak of calcium release (Melzer et al., 1984)
was virtually eliminated, indicating that the activation of
this component is [Ca**] dependent. On the other hand
the steady level of release was unaffected showing that
this part of the release was independent of changes in
[Ca®] and controlled by voltage.

METHODS

The methods of fiber preparation, the optical setup and the data
acquisition and analysis have been described in detail previously. In
brief, single skeletal muscle fibers dissected from the m. semitendino-
sus of cold adapted frogs (Rana pipiens) were mounted in a double
vaseline-gap chamber and stretched to sarcomere length beyond 3.8
um to avoid movement (Kovacs et al., 1983). After forming the
vaseline seals the solution in the open end pools was exchanged to an
Internal solution containing (mM) 102.5 Cs-glutamate, 5.5 MgCl,, 5
ATP, 4.5 Na-Tris-maleate buffer, 13.2 Cs-Tris maleate buffer, 0.1
EGTA, 5 creatine phosphate and 6 glucose; in the middle pool to an
External solution containing (mM) 125 TEACH,SO,, 2 CaCl,, 5
Cs-Hepes (N-2-hydroxyethylpiperazine-N '-2-ethanesulfonic acid)
buffer and 1077 g/ml tetrodotoxin. Fibers were voltage clamped to
-~100 mV, all measurements were carried out at 8-10°C.

[Ca®*] was monitored at rest and during depolarizing pulses by the
simultaneous application of the relatively low affinity calcium indicator
antipyrylazo III (AP III) and the higher affinity calcium indicator
fura-2 (added to the Internal solution in 1 mM and 50 uM concentra-
tion, respectively). [Ca’*] was measured using either the changes in
absorbance at 700 nm due to AP III calcium binding or the ratio of
fura-2 fluorescence when excited at 358 and 380 nm. Recording of
optical signals, calculation of [Ca’*] from the AP III absorbance,
calculation of fura-2 saturation from the fluorescence record and the
determination of ON and OFF rate constants for the Ca-fura-2
reaction were carried out as previously described (Kovacs et al., 1983;
Klein et al., 1988).

BAPTA was pressure injected into fibers from glass microelectrodes
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containing (in mM) 0.5 fura-2, 10-50 BAPTA, 3-15 CaCl, (nominal
free [Ca?*] 40-50 nM using K,, = 100 nM for BAPTA) and 5 Hepes
(osmolarity: 65-240 mosm). In some experiments the BAPTA in the
microelectrode was replaced by fura-2. Control injections used pi-
pettes containing 0.5 mM fura-2 in diluted Internal solution (170
mosm) to mimic the osmolarity of the BAPTA solutions.

The fiber was observed continuously during each impalement and
injection using low intensity long wavelength transmitted light video
microscopy via a water immersion objective (40X, 0.75 NA; Ziess,
Thornwood, NY) and an image intensifier (KS-1381; Video Scope
International, Herndon, VA) coupled to a video camera and monitor.
Every 5 s during the injection the fiber was epiilluminated for 1 s (at
358 nm) so that the fluorescence image of the dye was superimposed
on the transmitted light image of the fiber. The pressure applied to the
injection pipette was kept sufficiently low that there was no sign of
fiber swelling during most injections; whenever any swelling was
observed the pressure was decreased. The fiber fluorescence was also
monitored during each period of epiillumination and the increase was
used to calculate the fura-2 and BAPTA concentration injected into
the fiber.

The rate of calcium release from the SR before injection was
calculated as described earlier (Melzer et al., 1984, 1987) using the
parameters for the calcium binding and removal systems in the
myoplasm given by Klein and co-workers (1990). After injection the
increase in [Ca®*] during depolarizing pulses was <100-200 nM. The
released calcium was almost completely (97-99%, see Results) bound
to the injected BAPTA and/or fura-2 and hence the release after
injection was estimated as the time derivative of the Ca-BAPTA and
Ca-fura-2 complex. Because fura-2 and BAPTA have similar binding
properties (Tsien, 1980; Pethig et al., 1989) the time course of Ca?*
binding to BAPTA was assumed to be identical to that of the time
course of Ca?* binding to fura-2, that is, the percent saturation of
BAPTA was assumed to equal the percent saturation of fura-2
obtained from the fluorescence. The ratio of fura-2 to BAPTA injected
into the fibers was taken to be the same as in the pipette; possible
errors due to different diffusional properties should have been
minimal since the first pulse after injection was used throughout the
analysis.

Fura-2 and BAPTA were purchased from Molecular Probes, Inc.
(Eugene, OR), AP III was from ICN Biochemicals, Inc. (Cleveland,
OH), and all other reagents were of analytical grade. Statistical
significance was calculated using Student’s paired ¢-test.

RESULTS

Before injection (Fig. 1. 4) a 200-ms depolarization of a
frog skeletal fiber from a holding potential of —100 to
+10 mV resulted in an =4 pM increase in [Ca®*]
(Fig. 1 Aa) as derived from the absorbance change of AP
III. The signal recorded simultaneously by the higher
affinity indicator fura-2 was fully saturated during much
of the pulse (Fig. 1.4b), but enabled the determination
of the resting [Ca®*] (79 nM, Fig. 1 4Ad) before stimula-
tion.

Microinjection of BAPTA to a concentration of 4.1
mM (Fig. 1 B) completely abolished the AP III transient
(Fig. 1 Ba), presumably due to the high affinity and fast
calcium binding properties of the buffer (Tsien, 1980).
However, calcium was released from the SR during
depolarization since fura-2 saturation increased from
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FIGURE1 Changes in intracellular calcium distribution in a skeletal
muscle fiber caused by the microinjection of the Ca buffer BAPTA. (a)
AP III calcium transients accompanying a 200-ms pulse to +10 mV
(bottom) measured before (4) and for the first pulse after (B)
microinjection. Even though AP III did not detect any significant
change in [Ca**] during depolarization after injection, there was an
increase in the saturation of fura-2 (Bb) indicating that calcium was
released from the SR. (c) The increase in calcium bound to fura-2 and
BAPTA during the pulse, calculated as percent saturation X concen-
tration, was negligible before the injection (26 wM) but became
dominant in the presence of BAPTA (1,046 pM). The [Ca?*] records
determined from the fura-2 fluorescence (d) show a lower resting
[Ca®] and also reveal a slight (74 nM) increase in [Ca?*] during the
pulse after injection (Bd). The pressure-micropipette contained (in
mM) 0.5 fura-2, 10 BAPTA, 3 CaCl, (nominal free calcium 43 nM) and
5 HEPES (osmolarity: 67 mosm). Fiber 806, diameter (d): 67 um,
sarcomere length (sl): 4.0 wm, temperature (T'): 10°C; [AP III];: 668
and 812 uM; [fura-2];: 58 and 263 pM before and after injection,
respectively; [BAPTA] after injection: 4.1 mM.

35.4% before the pulse to 59.5% by the end of the pulse
(Fig. 1 Bb). The increase in the amount of calcium
bound to fura-2 and BAPTA during the depolarizing
pusle was calculated from the fura-2 saturation record as
described in Methods and was found to be 1,046 pM
after injection (Fig. 1 Bc) and negligible in control (26
M, Fig. 1 Ac). The resting calcium concentration de-
creased to 44 nM after the injection (Fig. 1 Bd), indicat-
ing that the above effects were not secondary to an
increase in resting [Ca**]. The [Ca®*] calculated from the
fura-2 record after injection (Fig. 1 Bd) revealed a slight
(74 nM) increase by the end of the 200 ms depolarizing
pulse.

Using the AP III calcium transient and the calcium
bound to fura-2 and BAPTA in Fig. 1 the rate of calcium
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FIGURE2 Microinjected BAPTA eliminates the peak rate of calcium
release from the SR leaving the maintained steady level unchanged.
(a) R, before (4) and after the injection (B). The control R, exhibits
an early peak followed by a sharp decline due to a calcium-dependent
inactivation of the release channel and then by a slower decline due to
the depletion of calcium from the SR. In the presence of BAPTA both
the early peak and the sharp decline are missing, only the slow
depletion is present. (b) The depletion corrected R,., (C, = 2,550 pM
and 2,800 1M before and after injection, respectively) in the presence
of BAPTA rises steadily, not showing the peak, and reaches the same
final level as that in control. (¢) Because the SR content should be the
same before and immediately after injection traces were normalized to
SR calcium content to eliminate the uncertainty in absolute scale.
Same fiber as in Fig. 1.

release from the SR (R,) was calculated before and
immediately after the microinjection of BAPTA (Fig. 2).
Before injection R, exhibited an early peak followed by
a rapid and then a slow phase of decline during the pulse
(Fig. 2 Aa and Schneider and Simon, 1988). After injec-
tion both the early peak and the rapid decline were
eliminated leaving only the slowly declining phase
(Fig. 2 Ba).

The slow phase of decline of R, before (Schneider et
al.,, 1987) and, presumably, after imjection is due to
depletion of calcium from the SR. This can be corrected
for and used to estimate the SR calcium content before
the pulse (Schneider et al., 1987, 1989) by scaling the
record at any time, ¢, by C,/(C, — fR .dt), where C, is
the SR calcium content before the pulse and f R, dt is
the amount of calcium released from the start of the
depolarization until time ¢. The value of C, is determined
by the assumption that the rate of release should have

reached a steady value by the end of the 200 ms pulse. In
control the depletion corrected R, showed an early
peak and then declined to a constant steady level about
one-fourth of the peak (Fig. 2.4b). After BAPTA injec-
tion the depletion corrected R, rose monotonically to a
final level which was about the same as the final level in
control (Fig. 2 Bb).

The absolute scale of R, before injection was deter-
mined by the scaling of the AP III calcium transient and
by the assumed concentrations and reaction rates for the
rapidly equilibrating intrinsic myoplasmic calcium bind-
ing sites such as troponin C and the SR calcium pump
(Melzer et al., 1987; Klein et al., 1990); the contribution
from calcium bound to fura-2 was minimal (4% of total
released calcium in Fig. 2). In contrast, after injection
the contribution from calcium bound to fura-2 and
BAPTA was dominant (99% of total released calcium in
Fig. 2). Therefore, to compare R, based predominantly
on calcium binding to intrinsic (CONTROL) or injected
(BAPTA) buffers, R, was normalized to the calcium
content of the SR (C,), in Fig. 2¢ and in subsequent
figures, assuming that the SR contents were not altered
by the injection itself.

Fig. 3 shows release records obtained from a fiber in
which the SR calcium content determined as described
above was quite different before (1,900 pM, if free in
myoplasmic water) and after (3,200 uM) the microinjec-
tion. This difference in calculated SR content presum-
ably reflects an error in the absolute scale of one or both
records. However, when each record was normalized to
the SR content the steady levels of release before and
after the injection were about the same whereas the
peak was eliminated by the injection of BAPTA (Fig. 3, a
and b). Fig. 3¢ demonstrates the effects of different
assumed SR calcium contents (80% and 140% of those
used in part b). The underestimation (80%) resulted in a
secondary rising phase of release whereas the overesti-
mation (140%) did not fully compensate for the slow
decline of release. However, neither underestimation
nor overestimation of the SR content altered the general
conclusion that BAPTA removed the peak R, with little
change in the steady level.

The calculation of R, in the presence of BAPTA and
fura-2 involved the assumption that the two buffers have
the same calcium binding properties in the myoplasm.
This assumption was necessary because the binding of
calcium by BAPTA could not be measured directly. If
BAPTA actually bound calcium more rapidly than
fura-2, we might have selectively underestimated the
peak in the release record calculated after injection
using the assumption that fura-2 and BAPTA had the
same binding kinetics. For example, when the R, after
injection was recalculated assuming the k., and kg
values for Ca-BAPTA to be 10-fold higher (same K,)

el
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FIGURE3 The rate of calcium relase in a fiber with different
estimated SR calcium contents. R,,, before (a) and after (b) correcting
for depletion (C, = 1,900 uM before and 3,200 uM after injection). (c)
Shows that an underestimation (using 80% of that in part b) of the SR
calcium content results in a secondary rising phase while an overestima-
tion (140%) does not fully compensate for the decline. All traces have
been normalized to SR calcium content. The fiber was depolarized
from —100 to +20 mV for 200 ms (pulse protocol is shown at the
bottom). The pressure micropipette contained the same solution as in
Fig. 1. Fiber 804, d: 64 pm, si: 3.9 um, T: 10°C; [AP III); 782 and 795
wM; [fura-2): 60 and 243 before and after injection; [BAPTA}, after
injection: 3.6 mM.

than those of Ca-fura-2, the R,, showed an early peak
whose amplitude was about twice that of the steady
level. It was of interest, therefore, to see whether the
injection of fura-2 alone would produce effects similar to
those of BAPTA + fura-2 onthe R .,

In two fibers fura-2 alone was injected to sufficiently
high concentrations to completely eliminate the AP III
calcium transient. Fig. 4 presents the results from one of
these fibers in which the fura-2 concentration reached
2.2 mM after the injection. The fiber was depolarized for
200 ms from —100 to +20 mV both before and after the
injection. Fig. 4 a shows that the calcium concentration
increase as measured by AP III during and after the
depolarization was eliminated by the injection of fura-2.
The fura-2 saturation records (Fig. 4 b), nevertheless,
demonstrate that calcium was indeed released from the
SR and that the resting [Ca®*] decreased after injection.
Both these effects and the time course of the record in
Fig. 4 b in the presence of high concentration of fura-2
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FIGURE4 Injection of fura-2 suppresses the peak R, (a) AP III
calcium transients before and following the microinjection of 2.2 mM
fura-2. Though AP III did not detect any significant increase in free
[Ca®*] during the depolarizing pulse following the injection, the
increase in fura-2 saturation (b) shows that calcium was released from
the SR. (¢) The calculated R,, was first corrected for depletion
(C, = 1,200 and 1,600 uM before and after injection, respectively) and
then normalized to SR content. The pressure-micropipette contained
(in mM) 10 fura-2, 3 CaCl, (nominal free calcium 39 nM) and 5 Hepes.
Fiber 846, d: 87 pm, sli: 4.0 um, T: 9°C; [AP III]: 561 and 626 pM;
[fura-2]: 45 uM and 2.2 mM before and after injection, respectively.

qualitatively resembled those measured following the
BAPTA + fura-2 injection described in connection with
Fig. 1.

The R, was calculated, corrected for depletion and
normalized to SR calcium content the same way as for
the BAPTA + fura-2 injection experiments. Fig. 4 ¢
shows that the R, record after injection rose monotoni-
cally, not showing the early peak, and reached essen-
tially the same steady level as in control. Another fiber in
which fura-2 alone was injected to a concentration of 2.8
mM gave similar results. The general conclusion is that
the injection of similar concentrations of BAPTA +
fura-2 or fura-2 alone produce qualitatively similar
effects on the R, waveform.

rel

The elimination of the peak R, after microinjection
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appears to be attributable to the presence of millimolar
concentrations of BAPTA or fura-2 because injections
of solutions with similar volume and osmolarity but with
little buffer did not suppress the AP III transient and did
not alter R,.. Fig. 5 shows that the calcium transient (Fig.
5 a) and the calculated R, before and after the injection
of 322 uM fura-2 were essentially the same. The injected
volume was ~ 1.3 times that injected into the fiber
shown in Fig. 1 (estimated from the increase in fura-2
concentration).

The mean value (+S.E.) of the peak and the steady
level of R, are shown in Fig. 6 from 16 fibers in which
the concentration of injected BAPTA was sufficient

CONTROL 0 mM BAPTA
a
AlCa*] [ 5 uM
b Rrel
] ]
1% ms”
c A
re] corrected for
depletion
J J

w0V S
200 ms ~100 mv

FIGURES Microinjection alone did not alter the rate of release of
calcium from the SR. (a) The AP III calcium transient measured after
an injection (0 mM BAPTA) did not decrease compared to that
measured before the injection (CONTROL) when BAPTA was left
out of the pipette solution. The calculated R,, waveforms and the
absolute magnitudes before (b) and after (¢) correcting for depletion
(C, = 1,350 and 1,650 uM before and after injection, respectively) are,
within experimental error, the same before and after the injection. All
records were normalized to SR calcium content. The pulse protocol
(200 ms pulse from —100 mV to 0 mV) is shown at the bottom. Fiber
836, d: 70 pm, si: 4.0 pm, T: 9°C; [AP I1I);: 560 and 641 uM; [fura-2];:
50 and 322 uM before and after injection, respectively.
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FIGURE6 The effect of the calcium buffer BAPTA on the rate of
calcium release from the SR. The rate of release of calcium from the
SR was first depletion corrected then normalized to the SR calcium
content (for details see Fig. 2 and related text). The peak was
determined as the maximum in the first 100 ms, while the steady level is
the average of the values in the last 50 ms of the pulse. Values are
expressed as mean = SEM (n = 16). “After injection” refers to the
first depolarizing pulse following the microinjection. [fura-2);: 47 = 3
and 175 * 26 uM before and after injection, [BAPTA];: 3.8 = 0.5 mM
after injection.

(>1.5 mM) to almost completely suppress the AP III
transient. While the steady levels were not statistically
different (P > 0.5) before and after injection the peak
was significantly (P < 0.001) smaller in the presence of
BAPTA than in control. The slight difference between
the peak and the steady level after injection can be, at
least in part, attributed to the procedure used to
calculate the peak (maximal value in the first 100 ms)
which tends to include the noise into the peak.

DISCUSSION

The present study of the modification of intracellular
calcium movements due to added cytosolic calcium
buffers was greatly facilitated by the microinjection
technique, which allowed measurements to be made
within a brief time period shortly before and after the
injection. This provided the possibility of a direct compar-
ison of the calcium distribution with and without the
added binding sites but presumably with little other
change in the fiber. To resolve changes in [Ca®*] both
before and after the injection of the strong calcium
buffers used in this study the simultaneous use of
calcium indicators with different calcium affinities was
essential.

The decline of release that gives rise to the peak R, in
control is thought to represent a calcium-dependent
inactivation of the SR release channel (Schneider and
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Simon, 1988; Simon et al., 1991). Our results demon-
strate that strong buffering of myoplasmic [Ca?*] selec-
tively eliminated the peak rate of release during a
depolarizing pulse. If the [Ca**] is buffered low during a
pulse, as it was after BAPTA injection, and if the
injected calcium buffer simply removed inactivation one
would expect the depletion corrected R, to rise mono-
tonically and not exhibit the early peak as was observed
in the present experiments. However, the final level
reached due to elimination of inactivation would then be
equal to or higher than the peak in control. This was
clearly not the case in these experiments. On the
contrary, the steady levels of release before and after
injection were the same, suggesting that the peak is a
different component which is calcium dependent and
thus did not activate in the presence of BAPTA.

Other investigators (Baylor and Hollingworth, 1988;
Pape et al., 1990) reported increased calcium release in
the presence of 0.8-1 mM fura-2 in intact fibers stimu-
lated with action potentials. They interpreted their
results as the removal of calcium-dependent inactiva-
tion. The fact that in those experiments the calcium
transients were not completely suppressed (Fig. 3 of
Pape et al., 1990) as were those reported here may
account for the apparent discrepancy. Furthermore,
when our fibers were injected with lesser amounts (<1
mM) of BAPTA analogues having lower calcium affinity
they showed increased peak R, and slower inactivation.
These results can be accounted for if the injected buffers
were more effective in cut fibers than in intact fibers,
perhaps due to less binding of buffers to myoplasmic
constituents (Konishi et al., 1988) in cut fibers, or if the
release was lower in cut fibers. In either case less buffer
would be required to eliminate the [Ca’*] transient in
cut fibers than in intact fibers. The alternative possibility
that in muscle fibers BAPTA is a more effective buffer
than fura-2 appears to be ruled out since we obtained
similar results by injecting BAPTA or fura-2 to similar
concentrations.

The effect of BAPTA in the present experiments was
likely due to its calcium buffering action since the
effectiveness of various injected BAPTA analogues par-
alleled their calcium affinity (data not shown). Selective
suppression of peak release was observed regardless of
whether resting [Ca®*] was decreased (Figs 1, 2, and 4)
or increased (not shown) after injection, indicating that
the suppression of the peak was related to elimination of
the [Ca®*] transient and not due to a change in resting
[Ca**].

Though the ability of calcium to activate isolated SR
calcium release channels has been clearly demonstrated
(see e.g., Smith et al., 1986) the involvement of calcium
in the opening of these channels in functionally intact
fibers during depolarization has not been demonstrated.

A calcium sensitive component of depolarization in-
duced calcium release was described by Stephenson
(1985) in skinned fibers, but her measurements were
done on a much slower time scale (several seconds).

In cardiac muscle calcium-induced release of calcium
(Fabiato, 1985) is well established as a key step in
excitation-contraction coupling. The depolarization of a
heart cell opens calcium channels in the surface mem-
brane and the entry of extracellular Ca** triggers further
release of calcium from the SR (London and Krueger,
1986; Beuckelmann and Wier, 1988). Though a similar
mechanism has been suggested for skeletal muscle
(Frank, 1980), it has been repeatedly demonstrated that
extracellular calcium plays no direct role in opening SR
calcium channels (Armstrong et al., 1972; Miledi et al.,
1984; Brum et al.,, 1987). Thus, calcium leaving the SR
through channels which are gated by voltage and which
give rise to the steady level of R, is the most likely
activator of the peak component of R, as suggested by
Rios and Pizarro (1988).

In summary, it has been demonstrated that after the
microinjection of =4 mM BAPTA the inactivatable
component of release that is responsible for the peak
and the decline of release during a pulse is selectively
eliminated while the steady level of release was unaf-
fected. These results lead to the conclusion that released
calcium was itself involved in the generation of the
inactivatable component, that is, in a calcium-induced
calcium release mechanism.
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