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Abstract. Ca  2+ transients and the rate of Ca 2+ release 
(dCaREL/dt) from the sarcoplasmic reticulum (SR) in 
voltage-clamped, fast-twitch skeletal muscle fibers from 
the rat were studied with the double Vaseline gap tech- 
nique and using mag-fura-2 and fura-2 as Ca 2+ indica- 
tors. Single pulse experiments with different returning 
potentials showed that Ca 2+ removal from the myoplasm 
is voltage independent. Thus, the myoplasmic Ca 2+ re- 
moval (dCaREM/dt) was studied by fitting the decaying 
phase of the Ca 2+ transient (Melzer, Rfos & Schneider, 
1986) and dCaREL/dt was calculated as the difference 
between dCa/dt and dCaREM/dt. The fast Ca 2+ release 
decayed as a consequence of Ca 2+ inactivation of Ca 2+ 
release. Double pulse experiments showed inactivation 
of the fast Ca 2+ release depending on the prepulse dura- 
tion. At constant interpulse interval, long prepulses (200 
msec) induced greater inactivation of the fast Ca 2+ re- 
lease than shorter depolarizations (20 msec). The corre- 
lation (r) between the myoplasmic [Ca2+]i and the inhib- 
ited amount of Ca 2+ release was 0.98. The [Ca2+]i for 
50% inactivation of dCaREL/dt was 0.25 gM, and the 
minimum number of sites occupied by Ca 2+ to inactivate 
the Ca z+ release channel was 3.0. These data support 
Ca 2+ binding and inactivation of SR Ca 2+ release. 
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Introduction 

The depolarization of the skeletal muscle T-tubule mem- 
brane is sensed by dihydropyridine-sensitive calcium 
channels (DHPR) giving rise to gating and ionic currents. 
DHPRs interact with ryanodine receptors (RYR) (sarco- 
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plasmic reticulum calcium release channel), eliciting cal- 
cium release from the sarcoplasmic reticulum. Transient 
increases in myoplasmic calcium concentration give rise 
to muscle contraction and relaxation. Voltage- and cal- 
cium-gated mechanisms contribute to sarcoplasmic retic- 
ulum calcium release. These two mechanisms are medi- 
ated by direct DHP-RYR interaction and by calcium, 
respectively (Jacquemond et al., 1991). 

The study of intracellular Ca 2÷ transients with fluo- 
rescent indicators revealed basic mechanisms of the ex- 
citation-calcium release-contraction signaling pathway 
in amphibian fibers. Differences in RYR isoforms ex- 
pression in amphibian and mammalian skeletal muscles 
stresses the importance of studies on mammals. How- 
ever, these studies have started more recently (Delbono 
& Stefani, 1993b; Garcfa & Schneider, 1993). 

Calcium transients in rat fast-twitch fibers show a 
complex rising phase (Delbono et al., 1993b). This ob- 
servation is less consistent in frog fibers in which simple 
or complex rising phases, have been described (Kovacs, 
Rfos & Schneider, 1983; Brum, Rfos & Stefani, 1988). 
The Ca 2÷ release functions also differs in frog and rat 
fibers (Melzer, Rfos & Schneider, 1986, 1987; Schnei- 
der, Simon & Sz~cs, 1987; Delbono et al., 1993b; Garcfa 
& Schneider, 1993). This might suggest differences in 
the regulation of Ca 2+ release by Ca 2÷ and Mg 2÷ (Meiss- 
ner et al., 1986; Jacquemond et al., 1991; Simon et al., 
1991; Delbono & Stefani, 1993b). The calcium- 
dependent inactivation of calcium release in amphibian 
fibers and in vitro systems have been reported (Baylor et 
al., 1983; Simon et al., 1988, 1991; O'Brien et al., 1995). 
However, very little is known about the regulation by 
calcium of the SR calcium release in living mammalian 
fibers. In this work, the role of myoplasmic Ca 2+ on the 
regulation of SR Ca 2÷ release in rat fast-twitch muscle 
fibers, have been studied. The high- and low-affinity 
calcium indicators, mag-fura-2 (Raju, 1989; Konishi et 
al., 1991) and fura-2, have been used to monitor large 
and small myoplasmic calcium concentration changes, 



92 O. Delbono: Ca 2+ Modulation of SR Ca 2+ Release 

respectively. These studies allowed the calculation of 
the calcium concentration needed for half calcium re- 
lease inactivation and the minimum number of sites oc- 
cupied by Ca 2+ to inactivate the channel. Part of this 
work has been presented elsewhere (Delbono & Stefani, 
1993a). 

Materials and Methods 

FIBER PREPARATION 

Single fibers from extensor digitorum longus (EDL) muscle of the rat 
were manually dissected and mounted according to previous proce- 
dures (Delbono et al., 1991; Delbono, 1992). The EDL muscle was 
dissected after sacrificing the rat in a carbon dioxide chamber. The 
muscles were kept for 8 to 9 hr in a beaker containing a modified Krebs 
solution at 4~ For calcium transient studies, fibers dissected within 
the first 3 hr after sacrificing the rat were included in this study. Fibers 
were stretched to 3.6-3.8 gm sarcomere length. 

SOLUTIONS 

The external  solution contained (mM): 150 TEA (tetraethyI- 
ammonium)-MeSO 3 (methanesulphonic acid), 2 CaC12, 2 MgCI> 2 
TEA-HEPES (N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic 
acid]) and 0.001 TTX (tetrodotoxin), 1 9-anthracenecarboxylic acid, 
and 1 3-4 diaminopyridine (pH adjusted to 7.2 with TEAOH). The 
internal solution contained (mM): 98 K-glutamate; 0.1 K2-EGTA; 
0.0082 CaC12; 5 Na2ATP; 5.5 MgC12; 5 glucose; 5 K-HEPES; 5 Na 2- 
phosphocreatine; pH = 7.2. The osmolarity of the solutions was 300 
mosm. Mag-Fura-2 and fura-2 (Molecular Probes, Eugene, OR) were 
added from 5 mM stock solutions (in deionized water) to final concen- 
trations of 400 pM and 50 respectively. Free Ca 2+ concentration in 
solutions were calculated using dissociations constants of ligands from 
the literature (Fabiato, 1988). 

SET-UP, STIMULATION, RECORDING AND DATA ANALYSIS. 

IN VITRO AND IN VIVO CALIBRATION 

Fibers were voltage-clamped using the double Vaseiine gap technique 
similar to the one introduced by Kovacs, Rfos & Schneider (1983) and 
modified by Francini and Stefani (1989). The holding potential was 
-80  mV. Temperature was constantly monitored with a thermistor 
probe positioned close to the fiber in the middle pool. Hardware in- 
cluded an IBM-compatible AT personal computer with a D-A and A-D 
conversion, 12 bits, an Axolab-1 computer interface (Axon Instru- 
ments, Foster City, CA). Stimulation protocols are detailed in Results 
for each group of experiments. Fluorescent signals were filtered at 0.3 
of the sampling frequency (-3 Db point) with a 4-pole Butterworth 
low-pass filter (Frequency Devices, Haverhill, MA). Background 
autofluorescence was recorded before the addition of the dye to both 
end pools and was subtracted from all optical records. Fluorescence 
signals were normalized to the basal dye fluorescence of the fiber in 
resting conditions (without stimulation) or converted into Ca 2+ concen- 
tration. All the experiments were carried out at 17 _+ 0.2~ Values are 
given as means _+ SEM with n as the number of observations. 

Calibrations of mag-fura-2 were performed in a double-beam 
spectrofluorometer (SLM Aminco Instruments, Urbana, IL) in cuvettes. 
Calibrations were also performed in the recording set-up using thin 
glass capillary cells (Vitro Dynamics; 0.1 mm path length and 2 mm 
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Fig. 1. Voltage-independence of myoplasmic Ca a+ removal. Ca 2+ tran- 
sients were recorded with mag-fura-2 (A-E) with pulses from Vh-80 
mV to 0 mV and varying the potential after the test pulse from -100 to 
-20  mV (G). The Ca 2+ transients decaying phases were fitted to a 
single exponential function and superimposed as dotted lines to each 
trace. Calculated Ca 2+ release for the traces in A, B and C is illustrated 
in F. The fitting to traces A to C was superimposed to the records in D 
and E, as dotted lines. 

width). The range of excitation wavelength in the spectrofluorometer 
was 300M50 nm. In the recording setup using the optical path used for 
Ca 2+ transients recordings excitation wavelength were 350 (isosbestic 
point) and 380 nm. Solutions with different Ca 2+ concentrations were 
prepared following Tsien & Pozzan (1989). 

CALCULATION OF C a  2+ RELEASE 

To obtain the rate of Ca 2+ release (dCaREL/dt), the model proposed by 
Melzer et al. (1986), Melzer, Rfos & Schneider (1987) and the math- 
ematical formulations (Appendix) by Brum, Rfos & Schneider in 
Bruin, Rfos & Stefani (1988), was used. This method gave the rate of 
Ca 2+ release from [dCa2§ = input flux-output flux. The input flux 
corresponds to the rate of Ca 2+ release, while the output flux to the rate 
of Ca 2+ removal (dCaRzM/dt). No correction for SR Ca 2+ depletion 
was applied. A set of parameters was obtained by fitting calcium traces 
of different duration and amplitude (Gonzalez & Rios, 1993). This set 
of values was applied to the double pulse experiments. 

VOLTAGE-INDEPENDENCE OF THE RATE OF REMOVAL OF 

MYOPLASMIC C a  2+ 

Since the calculation of the rate of Ca 2+ release is based on the as- 
sumption that the rate of Ca 2+ removal is voltage independent, we 
studied the effect of different returning potentials on the decaying 
phase of the Ca 2+ transient. Figure 1 shows Ca 2+ transients recorded 
with mag-fura-2 using pulses from Vh-80 mV to 0 mV and different 
returning potentials from -100 to -20  mV (pulse protocol in G). The 
Ca 2+ transient decaying phases after pulses to 0 mV were fitted to a 
single exponential function and superimposed as dotted line to each 
trace. The decay time constants were not altered by postpulses to -100 
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20 Fig. 2. Voltage-dependence of Ca 2+ release 
inactivation. Ca 2+ transients (A[Ca2+]i) monitored 
with mag-fura-2, at potentials from -30  to 30 mV 
(pulse protocol at the bottom) and the 
corresponding calculated SR Ca 2+ release 
(dCaREL/dt) are shown on the left and on the right, 

30 respectively. The calculated Ca 2+ release decays 
monotonically after an initial peak. The Ca 2+ 
release decaying phase was fitted from the peak to 
the inflection where a change of the slope is 
recorded. 

mV, -80  and -60. Their values were 30.6 + 1.2, 29.7 + 1.1 and 30.3 
+ 1.7, respectively (n = 5; P > 0.05). As expected, for larger returning 
potentials (-40 mV and -20  mV), the decay phase had a slower time 
constant since those potentials induced Ca 2+ release. The dotted lines 
in D and E correspond to the fitted decay phase in A. The calculated 
Ca 2+ release for the traces in A, B and C are represented in F. 

In summary, Ca 2+ transients decayed independently of the repo- 
larizing potential (-100 mV to -60  mV). Thus, double pulses were 
used in this work to study changes in SR Ca ~+ release induced by 
myoplasmic Ca z+. 

Results 

VOLTAGE-INDEPENDENCE OF THE INITIAL PEAK C a  2+ 

RELEASE INACTIVATION 

Figure 2 shows Ca 2§ transients and the rate of Ca 2§ re- 
lease function (dCaREL/dt) detected with mag-fura-2 at 
different potentials (-30 to +30 mV). Ca 2§ transients 
were larger and faster with depolarization. The ampli- 
tude saturated at about +20 mV. At -30  mV, the initial 
and second components of the Ca 2+ transient had similar 
amplitudes. The corresponding rate of Ca 2§ release 
shows a peak that rapidly inactivates followed by a 
steady state phase or plateau. For larger depolarizations 
(-20 to +30 mV), a second rising phase appeared in the 
Ca 2+ transients, after the initial peak of Ca 2§ release. 
During the pulse, this second Ca 2§ release component 
showed a slow decay which was more pronounced at 
more positive potentials. This slow decay during the 
pulse has been attributed to sarcoplasmic reticulum (SR) 
Ca 2§ depletion in frog fibers. 

A single exponential function was fitted to the de- 
caying phase of the peak Ca 2§ release. The Ca 2§ release 
inactivation time constants were not modified by the 
pulse amplitude. The values were (msec): 18.1 + 2.3, 

17.7 + 3.1, 21.7 _+ 2.7, 20.0 + 2.5, 23.1 + 2.9 and 20.0 _+ 
2.3 at -30, -20, -10, 0, +20 and +30 mV, respectively (n 
= 12; P > 0.05). These data indicate that depletion of the 
SR Ca 2+ is not a major cause for the interruption of the 
fast peak of Ca 2§ release. Similar conclusions were re- 
ported for frog skeletal muscle fibers (Simon & Schnei- 
der, 1988). If  SR Ca 2§ depletion were involved in the 
peak Ca 2§ release falling phase, its time constant would 
have been faster at more positive potentials when larger 
amounts of Ca 2+ are released. In summary, these data 
support the concept that Ca 2§ release channel inactiva- 
tion is the major cause for the abrupt decline in Ca 2+ 
release few milliseconds after depolarization. 

INFLUENCE OF PREPULSE AND INTERPULSE DURATION ON 

THE AMPLITUDE OF C a  2+ RELEASE 

Figures 3 to 5 show that the peak Ca 2+ release was re- 
duced (inactivated) when a test pulse was preceded by a 
prepulse. To study the time course of recovery from in- 
activation, different double-pulse protocols were applied. 
To eliminate possible effects of resting Ca 2+ concentra- 
tion on prepulse, stimulation protocols were applied at 
various intervals. When the double pulses were repeated 
every 2.5 minutes, the basal Ca 2+ concentration at the 
beginning of each sweep remained practically unmodi- 
fied (see Fig. 7, dotted lines), and Ca 2+ transients in 
response to prepulses, were reproductive. 

Figure 3 shows Ca 2+ transients (A) and their corre- 
sponding calculated rate of Ca 2§ release dCap, EL/dt (B) 
with the pulse protocol illustrated in C. Constant pre- 
and test-pulses (30 msec and 50 msec, respectively), and 
variable interpulses (30 to 700 msec), were used. Last 
records in A and B were obtained by summation of pre- 
and test-pulses (80 msec). Ca 2§ transients were larger in 
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Fig. 3. Recovery from inactivation of Ca 2+ release with 30 msec- 
prepulses. (A) Ca 2+ transients monitored with mag-fura-2 and elicited 
with double pulse protocols. (B) Calculated SR Ca 2+ release corre- 
sponding to the traces in A. The interpulse duration is shown between 
traces. The last two traces correspond to Ca 2+ transient and their cal- 
culated Ca 2+ release obtained with 80 msec-pulse duration. (C) Pulse 
protocol. 

response to test pulses than to prepulses due to different 
pulse durations. As the pulse interval was shortened, 
Ca 2+ transients became larger with a slower rising phase 
and the rate of Ca 2+ release showed a progressive reduc- 
tion of the peak amplitude. The slower rising phase to- 
gether with a smaller rate of Ca 2§ release may reflect a 
Ca2+-induced inactivation of the SR Ca 2+ release. 

Figure 4 shows Ca 2§ transients and the rate of Ca 2+ 
release with the same interpulse intervals but with longer 
prepulse durations (120 msec). When longer prepulses 
were applied, ~eak Ca 2+ release was reduced more mark- 
edly for equivalent interpulse durations compared to 
those used in Fig. 3. The fast component of Ca 2§ release 
was undetectable with 125 msec or shorter interpulse 
intervals. These data suggest that the higher the myo- 
plasmic Ca 2+ concentration, the more pronounced the SR 
Ca 2+ release inactivation. 

Figure 5 shows the time course of recovery of the 
peak Ca 2§ release during test pulses at different inter- 
pulse durations (t), with 30, 60 and 120 msec prepulses 
(n = 8 for each set of data). Values were normalized as 
peak release(0/peak release (t = ~)  or (peak test pulse 
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Fig. 4. Recovery from Ca z+ release inactivation with 120 msec pre- 
pulses. (A) Ca 2+ transients monitored with mag-fura-2, were elicited 
with double pulse protocols. (B) Calculated SR Ca 2+ release corre- 
sponding to the traces in A. The interpulse duration is shown between 
traces. The last two traces correspond to Ca 2+ transient and its calcu- 
lated Ca 2+ release obtained with 170 msec-pulse duration. (C) Pulse 
protocol. 

dCaREL/dt)/(peak prepulse dCaREL/dt). The peak Ca 2§ 
release inactivation was more pronounced with longer 
prepulses and shorter intervals. For example, the degree 
of inactivation for the 125 msec interval pulse were 0.77, 
0.68, respectively, and unmeasurable for 30, 60 and 120 
msec prepulses. With 30 msec prepulses, the inactiva- 
tion was less prominent and a complete recovery from 
inactivation was recorded using 700 msec pulse interval. 

After the prepulse, the myoplasmic Ca 2+ concentra- 
tion remained high for variable times, although this was 
not detected because of mag-fura-2 has low affinity for 
Ca 2+ (K D = 49 gM). The amount of the residual myo- 
plasmic Ca 2§ at the moment of applying the test pulse 
depends on the prepulse amplitude and duration. The 
influence of [Ca a+] on SR Ca 2+ release inactivation was 
also studied using prepulses with constant duration and 
variable amplitude. 

EFFECT OF PREPULSES WITH CONSTANT DURATION AND 

VARIABLE AMPLITUDE ON a N  C a  2+ RELEASE INACTIVATION 

Figure 6 shows Ca 2+ transients (A[Ca2+]i) and their cor- 
responding rate of Ca 2+ release by applying long pre- 



O. Delbono: Ca 2+ Modulation of SR Ca 2§ Release 95 

O O  

2~2~ 

1.2 

0.8 

0.4 

3 0  m s  

i i i 

0 200 400 600 800 

Recovery time (ms) 

Fig. 5. Influence of the prepulse duration on the recovery time from 
Ca 2+ release inactivation. The relationship of (peak test pulse dCae, sL/ 
dt)peak prepulse dCaRzL/dt)--recovery time, is represented as a func- 
tion of the prepulse duration (30, 60 and 120 msec). Values are means 
• SEM, 

pulses (200 msec) at different voltages (-45 to -15) sep- 
arated by a constant 20 msec interval from the test pulse 
(0 mV, 200 msec duration). Ca 2+ transients elicited by 
the test pulses without prepulse were biphasic, as de- 
scribed above. As the myoplasmic Ca 2+ concentration 
increased in response to the prepulse, both Ca 2+ transient 
components were not clearly distinguished. Calculated 
Ca 2+ release functions showed a fast peak that did not 
exhibit the time course obtained with more positive 
pulses. Ca z+ release induced by prepulses were detected 
from -45 to --40 mV. At -30  mV, the fast Ca 2+ release 
during the test pulse practically disappeared. At -40  and 
-35 mV, changes in the time course of the second Ca 2+ 
release phase, were detected. In summary, in these ex- 
periments, alterations in the rate of Ca 2+ release depends 
on the amount of SR Ca 2+ released in response to the 
prepulse. 

OF REST~Y~ [Ca2+]i ON SR Ca 2+ RELEASE EFFECT 
MONITORED WITH FVRA-2 

One of the assumptions made in the previous sections 
was that [Ca2+]~ does not return immediately to prede- 
polarization concentrations after repolarization. More- 
over, the amount of the residual [Ca2+]i was highly cor- 
related with the amount of Ca 2+ released in response to 
prepulses. Figure 7A shows Ca 2+ transients elicited by 
the pulse protocol depicted in B and monitored with fura- 
2. A 20 msec pulse from Vh = -80  mV to 0 mV saturated 
almost completely the dye. As the pulse duration was 
increased from 40 msec to 300 msec higher [Ca2+]i were  
detected after fiber repolarization. C shows Ca 2+ tran- 
sients elicited by the pulse protocol illustrated in D. Cal- 
cium fluxes corresponding to similar pulses and mea- 
sured with mag-fura-2 are shown in Figs. 3 to 5. 

Ca 2+ transients elicited by a double pulse protocol 
were performed to determine the amount of residual 
[Ca2+]i at the moment of applying test pulses (Fig. 7C). 
Despite using 3 rain interval between sweeps, the resting 
[Ca2+] i before the prepulse increased slightly. The zero 
level is represented by the dotted lines in C, and a cor- 
responds to the [Ca2+]i at the end of the prepulse. The 
residual [Ca2+]i at the moment of applying the test pulse 
is labeled as b. As the interpulse was shortened, the 
second pulse was applied at increasing [Ca2+]i. The 
point b is a measurement of the myoplasmic Ca 2+ con- 
centration immediately before the test pulse and is ex- 
pressed as a fraction of the Ca 2+ transient amplitude dur- 
ing the prepulse. Normalized b values were: 0.13 + 0.03, 
0.25 + 0.06, 0.70 + 0.08, 0.91 + 0.11 and 0.97 _+ 0.14 (n 
= 9) for 750, 350, 125, 60 and 10 msec interval, respec- 
tively. 

The influence of the residual [Ca2+]i on Ca 2+ release 
can be better seen by plotting normalized b and P1 (P1 is 
defined as the ratio between (peak test pulse dCaRzL/dt)/ 
(peak prepulse dCap,~L/dt) ) values vs. the interpulse in- 
tervals. The experiments included in this plot corre- 
spond to those of 60 msec prepulses. Figure 8A shows 
that, as the interval between pulses was shortened, the 
residual [Ca2+]i was increased greatly affecting the peak 
Ca 2+ release amplitude. Fig. 8B shows the correlation 
between normalized PI and b (r = 0.98). 

The Ca 2+ dependence of the peak dCaReL/dt inacti- 
vation can be examined by plotting the ratio between the 
peak Ca 2+ release (P1), and the maximum release during 
the second Ca 2+ release phase (P2) of the test pulse, at 
different Ca 2+ concentrations. Fig. 8C is a semilogarith- 
mic plot of (P1/P2)-I vs. [Ca2+]i. Ca 2+ concentrations 
used in this graph were calculated from fura-2 determi- 
nations immediately prior to the test pulse (b in Fig. 7). 
Data from 8 fibers were fitted to the following equation: 

(PalP2) - 1 = (fflKs)((KFKs)/(1 + Ks))I((KFFKs)/ 
(1 + Ks) ) + [Ca2+]n); 

where, according to a model of channel inactivation 
based on binding of multiple Ca 2+ (Simon et al., 1991), 
fp is a correction factor, K s and K y are the dissociation 
constants for the rapidly and slowly equilibrating steps 
between the free receptor and the receptor-Ca 2+ complex, 
and from this complex to the inactivated state, respec- 
tively; and [Ca2+] n is the Ca 2+ concentration immediately 
before the test pulse. The [Ca2+]i for 50% inactivation of 
dCaREL/dt and the minimum number of sites that must be 
occupied by Ca 2+ to induce inactivation (n) were 0.25 gM 
and 3, respectively. In summary, these observations sug- 
gest that Ca 2+ release inactivation is highly correlated 
with residual [Ca2+]i, and a threefold increase in the rest- 
ing [Ca2+]i is necessary to induce half inactivation of SR 
Ca 2+ release. It seems that at least three sites should be 
occupied by Ca 2+ before inactivation occurs. 
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Fig. 7. [CaZ+] i recorded with fura-2. (A) Ca 2+ 
transients elicited by different pulse durations. 
(B) Pulse protocol. (C) Ca 2+ transients elicited 
by applying a double pulse protocol (D). The 
intervals between pre- and test-pulses and 
normalized b values ([Ca2+]i immediately before 
the test pulse), corresponding to the experiment 
in C, are shown on the right. Resting [Ca2+]i 
before pulsing the fiber is represented as dotted 
lines in C. 

Ca 2+ RELEASE INACTIVATION IS NOT MEDIATED BY 

CHARGE IMMOBILIZATION 

Charge movements were recorded simultaneously with 
intracellular calcium transients by blocking /Ca with 2 
mM Co 2+ in the external solution. The integral of the 
charge movement current at the beginning of fiber de- 
polarization (Qon) and after repolarization (Qoff) were 
recorded during prepulses and test pulses. No charge 
immobilization was detected with variable prepulses (30 
to 120 msec) at 0 mV in the test pulses. Fig. 9A shows 

charge movement records corresponding to the Ca 2+ 
transients shown in Fig. 4 (250 msec interval). The Qo. 
(prepulse)/Qof~ (test pulse) ratio was 0.98 + 0.02 (n = 10). 
Fig. 9B shows charge movement conservation and lack 
of changes in voltage dependence from -80 to + 30 mV 
for pre- (triangles) and test pulses (circles). Experimen- 
tal values were fitted to a single Boltzmann equation (Q 
= Qmax/(1 + exp (V~/2 - V/k) ) ) ,  where Qm.• is the maxi- 
mum charge moved, 1/1/= is the midpoint potential of the 
curve, and k is the steepness of the curve. The best fit of 
the data gave the following values for the prepulses Qmax 
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-- 11.8 nC/gF, V1] 2 = -25.9 mV and k = 14.0 mV. Values 
of the fitting for the test pulses w e r e :  Qmax = 11.6 nC/F, 
Vql/2 = -25.8 mV and k = 13.8 mV (n = 10). As can be 
seen, the fitting curves are superimposed. In summary, 
no changes in the voltage dependence of charge move- 
ment was seen in response to test pulses. Thus, calcium 
effect on the voltage sensor can not account for SR cal- 
cium release inactivation. 

Discussion 

C a  2+ REGULATION OF SARCOPLASMIC RETICULUM 

C a  2+ RELEASE 

Three main processes reduce or interrupt sarcoplasmic 
reticulum Ca 2+ release, inactivation of the Ca 2+ release 
channel, sarcoplasmic reticulum Ca z+ depletion (Baylor 
et al., 1983, 1988; Smith et al., 1986; Schneider, Rfos & 
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Fig, 9. Charge movements record in 2 mM Co 2* (A) Prepulse, post- 
pulse and interval between pulses are shown on the pulse protocol. Qon 
prepulse or test pu lse- -Vm relationship was fitted to a Boltzmann 
equation. For fitting parameters s e e  text. Values are means _+ SEM. 

Meltzer, 1987; Schneider et al., 1987) and, Ca 2+ release 
channel adaptation (Gy6rke & Fill, 1993; Yasui, Palade 
& Gytrke,  1994; Gy0rke & Palade, 1994; Gytrke,  
Vtlez, Su~ez-Isla & Fill, 1994). Sarcoplasmic reticu- 
lure Ca z+ depletion is not a prominent phenomenon in rat 
compared to frog fibers. In addition, the rate of Ca 2+ 
release during prepulses were reproducible in shape and 
amplitude in the same fiber ruling out a progressive and 
slow Ca 2+ depletion in the sarcoplasmic reticulum. Ca 2+ 
release channel adaptation can account for some differ- 
ences in the magnitude of the Ca a+ release inactivation 
measured in some fibers. 

T w o  PHASES OF INACTIVABLE CALCIUM RELEASE 

Recent publications describe some aspects of Ca 2+ re- 
lease kinetics in rat fast-twitch fibers (DeIbono et al., 
1993b; Garcfa et al., 1993). Ca 2+ transients in rat fibers 
have a complex rising phase. This means that after a 
steep [Ca 2+] increase, a transient plateau or a notch is 
recorded, then a second slower increase in myoplasmic 
[Ca 2+] can be measured. In frog fibers, monophasic or 
biphasic activations, have been reported (Simon et al., 
1988, 1991; Brum et al., 1988). In rat fibers, Ca 2+ re- 
lease shows an initial peak that rapidly inactivates, fol- 
lowed by a second slower and smaller phase. The same 
Ca 2+ release shape has been reported using mag-fura-5 
(Delbono et al., 1993b) and differs from that recorded in 
frog (Meltzer et al., 1986) and in rat, by other authors 
(Garcfa et al., 1993). Differences in the Ca z+ release 
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"steady state" phase can not be ascribed to intrinsic 
properties of  the dye, since experiments in frog using 
mag-fura-2, showed a monoexponential C a  2+ flux decay 
(Delbono, unpublished data). Nonexcluding interpreta- 
tions for the complex Ca 2+ release inaction are: (i) a 
nonlinear removal system (Brum et al., 1988) associated 
with a larger calcium release, (ii) a secondary Ca 2+ 
gated-Ca 2+ release. Some experimental evidence sup- 
ports a prolonged regenerative C a  2+ release (CaZ+-gated 
Ca 2+ release) throughout fiber depolarization: (a) the am- 
plitude of the secondary C a  2+ release can be modulated 
by long or very positive depolarizations, (b) conditioning 
pulses may also modify the amplitude and time course of 
this phase and, (c) high intracellular BAPTA concentra- 
tion can suppress both the first and second phases of 
Ca 2+ release, remaining a component which is noninac- 
tivable by calcium (Jacquemond et al., 1991; Delbono et 
al., 1993a). 

Different internal cations have been used in rat fiber 
experiments (Delbono et al., 1993; Garcfa et al., 1993). 
However,  it is unlikely that this methodological variant 
can afford for differences in Ca 2+ release. Another factor 
to be regarded is the simultaneous use of a high K D with 
a low K D C a  2+ indicator in other work (Garcfa et al., 
1993). There is not consensus about the effect of milli- 
molar concentrations of high affinity Ca 2+ buffers on 
flog fibers calcium inactivation (Jacquemond, 1991; 
Jong et al., 1994). In rat fibers, BAPTA reduces the 
amount of  Ca 2+ release in a concentration-dependent 
manner (Delbono et al., 1993a), which may suggest that 
fura-2 may preclude the detection of a second Ca 2+- 
dependent positive feedback on Ca 2+ release. In sum- 
mary, it is likely that a Ca2+-gated C a  2+ release mecha- 
nism operates throughout fiber activation, in rat EDL 
fibers. 

The contribution from Ca 2+ current (/ca) to the cal- 
cium release records can be overlooked in this prepara- 
tion. No changes in Ca 2+ transients and C a  2+ release 
have been recorded after blocking the C a  2+ conductance 
with mM Co 2+. In addition, a secondary C a  2+ release was 
recorded by applying short pulses (30 msec, Fig. 4) and/ 
or positive potentials (+30 mV). With this pulse protocol 
Ica is barely activated or inactivated in rat EDL fibers 
(Delbono, 1992). 

It has been reported that at last two RYR isoforms 
express in mammal i an  skeletal muscle  (RYR1 and 
RYR3) with different affinities for calcium (Sorrentino 
et al., 1993). A complex Ca2+-gated calcium release may 
reflect the activation/inactivation process of RYR iso- 
forms. In support of  this concept is the experimental 
evidence that Ca 2+ release studied with the low K D cal- 
cium indicator fura-2 shows an inactivating followed by 
a noninactivating phase (Delbono et al., 1993b). Proba- 
bly, more RYR subpopulations, will be described, pro- 
viding a structural basis for more sensitive fluorescent 
C a  2+ measurements in muscle fibers. 

MODEL-DEPENDENT INTERPRETATION OF Ca  2+ REGULATION 

OF SARCOPLASMIC RETICULUM Ca  2+ RELEASE 

These experiments demonstrate that longer pulses induce 
larger residual [CaZ+] i, and the correlation between the 
peak Ca 2+ release and b is high. These data suggest that 
Ca 2+ binds and inactivates the Ca 2+ release channel. The 
[(Pt /Pz)-I]-[Ca 2+] relationship demonstrates that the 
number of  Ca 2+ ions bound to the Ca 2+ release channel to 
induce half inactivation of the rate of  Ca 2+ release was 
similar to that described in rat and other species (Simon 
et al., 1991; Garcia & Schneider, 1993). In rat EDL 
fibers, the half dCaRzL/dt inactivation was recorded in 
0.25 ~tM [Ca2+]i. Experiments in amphibians show a sim- 
ilar half [Ca 2+] inactivating value, 0.3 gM (Simon et al., 
1991). These values are lower than those reported for 
rabbit and rat heavy SR membranes reconstituted into 
lipid bilayer (Meissner et al., 1986; Delbono, Stefani & 
Chu, 1993). One explanation for this discrepancy is that 
at potentials, the calcium concentration in the microen- 
vironment of  the Ca 2+ release channel is higher than in 
other regions of  the sarcomere space (Escobar et al., 
1994). 

Ca 2§ release inactivation cannot be explained by an 
effect on gating currents. In this work and in frog fibers 
it has been demonstrated that gating currents are com- 
pletely recovered and the end of the test pulses (see 
Results, Simon et al., 1991). 

In summary, this work supports a direct action of 
Ca 2+ on the Ca 2+ release channel in mammalian fast- 
twitch skeletal muscle fibers. Mycoplasmic [Ca 2+] inac- 
tivates the fast Ca 2+ release and a secondary slow com- 
ponent, This means that in addition to the voltage- 
act ivated Ca 2+ release,  a complex  ca lc ium gating 
mechanism operates in rat muscle fibers. 
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