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ABSTRACT Charge movement was measured in frog cut twitch fibers with the 
double Vaseline-gap technique. Steady-state inactivation of  charge movement was 
studied by changing the holding potential from - 9 0  mV to a level ranging from 
- 7 0  to - 3 0  mV. Qa and Qv at each holding potential were separated by fitting the 
Q-V plot with a sum of two Boltzmann distribution functions. At - 7 0  mV Qa and Qv 
were inactivated to 54.0% (SEM 2.2) and 82.7% (SEM 3.0) of  the amounts at - 9 0  
mV. At holding potentials > - 6 0  mV, more Qv was inactivated than QI3, and at - 3 0  
mV Qv was completely inactivated but Qa was not. There was no holding potential at 
which Qa was unaffected and Qv was completely inactivated. The differences 
between the residual fractions of  QI~ and Qv are significant at all holding potentials 
(P < 0.001-0.05). The plot of  the residual fraction of QI3 or Qv versus holding 
potential can be fitted well by an inverted sigmoidal curve that is a mirror image of  
the activation curve of  the respective charge component. The pair of curves for Qv 
correlates well with those for tension generation or Ca release obtained by other 
investigators. The time courses of  the inactivation of  QI3 and Qv were studied by 
obtaining several Q-V plots with conditioning depolarizations lasting 1-20 s and 
separating each Q-V plot into Qo and Qv components by fitting with a sum of two 
Boltzmann distribution functions. The inactivation time constant of  Q ~ was found to 
be 5-10 times as large as that of Qv. During repetitive stimulation, prominent I v 
humps could be observed in TEST-minus-CONTROL current traces and normal Qv 
components could be separated from the Q-V plots, whether 20 or 50 mM EGTA 
was present in the internal solution, whether 2 or 10 stimulations were used, and 
whether the stimuli were separated by 400 ms or 6 s. Repetitive stimulation slowed 
the kinetics of  the I v hump and could shift the Q-V curve slightly in the depolarizing 
direction in some cases, resulting in an apparent suppression of  charge at the 
potentials that fall on the steep part of  the Q-V curve. 
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I N T R O D U C T I O N  

The preceding paper (Hui and Chen, 1992) shows that 0.5-1.0 mM tetracaine can be 
used to dissect out a steeply voltage-dependent charge component from the charge 
versus voltage (Q-V) plots of the total charge measured from cut fibers, referred to as 
method 1. The results agree qualitatively with those obtained from intact fibers (Hui, 
1983a, b), although the dose-response relationships of the effect differ quantitatively 
in the two preparations. The steeply voltage-dependent component dissected with 
the pharmacological approach agrees well with the components separated by three 
other existing, independent methods: method 2 (in intact fibers: Hui, 1983a; in cut 
fibers: Hui, 1991a), method 3 (in cut fibers: Hui and Chandler, 1990; in intact fibers: 
Hui, 1991a), and method 4 (in cut fibers: Hui and Chandler, 1991). 

Originally, Adrian and Peres (1979) separated Q~ and Qv in intact fibers by 
changing the holding potential and making use of the difference in steepness 
between the steady-state inactivation of the two components. They assumed that 
when the holding potential was set at - 4 0  mV, Q~ was completely mobile and Qv was 
completely inactivated. Hui (1983b) found some inconsistency between the amounts 
of Q~ in intact fibers separated by their method and by method 2. Because of the 
inherent difficulties in measuring charge movement in intact fibers with the three- 
microelectrode technique, the inactivation curves for Q ~ and Q~ obtained from intact 
fibers could be subjected to substantial uncertainties. With growing interest in the 
possibility that Qv might be the trigger for Ca release from the sarcoplasmic 
reticulum (SR) (Almers, 1978; Huang, 1982; Hui, 1983b, 1991a; Vergara and Caputo, 
1983; Hui and Chandler, 1990, 1991), it is of interest to study the inactivation curves 
for Qo and Qv in greater detail and to investigate whether there exists a holding 
potential at which Q~ and Q~ can be separated entirely. Another aim of this work is to 
separate the inactivation time courses of Q~ and Qv and see if they are different. 

In contrast to the "trigger hypothesis" for Q~, a "feedback hypothesis" has also 
been proposed. In the latter hypothesis, Q~ arises as a result of Ca release, as 
suggested originally by Dr. Knox Chandler (see Discussions sections in Horowicz and 
Schneider, 1981, and in Hui, 1983b). One piece of evidence that might be consistent 
with the feedback hypothesis was provided by Garcia et al. (1990), who observed that 
the I v humps in charge movement traces from cut fibers disappeared when the Ca 2+ 
released from the SR into the myoplasm was chelated by a high [EGTA]i and the 
effect was reversible. To understand the cause of the disappearance of I v humps, we 
loaded cut fibers with different [EGTA]i and found that substantial I~ humps still 
existed during repetitive stimulation. 

A preliminary report  of some of the findings in this paper has appeared (Chen and 
Hui, 1989). 

M E T H O D S  

Solutions 

All concentrations are in millimolar. 
Relaxing solution. Solution A: 120 K'glutamate, 1 MgSO4, 0.1 K2'EGTA, and 5 K2"PIPES, 

pH 7.0. 
Internal solution. Solution B: 45.5 Cs'glutamate, 20 Cwcreatine phosphate, 20 Cs~'EGTA, 

6.8 MgSO4, 5.5 Cs~-ATP, 5 glucose, and 5 Cs2"PIPES, pH 7.0. Solution C: 20 Cs~'creatine 
phosphate, 50 Cs2"EGTA, 6.8 MgSO4, 5.5 Cs2'ATP, 5 glucose, and 5 CwPIPES, pH 7.0. 
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External solution. Solution D: 120 TEA'CI, 2.5 RbCI, 1.8 CaCI2, 2.15 Na~HPO4, and 0.85 
NaH2PO4, pH 7.1. 

TEA + and Rb + in solution D and Cs + in solutions B and C were used to minimize K + 
currents. 1 o,M tetrodotoxin was added to solution D to block Na + current. Solutions B and C 
contained no added Ca, except for the trace amount of Ca present in Cs'glutamate, estimated 
to be 60 IzM. 

For muscle and fiber preparation, see the preceding paper (Hui and Chen, 1992). 

Pulse Protocol 

The procedure for measuring charge movement at a holding potential of - 9 0  mV was 
described in the preceding paper (Hui and Chen, 1992). For a less negative holding potential, 
Vn, the pulse protocol was modified, as illustrated in Fig. 1. Panel A shows the CONTROL 
pulse sequence. To compare data at this Vn with those at - 9 0  mV, the fiber was always held at 

A 

VH 

- 9 0  - -  

- 11o - -  

VH 
- 6 0 - -  

- 9 0  B 

I I [  
240 120 105 

240 
I 

100 

FIGURE 1. Pulse protocol for 
conditioning depolarization ex- 
periments. (A) CONTROL 
pulse. (B) TEST pulses. The 
negative numbers on the left of 
each panel represent mem- 
brane potentials in miUivolts. 
VH denotes holding potential. 
The numbers below each trace 
represent the durations of the 
intervals in milliseconds. The 
family of pulses in B represents 
the two-pulse protocol. The 
one-pulse protocol is achieved 
by omitting the 100 ms post- 
pulse. The durations of the 
TEST pulses vary according to 
the level of depolarization (see 
text). The thick horizontal bar 
at the bottom shows the time 
period during which the analog 
signals are sampled. 

-110  mV for 240 ms before being stimulated by the CONTROL pulse sequence, consisting of 
two transitions from -110  to - 90  mV, separated by 225 ms. The average of the two ON 
currents in the signal-averaged CONTROL current trace was used for the subtraction of the 
linear current components in the single-sweep TEST current trace (see Chandler and Hui, 
1990, for the advantage of this protocol). 

Fig. 1 B shows the TEST pulse sequence for the two-pulse protocol. The one-pulse protocol 
can be achieved by omitting the 100-ms post-pulse. The fiber was always held at - 90  mV for 
240 ms before being stimulated by the TEST pulse sequence. For simplicity, all the TEST 
pulses to different potentials are drawn in the figure with the same duration. In reality, TEST 
pulse duration decreased with increasing levels of depolarization (Figs. 2, 5, 8, 11, and 14) in 
order to minimize the activation of nonlinear ionic currents. 

Sampling of the three analog signals, V1, V2, and 12, was started 40 ms before the rising edge 
of the CONTROL or TEST pulse and lasted until the end of the final interval at - 9 0  inV. The 
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duration of the final interval was adjusted such that the total sampling interval was either 768 
or 1,024 ms. Each point in a current trace corresponds to 1 ms. 

The two-pulse protocol should be distinguished from another pulse protocol, referred to as 
the double-pulse protocol. The former protocol consists of a TEST pulse and a post-pulse with 
no break in between, whereas the latter consists of two identical TEST pulses separated by a 
repolarization period of 400 ms. In this paper, the latter pulse protocol was always applied 
from a holding potential of - 9 0  mV. 

Data Analysis 

The procedures for data analysis were also similar to those used in the preceding paper (Hui 
and Chen, 1992). For convenience, Eqs. 1-4 in that paper are listed here again. The 
steady-state Q-V plot obtained with the one-pulse protocol was fitted by a sum of two 
Boltzmann distribution functions with CONTROL charge correction: 

"y 

Q(V) = ~] Q/ . . . .  F~V) (1) 
i=13 

F,*'(V) = F~(V) - [Fi(-90) - Fi(-110)l(V + 110)/20 - F~(-I10) (2) 

[ -I 
Fi(V) = 1 + exp - - - - - -~- / ] j  (3) 

in which Q/.mx represents the maximum amount of charge, Vi the equi-distribution potential, 
and k, the voltage dependence (or inverse steepness) factor, for i = 13 or ~/. Also, the gap 
correction procedure of Hui and Chandler (1990) was applied. Occasionally, a Q-V plot was 
fitted by a single Boltzmann distribution function, which is equivalent to dropping one of the 
two terms on the right-hand side of Eq. 1. 

When the two-pulse protocol was used, the Q-V plot of the final OFF charge at - 9 0  mV was 
fitted by: 

Q(V) = A + pQ.t,max 1 + exp - - - - ~  ]] (4) 

with gap correction. A and O are constants independent of V and have been expressed explicitly 
in Hui and Chandler (1991). 

In addition, the steady-state inactivation data of QI~ or Q~ were fitted by the (normalized) 
inverted sigmoidal function: 

[ F- -I Gi(V) = 1 + e x p  ~- - -~ ,*  11 (5 )  

which is a mirror image of the (normalized) activation curve, Eq. 3 above. 

R E S U L T S  

Voltage-dependent Inactivation of Qo and Q~ in a Cut Fiber 

In the e x p e r i m e n t  shown in Fig. 2, charge  m o v e m e n t  was s tudied  with the  one-pulse  
protocol .  Panel  A shows a family o f  T E S T - m i n u s - C O N T R O L  cur ren t  traces taken at  a 
Vn o f  - 9 0  inV. T h e  traces resemble  those ob ta ined  previously u n d e r  ident ical  
condi t ions  (Hui and  Chandler ,  1990; Hui,  1991a, b). At potent ia ls  _< - 6 5  mV only 
fast I1~ t ransients  can be seen in the ON and  O F F  segments  of  the traces. At - 6 0  mV 
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FIGURE 2. Effect of  maintained depolarization on TEST-minus-CONTROL current in a cut 
fiber. Fiber identification: 89021. Diameter = 93 p.m. Sarcomere length = 3.5 I~m. Saponin 
treatment was applied to membrane segments in both end pools at time zero. After rinsing, the 
solutions in the end pools were replaced by solution B. The  solution in the center pool was then 
changed to an isotonic TEA'CI solution (solution D). At the 21st minute the voltage clamp was 
turned on and the holding potential was set at - 9 0  mV. From the beginning to the end of  the 
experiment,  the holding current (bracketed at - 9 0  mV) changed from - 2 2  to - 2 9  nA and 
re/(re + ri) decreased from 0.989 to 0.988. The  one-pulse protocol was used to obtain the traces 
shown in this figure. (A) Traces taken from the 57th to the 76th minute. At the 119th minute 
the holding potential was changed to - 7 0  mV. (B) Traces taken from the 132nd to the 151 st 
minute. At the 180th minute the holding potential was changed to - 6 0  mV. (C) Traces taken 
from the 194th to the 213th minute. At the 242nd minute the holding potential was changed to 
- 5 0  mV. (D) Traces taken from the 256th to the 275th minute. The  numbers at the right show 
the potentials in millivolts during the TEST pulses (the same for both traces in the same row). 
Only representative traces are shown in each panel. 
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a broad Iv hump begins to appear in the ON segment, but not in the OFF segment. 
At - 5 6  mV the I v hump becomes very pronounced. With further depolarizations, the 
peak amplitude of the I~ hump increases progressively and rises above the peak of 
the Ia  component. At > - 3 0  mV the hump fuses with, and cannot be visually 
separated from, the early I # component. 

After changing the VH to - 7 0  mV, the traces in Fig. 2 B were taken. The I v humps 
in the ON segments of Fig. 2A at - 6 0  and - 5 6  mV disappear in Fig. 2 B, whereas 
those at more depolarized potentials are suppressed and their time courses are 
prolonged. The amplitudes of the OFF transients are also suppressed. The traces in 
Fig. 2 C were taken after the VH was changed to - 6 0  mV. Both ON and OFF 
transients are further suppressed and there is no sign of any I~ hump in the traces. 
Surprisingly, the ON segments (OFF segments) show an outward (inward) transient 
followed by a slower inward (outward) transient. These biphasic characteristics of the 
current transients also exist in the traces of Fig. 2 B, but to a lesser extent. At a VH of 
--50 mV (Fig. 2 D), the fast transients in both ON and OFF segments are greatly 

I I 
1 O0 m s  

FIGURE 3. Effect of holding 
potential on the CONTROL 
current transient. Same fiber as 
in Fig. 2. The upper pair of 
superimposed traces shows the 
CONTROL current traces, one 
taken when the holding poten- 
tial was at -90 mV and the 
other at -40 mV (marked by 
arrowheads). The difference 
trace at the bottom was ob- 
tained by subtracting the CON- 
TROL trace at -40 mV from 
that at -90 mV and removing 
the constant pedestal during 
the pulse. 

suppressed and the slower transients greatly enhanced. This biphasic nature of the 
current transients has been observed previously by Hui and Milton (1987) in intact 
fibers and by Hui (1990) in cut fibers in the presence of D600, and also by Chen and 
Hui (1991b) in cut fibers in the presence of nifedipine. 

To understand the origin of the biphasic appearance of charge movement, the 
CONTROL current traces at VH'S of --90 and - 4 0  mV are compared in Fig. 3. In the 
upper pair of traces, the ON and OFF transients at a VH of --40 mV show an extra 
slower component, marked by the arrowheads. A subtraction of the CONTROL 
current trace at a VH of - 4 0  mV from that at a Vn of - 9 0  mV yields the lower 
difference trace. The ON and OFF transients in the difference trace have the same 
time courses and polarities as the slower ON and OFF transients in the traces of Fig. 
2, C and D. 

The origin of the extra slower ON and OFF transients in the CONTROL current 
trace at a depolarized VH is not known with certainty. Since the inward and outward 
deflections in a difference trace are almost symmetrical, they could be capacitive in 
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nature. A likely candidate for this extra capacitive current is I~ (i.e., Q~ current), 
which is readily detectable when a fiber is depolarized, as described by Adrian et al. 
(1976) in intact fibers and Bruin and Rios (1987) in cut fibers. When the scaled 
CONTROL current trace is subtracted from the TEST current trace to generate a 
TEST-minus-CONTROL current trace at a depolarized Vrt, this presumed I~ current 
gives rise to an inward deflection in the ON segment and an outward deflection in the 
OFF segment. Moreover, the kinetics of  the I,, component  appears to be not very 
voltage dependent  and is slower than that of  the I~ component,  but could be 
comparable to that of  the I~ component  at some potentials. 

The  ON and OFF transients in the TEST-minus-CONTROL current traces at a VH 
of --90 mV (Fig. 2 A ) do not show any biphasicity. If  the slower transients of  reverse 
polarity in the other panels of  Fig. 2 are indeed caused by I~ current, then it can be 
concluded that the amount  of  Q~ is negligible in a normally polarized fiber, consistent 
with the suggestion given by Hui (1991b). 

The  biphasic nature of  the ON and OFF transients in TEST-minus-CONTROL 
current traces at a VH of > - 9 0  mV complicates the fitting of baselines to the ON and 
OFF segments. The slower I~ transient in the OFF segment was removed, although 
not perfectly ideally, by fitting a sum of an exponential decay and a sloping baseline 
up to the 70th point or so in that segment (see Fig. 1 of Hui, 1990). No data analysis 
was performed on the ON segments. 

To quantitate the inactivation of Q~ and Qv, the amounts of total OFF charge at 
various VH's are plotted against TEST pulse potential in Fig. 4. The  maximum 
amount of  total charge was progressively reduced when the VH was changed to a less 
negative level. Curves 1 and 2 were least-squares fitted to the data at VH'S of --90 and 
- 7 0  mV, respectively, according to Eq. 1, with gap correction. Curve 1 rises with a 
shallow slope at the foot and begins to rise steeply at ~ - 6 5  mV due to the activation 
of Q~. The  top portion of the curve rises with a shallow slope due to the additional 
activation of Qo. Curve 2 represents the Q-V distribution at a Vu of  - 7 0  mV. From 
the values of q~,m~x/C~ and q~,max/Cm listed in the figure legend, it appears that the 
change in VH decreased the amounts of Q~ and Q~ to 44.7 and 67.6% of control, 
respectively. Thus at a Vn of - 7 0  mV, more Qo was suppressed than Q~ in this fiber. 

When the Q-v plots at Vu's of - 6 0 ,  - 50 ,  and - 4 0  mV were fitted by Eq. 1, the 
fitting routine did not converge. However, the plots were fitted well by a single 
Boltzmann distribution function, with CONTROL charge correction and gap correc- 
tion, represented by curves 3-5. This suggests that probably only one charge 
component  remained mobile at these more depolarized Vn's. Since no I~ humps can 
be visualized in the traces of Fig. 2, C and D (and at a Vn of - 4 0  mV; not shown) and 
the k values for curves 3-5 are relatively large, it is reasonable to assume that the 
residual charge at Vn's of  -60 ,  - 50 ,  or - 4 0  mV belongs to Qo. However, the value of 
q~,max/Cm for curve 3 is larger than that for curve 2, and the value of k ~ for curve 3 is 
smaller than that for curve 2 (see figure legend), suggesting that there might still be 
some residual Q~ at a VH of - 6 0  mV, but the amount  was too small to be resolved by 
method 3. A remedy will be presented below, in connection with Figs. 5 and 6. 

Under  the assumption that all the residual charge at a VH of  - 5 0  or - 4 0  mV is 
totally Qo, the residual amounts of Q~ were then estimated to be 36.4 and 8.6% of 
control, respectively, at these levels of  VH. It should be noted that, because of  the 
presence of Q~, the value of ca became larger as VH was changed to a less negative 
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level (see figure legend). This introduces extra decreases in the values of  ql~,max/C m 
and q-y,max/Cm in addition to inactivation. 

Charge movement  was also studied in the same fiber with the two-pulse protocol 
and the charge components  were separated by method 4. Fig. 5 A shows TEST- 
minus-CONTROL current traces taken at a VH of  --90 mV. The ON segments of  the 
traces are identical to those in Fig. 2 A, implying that the fiber was stable. After VH 
was changed to - 7 0  mV, the ON and OFF transients were suppressed (Fig. 5 B ). At 
a VH of  --60 mV the transients were further suppressed (Fig. 5 C). 

The amounts of  OFF charge at various VH are plotted against TEST pulse potential 
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FIGURE 4. Steady-state volt- 
age distributions of  QI3 and  Q~ 
at different hold ing potentials.  
Same fiber as in Fig. 2. O's, 
VYs, A's, V's, and  I ' s  show 
data  taken at a hold ing poten-  
tial of - 9 0 ,  - 7 0 ,  - 6 0 ,  - 5 0 ,  
and  - 4 0  mV, respectively. T h e  
points were obta ined from time 
integrals of OFF current  tran- 
sients in TEST-minus-CON- 
TROL traces, some of which 
are shown in Fig. 2. Curves 1 
and  2 were obta ined by fitting 
Eq. 1, with gap correction, to 
the two data  sets. Curves 3, 4, 
and  5 were obtained by fitting a 
single Bol tzmann distribution 

function, with CONTROL charge correction and  gap correction, to the three  data sets. The  
best fit parameters  are: 

Curve Cm qo .... / Cm Vf~ k ~ q-l.nlax / Cm V-t k¢ 

~F/cm nC/ ~F mV mV nC/ ~F mV mV 
1 0.143 10.0 -36.9 12.2 13.0 -62.0 1.7 
2 0.148 4.5 -39.0 7.9 8.8 -55.9 2.6 
3 0.158 6.7 -46.4 6.5 
4 0.175 3.6 -44.5 18.5 
5 0.195 0.9 -54.0 11.0 

in Fig. 6. Only data at TEST pulse potentials < - 3 0  mV were included in the 
analysis. The reason for this restriction is given in the Methods section of the 
preceding paper  (Hui and Ghen, 1992). Curves 1-3 were fitted to the three sets of  
data according to Eq. 4, with gap correction. Since the points at a VH of --50 mV are 
essentially flat, consistent with the absence of Q~ in curve 4 of  Fig. 4, no curve was 
fitted to the points. The values of  q.~,max/Cm listed in the legend of Fig. 6 show that Qv 
at a VH of --70 mV was suppressed to 69.3% of control, very close to the value of 
67.6% obtained with method 3 in Fig. 4. The  agreement  of  the percentages of  Qv 
remaining at a VH of --70 mV obtained by methods 3 and 4 implies that the time 
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cons tant  o f  I~ du r ing  the pos t -pulse  migh t  not  have changed  when Vn was c ha nge d  
f rom - 9 0  to - 7 0  inV. Thus,  there  is a good  chance  that  the  t ime cons tant  might  be 
similar  at a VH of  - -60 mV. 

Curve 3 o f  Fig. 6 reveals that  Q~ was not  comple te ly  suppres sed  at  a Va o f  - 6 0  mV 
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FIGURE 5. Efl'ect of maintained de- 
polarization on the final OFF current 
after a constant brief post-pulse. Same 
fiber as in Fig. 2. The two-pulse pro- 
tocol was used to obtain the traces in 
this figure, with the post-pulse poten- 
tial set at - 6 2  inV. (A) TEST-minus- 
CONTROL current traces taken at a 
holding potential of - 9 0  mV from the 
83rd to the 105th minute. (B) Traces 
taken at a holding potential of - 7 0  
mV from the 155th to the 177th 
minute. (C) Traces taken at a holding 
potential of - 6 0  mV from the 217th 
to the 239th minute. The numbers at 
the right show the potentials in milli- 
volts during the TEST pulses (the 
same for both traces in A and B). 
Only representative traces are shown 
in each panel. 

and  the res idual  Qv was 5.3% of  control .  Thus ,  m e t h o d  4 provides  a more  sensitive 
means  to de tec t  a small a m o u n t  o f  Qv than  m e t h o d  3. Since the  a m o u n t  o f  Qv in 
curve 1 of  Fig. 4 is 13.0 nC/~,F, there  ough t  to be 0.7 nC/~,F o f  Qv in curve 3 o f  the  
same f igure n o t  resolvable by m e t h o d  3. T h e  amoun t  o f  Q a in curve 3 should  
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therefore  be 6.0 n C / ~ F ,  equivalent  to 60.1% for the  res idual  Qo at a VH of  - 6 0  mV. 
T h e  example  given above i l lustrates the usefulness o f  m e t h o d  4 in supp l emen t ing  
m e t h o d  3 in separa t ing  charge  componen t s ,  at  least qualitatively. Unfor tunate ly ,  the 
res idual  a m o u n t  o f  Qa  at a VH of  - 6 0  mV so ob ta ined  still t u rned  out  to be larger  
than  that  at a Vn of  - 7 0  inV. This  could be due  to an unde res t ima t ion  of  the value of  
qv,max/Cm in curve 3 of  Fig. 6 because  of  scat ter  of  data.  

T h e  res idual  fractions o f  Qa  and  Qv were s tudied  in 26 cut fibers at different  VH'S. 
Not  all the levels of  Vn were always used  in each fiber. In  expe r imen t s  in which more  
than  one  Vu was used,  the  VH was always changed  monotonica l ly  in a depo la r i z ing  
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FIGURE 6. Effect of holding 
potential on steady-state volt- 

] age distribution of the final 
OFF charge after a constant 
brief post-pulse. Same fiber as 
in Fig. 2. O's, [3's, A's, and V's 
show data taken at a holding 
potential of -90 ,  -70 ,  -60 ,  
and - 5 0  mV, respectively. The 

2 points were obtained from time 
integrals of the final OFF tran- 
sients (on repolarization from 
- 6 2  to - 9 0  mV) in TEST-mi- 

3 
nus-CONTROL current traces, 
some of which are shown in Fig. I 

-20 5. Curves 1, 2, and 3 were ob- 
tained by fitting Eq. 4, with gap 
correction, to the three data 

sets. The best fit parameters are: 

Curve c,,, qv.m~/ c,~ Vv k~ 

v,F/ cm nC/ ~F m V mV 
1 0.142 3.0 -62.3 3.6 
2 0.149 2.1 -57.0 1.3 
3 0.160 0.2 -59.8 0.0 

No curve was fitted to the ~7's. 

d i rect ion.  T h e  mean  values for Q~ and  Q~ decreased  monotonica l ly  when the level o f  
VH became less negative.  O n  average,  more  Qo was inact ivated than  Q~ at  a VH of  
- 7 0  mV, but  more  Q~ was inact ivated than  Q~ at all VH'S > --60 mV. T h e  differences 
are  all statistically significant (P < 0 . 0 0 1  for - 7 0  and  - 3 0  mV, <0 .01  for - 5 0  and  
- 4 0  mV, and  <0 .05  for - 6 0  mV with the two-tai led t test). 

T h e  mean  res idual  fractions o f  Q~ and  Q~ are  p lo t t ed  agains t  VH in Fig. 7. Curves 
1 and  2 were f i t ted to the  two sets o f  da ta  accord ing  to Eq. 5. T h e  best  fit pa r ame te r s  
are: for curve 1, V~ = - 6 4 . 8  mV and  k* -- 3.4 mV; and  for curve 2, V~ = - 6 2 . 2  mV 
and  k~ = 13.0 mV. T h e  values o f  k* and  k~ for the inact ivat ion curves in Fig. 7 
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are very close to the values of k~ and k 13 for the activation curves of QI3 and Q~, 2.9 
and 11.0 mV given by Hui and Chandler (1990) or 2.7 and 10.7 mV given by Hui 
(1991a). Hence, the activation and inactivation curves of each charge component are 
mirror images of each other, the same as in intact fibers (Hui, 1983b). 

From curve 2, the amount of mobile QI3 at a VH of - 9 0  mV is 0.89 of the 
asymptotic value. Strictly speaking, the amount should be exactly 1 by definition. In 
other words, the curve fitted to the open squares should be forced to pass through 1 
at - 9 0  mV. When this was done, the value ofk 0 was increased somewhat, which even 
exaggerated the general conclusion that the inactivation curve of Q~ is steeper than 
that for Qty. Considering the scatter of  data, this refinement does not appear to be 
important. 

~.o ~ I 
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- 1 0 0  - 8 0  
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L o O.4 

- 6 0  - 4 0  - 2 0  0 

v H (my) 

FIGURE 7. Steady-state inacti- 
vation curves of Q~ and Q~. I-]'s 
and O's represent, respectively, 
the average fractions of Qo and 
Q~ that remain mobile at vari- 
ous holding potentials. The 
fractions at -90 mV are unity, 
by definition, for both charge 
components. The error bar for 
Q~ at -30 mV is absent because 
the SEM is smaller than the size 
of the symbol. The two inverted 
sigmoidal curves 1 and 2 were 
fitted to the two data sets ac- 
cording to Eq. 5. n -- 20, 5, 7, 
5, and 3 at Vn = -70, -60, 
-50, -40, and -30 mV, re- 
spectively. 

Reversibility of the Effect of Maintained Depolarization 

In all the experiments reported here, a constant TEST pulse to - 4 5  mV was always 
applied before, during, and after a sequence of runs that produced a Q-v plot to 
track the condition of the fiber at each VH. In seven fibers the Vn was returned to - 9 0  
mV after a period of maintained depolarization to investigate whether the inactiva- 
tion of Q~ and Q~ was reversible. In one of the successful experiments, the control 
amount of OFF charge was 10.6 nC/IxF. During a VH of - 7 0  and - 6 0  mV, the 
average amounts of  OFF charge were 8.1 and 5.3 nC/p~F, respectively. On changing 
the VH back to - 9 0  mV, the average OFF charge was 8.7 nC/~F. In another fiber, the 
control amount of OFF charge was 14.0 nC/I~F. During a VH of - 4 0  mV, the average 
amount of OFF charge was 0.9 nC/IxF. On changing the Vn back to - 9 0  mV, the 
average OFF charge was 11.0 nC/i~F. 

In the remaining five fibers, the amounts of OFF charge were less reversible even 
after a waiting period of 10-20 min upon repolarization. We believe that the 
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irreversibility observed was not likely to reflect a deterioration in the condition of the 
fibers, as judged from the relative stability of the linear cable parameters. There was 
an indication that part of the charge was still locked in the Q~ state, because the 
TEST-minus-CONTROL current traces after repolarization still showed some resid- 
ual biphasic appearance similar to that in the traces of Fig. 2, C and D. The degree of 
persistence of the charge to stay in the inactivated state might depend on the 
magnitude and the duration of the maintained depolarization. Thus, for a finite 
period after repolarization, there might still be some uncertainty concerning the state 
of the fiber. Because of this complication, we are reluctant to chronically depolarize a 
fiber and apply CONTROL pulses in the positive potential range, as done by Bruin 
and Rios (1987). 

Inactivation Time Courses of Q~ and Q~ 

To study the inactivation time courses of Q~ and Qv, the family of TEST pulses that 
gave rise to one Q-v plot was individually preceded by the same conditioning 
depolarizing pulse having fixed magnitude and duration, and by a 240-ms resting 
period at - 9 0  inV. Fig. 8A shows TEST-minus-CONTROL current traces taken 
without conditioning depolarization. The traces in Fig. 8 B were taken with TEST 
pulses preceded by a 1-s conditioning pulse to - 4 0  mV. Although the amplitudes of 
the 113 components and OFF transients in these traces are not very different from 
those in the corresponding traces of Fig. 8 A, the I v humps are much less pro- 
nounced. This crude visual analysis provides a hint that depolarization to - 4 0  mV for 
just 1 s might inactivate more Qv than QI3- 

Fig. 8, C and D, shows traces taken with TEST pulses preceded by a conditioning 
pulse to - 4 0  mV lasting 5 and 20 s, respectively. As the duration of the conditioning 
pulse was increased, both the ON and OFF transients in the traces were suppressed 
progressively. There is no sign of any I v hump in the ON segments of the traces in 
Fig. 8 D. The OFF transients in these traces decay faster than those in Fig. 8A, 
probably because the OFF transients in Fig. 8 D consist purely of I I~, which decays 
faster than I v in cut fibers (Hui and Chandler, 1991). At the end of  the experiment, 
the VH was changed to - 4 0  mV and traces similar to those of Fig. 2 D were taken (not 
shown). These traces provided information about the steady-state inactivation of QI~ 
and Qv at - 4 0  inv. 

The amounts of OFF charge in the traces of Fig. 8, and other traces not shown, are 
plotted against TEST pulse potential in Fig. 9. Curves 1, 2, and 3 were fitted to the 
data taken without and with 1 and 5 s conditioning depolarization, respectively, 
according to Eq. 1, with gap correction. The values of qi,max/Cm listed in the figure 
legend show that 1 s conditioning depolarization to - 4 0  mV changed the amounts of 
Q a and Qv to 108.1 and 73.1% of control values, and 5 s conditioning depolarization 
to 86.6 and 32.7%, respectively. The data taken with 20 s conditioning depolarization 
could not be fitted by Eq. 1 but were fitted well by a single Boltzmann distribution 
function with CONTROL charge correction and gap correction, represented by curve 
4. Since the I v hump is absent in the traces of Fig. 8 D, the residual charge in curve 4 
is assumed to belong to QI3 and is 53.8% of control. 

The percentages of QI~ and Q~ that remained mobile are plotted against the 
duration of the conditioning depolarization in Fig. 10. The two smooth curves show 
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FIGURE 8. Effect of the duration of  conditioning depolarization on TEST-minus-CONTROL 
current in a cut fiber. Fiber identification: 97171. Diameter = 99 I~m. Sarcomere length = 3.5 
Izm. Saponin treatment was applied to membrane segments in both end pools at time zero. 
After rinsing, the solutions in the end pools were replaced by solution B. The  solution in the 
center pool was then changed to an isotonic TEA'C1 solution (solution D). At the 22nd minute 
the voltage clamp was turned on and the holding potential was set at - 9 0  mV. From the 
beginning to the end of the experiment  the holding current changed from - 2 4  to - 3 0  nA and 
re/(re + ri) decreased from 0.987 to 0.985. The  fiber was stimulated by the one-pulse protocol. 
(A) Traces recorded from the 59th to the 79th minute with TEST pulses alone. (B) Traces 
recorded from the 99th to the 136th minute with TEST pulses, each of  which was preceded by 
a conditioning prepulse to - 4 0  mV for 1 s. (C) Traces recorded from the 178th to the 211st 
minute with TEST pulses, each preceded by a conditioning prepulse to - 4 0  mV for 5 s. (D) 
Traces recorded from the 167th to the 216th minute with TEST pulses, each preceded by a 
conditioning prepulse to - 4 0  mV for 20 s. The  numbers at the right show the potentials in 
millivolts during the TEST pulses (the same for both traces in the same row). Only 
representative traces are shown in each panel. 
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the decay time courses of  Q~ and Q~. Curve 2 was obtained by fitting a single 
exponential,  whereas curve 1 was obtained by fitting a single exponential  plus 1.3 
nC/txF, which is the value ofqo,m~x/Cm obtained from the Q-Vplot  at a via o f  - 4 0  mV. 
T he  time constants for the inactivation of  Q~ and Qv at - 4 0  mV are 25 and 3.4 s, 
respectively, in this fiber, confirming the above observation that Q~ is inactivated 
faster than QI3- 

Similar experiments  were per formed on four other  fibers and the inactivation time 
constant of  Q~ is longer  than that o f  Q~ in all fibers. In  one o f  the four fibers, the 
inactivation time constants o f  QI3 and Q~ are 59 and 5.3 s at - 4 0  mV. Averaging 

20. FIGURE 9. Effects of the dura- 
l tion of conditioning prepulse 

on steady-state voltage distribu- 
tions of QI~ and Q~. Same fiber 

1 5  
2 as in Fig. 8. O's show data 

~" taken with TEST pulses alone, 
-~. and ff]'s, i ' s ,  and V's with 
L) c lo  TEST pulses preceded by a 

conditioning prepulse to - 40  
O mV for 1, 5, and 20 s, respec- 

tively. The points were obtained 
b from time integrals of OFF cur- 

~ i  v rent transients in TEST-minus- 
CONTROL traces, some of 

0 . . . .  I which are shown in Fig. 8. 
-100 -80 -60 -40 -20 0 Curves 1, 2, and 3 were ob- 

V (mV) tained by fitting Eq. 1, with gap 
correction, to the three data 

sets. Curve 4 was obtained by fitting a single Boltzmann distribution function, with CONTROL 
charge correction and gap correction, to the other data set. The best fit parameters are: 

Curve  %,rnax/Cm ~ k L~ q,t,raax [Cm V't k.~ 

nC/~F mV mV nC/~F mV mV 
1 9.0 - 3 2 . 4  12.8 12.6 - 5 3 . 8  3.3 

2 9.1 - 3 5 . 1  10.1 9.2 - 5 4 . 4  2.6 

3 7.8 - 5 1 . 8  8.6 4.1 - 6 0 . 2  2.6 

4 4.8 - 6 2 . 9  7 .6  

between the two fibers, the inactivation time constants o f  QI3 and Qv at - 4 0  mV are 
42 and 4.4 s. From two of  the other  fibers, the average values for the inactivation time 
constants o f  Q~ and Q~ at - 3 0  mV are 29 and 5.0 s. The  inactivation time constants 
o f  Q~ and Q~ at - 5 0  mV were studied in only one fiber and the values are 45 and 9.7 
s. These  values vaguely suggest a vol tage-dependent  decrease in inactivation time 
constant for either QI3 or Q~ when VH becomes less negative. However, more  
experiments  will be required to establish the detailed voltage dependencies  of  the 
inactivation time constants. 
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Effect of Multiple Stimulation on Qy in the Presence of 20 mM Internal EGTA 

The  last g roup  of  experiments  was per formed to investigate whether  the I~ h u m p  
indeed disappears dur ing repetitive stimulation. Several experiments  were first 
carried out  with 20 mM EGTA in the internal solution, the same as in most  o f  our  cut 
fiber experiments.  In  these experiments  each C O N T R O L  run was accompanied by 
two TEST runs separated by 6 s. T h e  same C O N T R O L  current  trace was scaled and 
subtracted f rom the first and  second TEST current  traces to generate the TEST- 
minus -CONTROL current  traces shown in the same row of  Fig. 11, A and B, 
respectively. T h e  I v humps  present  in the first TEST runs at - 5 0  and - 4 5  mV 
disappear  in the second TEST runs, whereas those at - 4 0  and - 3 5  mV are 
suppressed in the second TEST runs. Those  at - 3 0  and - 2 0  mV appear  to be 
affected very little. 

15 
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FIGURE 10. Inactivation time 
course of Q~ and Qv at - 40  
mV. Same fiber as in Fig. 8. 
The value of qi.max/Cm (i = 13 or 
~t) is plotted as a function of 
duration of the conditioning 
prepulse to - 4 0  mV. U]'s and 
O's represent, respectively, val- 
ues ofq~,m~,/Cm and qv,ma~/Cm ob- 
tained from Q-V plots, some of 
which are shown in Fig. 9. Each 
set of data is fitted by a single 
exponential decay function. 
The curve for Q~ is constrained 
to approach an asymptotic 
value of 1.3 nC/o,F, which is the 
value of q~,raax/Cm a t  a holding 
potential of - 4 0  mV. The de- 
cay time constants for Q~ and 
Q~ are 25 and 3.4 s, respec- 
tively. 

To  examine the change  in shape of  the I v humps  more  closely, each trace in Fig. 
11 B was subtracted from the cor responding  trace in Fig. 11 A. The  difference traces 
are shown in Fig. 11 C. The  ampli tude o f  the OFF transient increases f rom the first 
difference trace to the second and then decreases in the lower difference traces. More 
surprisingly, except  for the first one, every difference trace seems to have more  ON 
charge than OFF charge. These  peculiarities can be explained by the analyses shown 
in the next  two figures. 

The  third trace in Fig. 11 C appears  to have the largest inequality between ON and 
OFF charge and is :,elected to illustrate the point. The  trace is shown in expanded  
scale as the lower trace in Fig. 12. Line 1 was obtained by least-squares fitting a 
sloping straight line to the last 200 ms in the ON segment  and cor responded  to a 
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FIGURE 11. Effect of  repea ted  stim- 
ulations on  TEST-minus-CONTROL 
curren t  in a cut fiber, Fiber identifica- 
tion: 03142. Diameter  = 96 I~m. Sar- 
comere length  = 3.5 Ilm. Saponin  
t rea tment  was appl ied to m e m b r a n e  
segments  in bo th  end  pools at t ime 
zero. After rinsing, the solutions in 
the end  pools were replaced by solu- 
t ion B. The  solution in the center  
pool  was then  changed  to an  isotonic 
TEA'CI solution (solution D). At the 
20th  minute  the voltage clamp was 
tu rned  on  and  the  hold ing  potent ia l  
was set at - 9 0  mV. From the begin-  
n ing  to the end  of  the exper iment  the 
holding current  changed  from - 14 to 
- 2 0  nA and  r e / ( r  e + ri) decreased 

from 0.993 to 0.991. For each TEST potent ia l  shown at the r ight  in millivohs, a CONTROL 
curren t  trace was taken first and  then  two TEST current  traces were elicited by identical TEST 
pulses appl ied 6 s apart .  T h e  fiber was allowed to rest for 5 rain before ano the r  group of  
CONTROL and  TEST current  traces at ano the r  potent ia l  was taken. The  TEST-minus-  
CO N T R O L  current  traces obta ined by subtract ing the CONTROL current  trace f rom the first 
and  second TEST cur ren t  traces are shown in A and  B, respectively. The  difference of  two 
traces in the same row of A and  B is shown in the cor responding  row of  C. The  amounts  of  OFF 
charge  in the difference traces are (from top to bottom): 1.8, 4.9, 2.7, 1.0, 0.3, - 0 .1 ,  and  1.7 
nC/~F.  A negative value implies that  the amoun t  of  OFF charge  in the second TEST run  is 
larger  than  that  in the first TEST run  at the same potential.  Traces were taken from the 55th to 
the 165th minute .  Only representat ive traces are shown in each panel.  
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baseline one would pick visually. With line 1 as baseline, the ON charge is 9.8 nC/~F, 
which is much larger than the 2.7 nC/~F of OFF charge listed in the legend of Fig. 
11. On the other hand, if the ionic current did not change from the first TEST run to 
the second TEST run, then the time axis, represented by the thin line numbered 2, 
should be the baseline for the ON segment. With this baseline, the ON charge is 
- 4 . 9  nC/~F, indicating that the assumption that the ionic current did not change 
was incorrect. 

Unfortunately, there is no objective approach to determine exactly by how much 
the ionic current had changed in the second TEST run. However, if line 2 is 
artificially shifted downward by 0.19 hA, the new baseline represented by line 3 gives 
an ON charge that matches the OFF charge exactly. A small shift of 0.19 nA in the 
maintained current is quite probable and line 3 actually fits the points at the end of 
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FIGURE 12. Change in time 
course of the I~ hump during 
repetitive stimulation. Same fi- 
ber as in Fig. 11. The upper 
pair of traces is replotted from 
the third traces in Fig. l l,A 
and B, and superimposed on 
each other. The first 9 points in 
the ON transients and the first 
15 points in the OFF transients 
are off scale. The lower trace is 
replotted from the third trace 
in Fig. 11 C. Line I was fitted 
by least squares to the last 200 
ms of the ON segment. Line 2 
is the time axis corresponding 
to zero current. Line 3 was ob- 
tained by shifting line 2 down- 
ward by 0.19 nA such that the 
net ON charge matches the 
OFF charge. 

the interval very well. If line 3 is indeed the baseline for the ON segment, then the 
difference current in this segment is biphasic. This could explain the presence of a 
negative phase in difference charge movement traces observed by Csernoch et al. 
(1989). This appearance has been observed on other occasions (Hui, 1991b; Hui and 
Chen, 1092). A likely explanation for the appearance is that the I v hump became very 
broad in the second TEST run and that the slow positive tail of the I v component 
(marked by the arrow in Fig. 12A) gave rise to the slow negative phase in the 
difference trace. This example shows that, in this fiber, even a pulse of 400 ms 

dura t ion  to - 4 5  mV was not sufficiently long to permit a reliable fit of the ON 
baseline. One should therefore be particularly cautious in drawing information from 
ON segments of difference traces at potentials just above the activation threshold of 
Q,. 
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The  amounts  o f  OFF charge in the traces o f  Fig. 11, A and B, and others not  
shown, are plotted against TEST pulse potential  in Fig. 13. Filled d iamonds  and 
open  squares represent,  respectively, the amounts  o f  charge in the first and second 
TEST runs. From here on, the Q-V plot based on the ith TEST runs will be called the 
ith Q-V plot. T he  two Q-V plots in Fig. 13 appear  to have similar shapes and 
magnitudes,  but  the second Q-V plot is displaced by a few miUivohs to the right along 
the voltage axis, similar to the effect o f  25 ~M tetracaine (Fig. 3 in Hui and Chen, 
1992). Curves 1 and 2 were fitted to the two data sets, according to Eq. 1, with gap 
correction. The  best fit parameters  listed in the figure legend show that V~ in curve 2 
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FIGURE 13. Effects of repeated stimulations on steady-state voltage distributions of Qo and 
Qs. Same fiber as in Fig. 11. O's and E]'s were obtained from time integrals of OFF current 
transients in TEST-minus-CONTROL traces in Fig. 11, A and B, respectively, and other traces 
not shown. Curves 1 and 2 were obtained by fitting Eq. 1, with gap correction, to the two data 
sets. The best fit parameters are: 

Curve ql~ . . . .  /£m V[3 k [~ q~.max/Cm V't k~t 

nC/ ~F mV mV nC/ p,F mV mV 
1 10.8 -29 .0  7.3 17.9 -53 .1  3.0 
2 15.6 -33.7 12.8 13.6 -47.8 2.2 

is 5.3 mV less negative than that in curve 1, consistent with the shift observed visually. 
qv,max/Cm turns out  to be 4.3 nC/p,F smaller in curve 2 than in curve 1, but  qp,max/Cm is 
4.8 nC/g,F larger. This could be a real effect o f  double stimulation. Alternatively, par t  
of  the change could be due to scatter of  data, as explained in the Discussion of  the 
preceding paper  (Hui and Chen, 1992). If  the latter is true, the mere  effect o f  double 
stimulation is a shift o f  the Q-V plot slightly to the right. The  shift in the Q-V plot 
explains why the OFF charge is largest at - 5 0  mV in the difference traces o f  Fig. 
11 C; it is because that particular potential falls on the steepest part  of  the Q-V curve. 
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Exper imen t s  of  the  same k ind  were p e r f o r m e d  on  th ree  o the r  fibers. T h e  average 
changes  in the  six Bol tzmann  pa rame te r s  f rom the first Q-V plot  to the  second are  
l isted in the  first row of  Tab le  II. T h e  only statistically significant change  was the  
increase in Fv. Thus ,  the changes  in qO,max/Cm and  q~,max/Cm observed in Fig. 13 were 
p robab ly  due  to scat ter  o f  data.  

Effect of Increasing [EGTA]i from 20 to 50 mM on Charge Movement 

If  Qv is a consequence  o f  Ca release,  the 20 mM EGTA in the in ternal  solut ion might  
not  be  h igh  enough  to effectively dep le t e  the  SR of  re leasable  Ca o r  to effectively 
p roh ib i t  the Ca 2+ re leased  f rom the SR to reach  the tubular  membrane ,  thereby 
resul t ing  in very little change  in Q~ dur ing  repet i t ive  st imulat ion.  To  definitively rule 
out  this possibility, addi t iona l  expe r imen t s  were car r ied  out  with all the  g lu tamate  in 

T A B L E  I 

Comparison of Q-V Distributions of Qo and Qv with 20 and 50 mM EGTA in the 
End-Pool Solution 

(1) (2) O) (4) (5) (6) 
v B k ~ ql~.ra~x/ Cm Vv k.t q~.max/ Cm 

mV mV nC/t~F mV mV nC/t~F 
20 mM EGTA 

Mean -41.7 11.2 10.5 - 5 8 . 9  2.6 13.1 
SEM 3.4 1.9 1.0 1.9 0.3 1.0 

50 mM EGTA 
Mean -38.5 9.9 12.4 -61.8 3.5 12.4 
SEM 3.2 0.9 1.4 1.2 0.3 1.3 

P >0.5 >0.5 >0.2 >0.2 <0.05 >0.5 

Results were collected from eight fibers. Columns 1-6 give the mean values and the 
SEMs of the best fit parameters obtained by fitting Q-V plots with a sum of two 
Boltzmann distribution functions, with CONTROL charge correction and gap correc- 
tion. The last row gives the significance of the differences between the two sets of 
values, with the two-tailed t test. 

the  in terna l  solut ion r ep l aced  isosmotically by EGTA (solution C) and  the [EGTA]i 
increased  to 50 mM. Before the  study o f  repet i t ive  s t imulat ion with this in ternal  
solution, e x p e r i m e n t s  were car r ied  out  to check whe the r  the  increase in [EGTA]i had  
any direct  effect on  charge  movement .  Results f rom e ight  expe r imen t s  a re  summa-  
r ized in Tab le  I. T h e  results show that  increas ing [EGTA]i f rom 20 to 50 mM has 
min imal  effect on  the  amoun t s  or  vol tage dis t r ibut ions  o f  Q~ or  Q~. 50 mM EGTA d id  
a p p e a r  to increase the value o f  kv somewhat  and  make  the I v h u m p  less p rominen t ,  
p robab ly  due  to a b r o a d e n i n g  of  the  waveform of  the hump.  

Effect of Multiple Stimulation on Qv in the Presence of 50 mM Internal EGTA 

I f  Q~ is a consequence  o f  Ca release,  a t ra in o f  only two s t imulat ions (Fig. 11) migh t  
not  be sufficient to effectively dep le t e  the SR of  re leasable  Ca. In  the  following g roup  
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of experiments carried out with 50 mM internal EGTA, the number  of  stimulations at 
each TEST potential was increased to 3, 5, or 10. Results from one of  the 
experiments are shown in Figs. 14-16. 

In this experiment,  a train of  10 TEST pulses was applied at each potential at a 
frequency of one per  6 s. Again, the same CONTROL current trace was used to 
subtract the linear currents from all 10 TEST current traces. Since 15 min of recovery 
time was allowed between each train of stimulations, charge movement  was studied at 
fewer TEST potentials than with the usual one- or  two-pulse protocol. Fig. 14 A shows 
TEST-minus-CONTROL current traces obtained from the first TEST runs. The 
traces resemble those recorded from fibers with 20 mM EGTA in the internal 
solution. The  traces obtained from the second TEST runs (Fig. 14 B) still show very 
prominent  I v humps. The changes in the shapes of  the I~ humps can be visualized 
more easily by taking pairwise differences of  the traces in Fig. 14, A and B, as shown 
in Fig. 15 A. The  amount of  OFF charge in all the difference traces was < 1 nC/t~F 
(see Fig. 15 legend). The biphasic ON transients can be explained by a broadening of 
the I~ waveform (see text associated with Fig. 12). 

The traces in Fig. 14 C were obtained from the third TEST runs. They look exactly 
the same as the traces from the second TEST runs. In fact, the difference traces 
between the second and third TEST runs (Fig. 15 B) are essentially flat. The traces 
obtained from all subsequent TEST runs are all identical to the corresponding traces 
from the third TEST run. Only the traces obtained from the tenth TEST runs are 
shown in Fig. 14 D. The difference traces obtained by subtracting the traces in Fig. 
14 D from the corresponding traces in Fig. 14 C are also flat (not shown). The 
persistence of the I~ humps even in the tenth stimulation is in contrast to the finding 
of Garcia et al. (1990), who observed a disappearance of the hump during repetitive 
stimulation. The  62.5 mM EGTA they used was slightly higher than the 50 mM used 
in this experiment.  However, the fiber in this experiment  was stimulated at a much 
higher frequency. 

The amounts of  OFF charge in the traces from the first, second, and tenth TEST 
runs (Fig. 14,A, B, and D, and others not shown) are plotted against TEST pulse 
potential in Fig. 16. Those from the third TEST runs (Fig. 14 C) are not shown to 
avoid overlap. The  three Q-v plots are not very different from each other. Curves 1-3 
were fitted to the three data sets, according to Eq. 1, with gap correction. The best fit 
parameters  are listed in the figure legend. Compared with the values in curve 1, 
q~ . . . .  /Cm in curve 2 is decreased to 85.9%, V~ is shifted by - 0 . 6  mV, k~ is decreased 
by 1.1 mV, q~,max/Cm is increased to 103.9%, F~ is shifted by +1.1 mV, and k~ is 
increased by 0.7 inV. Also, q~,max/Cm in curve 3 is decreased to 76.9%, V~ is shifted by 
+ 1.1 mV, k ~ is decreased by 1.7 mV, qv,max/Cm is increased to I01.0%, F~ is shifted by 
+2.1 mV, and kv is decreased by 0.2 mV. 

Similar experiments were performed on six other fibers. In two of the experiments, 
trains of 10 TEST pulses were applied at each potential as in the experiment just 
shown, whereas in the other four experiments only trains of  three or five TEST pulses 
were applied. The average changes in the Bohzmann parameters  for the second, 
third, and tenth Q-Vplots are listed in the second, third, and fourth rows of Table II. 
All the changes are statistically insignificant with the two-tailed t test, except for the 
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FIGURE 14. Effect of  multiple stimulations on  TEST-minus-CONTROL current  in a cut fiber 
with 50 mM EGTA in the internal  solution. Fiber identification: 04261. Diameter  = 87 Izm. 
Sarcomere length  = 3.5 Izm. Saponin  t r ea tmen t  was appl ied to m e m b r a n e  segments  in bo th  
end  pools at t ime zero. After rinsing, the  solutions in the  end  pools were replaced by solution C 
conta in ing 50 mM EGTA. T h e n  the  solution in the  center  pool  was changed  to an  isotonic 
TEA-C1 solution (solution D). At the  22nd  minute  the voltage clamp was tu rned  on and  the  
holding potent ia l  was set at - 9 0  mV. From the beg inn ing  to the end  of  the  expe r imen t  the 
h o m i n g  cur ren t  changed  from - 14 to - 18 nA and  re/(re + rl) r emained  constant  at 0.992. For 
each TEST potent ia l  shown at the r ight  in millivolts, a CONTROL current  trace was taken first 
and then 10 TEST current traces were elicited by a train o f  identical TEST pulses at a rate of  
one pe r  6 s. T he  fiber was allowed to rest  for 15 min  before ano the r  group of CONTROL and  
TEST cur ren t  traces at ano the r  potent ia l  was taken. The  TEST-minus -CONTROL current  
traces obta ined  by subtract ing the CONTROL current  trace f rom the  1st, 2nd,  3rd, and  10th 
TEST cur ren t  traces are shown in A, B, C, and  D, respectively, in the  same row. Traces were 
taken from the 60 th  to the 256th minute .  Only representat ive traces are shown in each panel.  
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decrease  in q~,m~,/Cm in the  second Q-V plots  and  the shift in V~ in the th i rd  Q-v 
plots,  but  even these two changes  are  marginal ly  significant. 

A l though  a t ra in o f  < 10 s t imulat ions had  a negl igible  effect on  Q~, one  could 
argue  tha t  the  s t imulat ion ra te  o f  once p e r  6 s could be too slow to br ing  about  a 
not iceable  effect. Four  expe r imen t s  were done  to test this idea  by mak ing  use o f  the 
double -pu lse  protocol ,  in which each pa i r  o f  TEST pulses was a pp l i e d  with a 400-ms 
t ime gap  in between.  Interest ingly,  the  I v h u m p  in the  ON segment  o f  the  second 
pulse  was still a lmost  as p r o m i n e n t  as that  o f  the first. Moreover ,  a steeply r is ing 
c o m p o n e n t  still exis ted  in the second Q-V plot  and  was similar to that  in the  first Q-v 
plot.  
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FIGURE 15. Difference current traces between two successive stimulations from a cut fiber with 
50 mM EGTA in the internal solution. Same fiber as in Fig. 14. Each trace was obtained from 
the difference of the two corresponding traces in Fig. 14, A and B (A) or in Fig. 14, B and C 
(B). The amounts of OFF charge in the difference traces in A are (from top to bottom): 0.3, 0.6, 
0.4, 0.0, 0.0, 0.1, and -0.1 nC/~F. A negative value implies that the amount of OFF charge in 
the second TEST run is larger than that in the first TEST run at the same potential. The 
amounts of OFF charge in the difference traces in B are all negligible. 

D I S C U S S I O N  

Steady-State Inactivation of Qo and Q~ by Maintained Depolarization 

Steady-state  inactivation o f  charge  movemen t  was s tudied in in tac t  fibers by several 
invest igators (Adrian and  Almers,  1976; Rakowski, 1981; Hui,  1983b; Rakowski et  al., 
1985). In  most  of  the  studies (except  Hui ,  1983b) the  amounts  of  charge  were not  
s epa ra t ed  into QI~ and  Qv compone n t s  and  so only inact ivat ion curves of  the total  
charge  were obta ined .  I t  was found  tha t  the  inact ivat ion curve of  the  total  charge  was 
roughly  a mi r ro r  image  o f  the  activation curve. 
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In  this pape r  the inactivation o f  charge movement  was studied in cut fibers and the 
differential inactivation propert ies  o f  Qo and Q~ were separated. Fig. 7 shows that the 
inactivation o f  QI~ is less voltage dependen t  than that of  Q't, in good  agreement  with 
the results obtained from intact fibers (Hui, 1983b). The  curves in the figure were 
fitted by assuming that  the voltage dependence  o f  inactivation o f  each charge 
componen t  follows an inverse sigmoidal function. Under  this assumption, the k 
factors for the activation and inactivation curves o f  Q~ are roughly the same, ~ 11-13 
mV, and likewise for the curves o f  Q~, ~ 3 mV. This implies that, for each charge 
species, the activation and inactivation curves are mirror  images of  each other.  

A consequence of  the shallow inactivation curve of  Qo is that  it crosses the 
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FIGURE 16. Effects of multi- 
ple stimulations on steady-state 
voltage distributions of Qo and 
Q~ from a cut fiber with 50 mM 
EGTA in the internal solution. 
Same fiber as in Fig. 14. @'s, 
{3's, and A's were obtained 
from time integrals of OFF cur- 
rent transients in TEST-minus- 
CONTROL traces in Fig. 14, A, 
B, and D, respectively, and 
other traces not shown. Curves 
1, 2, and 3 were obtained by 
fitting Eq. 1, with gap correc- 
tion, to the three data sets. The 
best fit parameters are: 

Curve Q-V plot  qp.max/Cm ~[~ k • q'y,max/Cm ~.y k.v 

nC/gF mV raV nC/gF mV raV 
1 1st 7.8 -30.9 10.6 10.4 -59.7 3.4 
2 2nd 6.7 -31.5 9.5 10.8 -58.6 4.1 
3 lOth 6.0 -29.8 8.9 10.5 -57,6 3.2 

inactivation curve of  Qv at a potential > - 7 0  mV. Thus,  at - 7 0  mV a larger 
p ropor t ion  o f  Qo is inactivated than Qv. This implies that it is unlikely to have all Qo 
serve as voltage sensors for tr iggering Ca release and all Qv arise as a result o f  the 
release, because it is difficult t o  imagine how a larger reduct ion in the amount  o f  
moveable sensors can lead to a smaller reduct ion in the quantity of  end products.  
The  shallow inactivation curve o f  QB can be explained by a possible mul t i -component  
nature o f  Qt3 (see Discussion sections in Chen and Hui, 1991a; Hui, 1991b). Each 
componen t  might  have a different inactivation curve and some of  the curves can be 
more  steeply voltage dependen t  than the others. A summation of  all the curves with a 
spread in the values o f  V* and k* can yield a shallow resultant inactivation curve. 
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Another  consequence of the shallow inactivation curve of Qo is that the a m o u n t  of 
moveable Q~ does not  reach full value at a VH of --90 mV. The  curve predicts that 

when VH is made  more  negative qf~.max/Cm should increase, which has indeed  been  
observed by Hui (1991b). 

Adrian and  Peres (1979) separated Q~ and  Q~ by assuming that at - 4 0  mV Q~ is 

completely inactivated, whereas Q~ is fully mobile. Fig. 7 shows that Qv is completely 
inactivated at - 4 0  mV in our  cut fibers, but  only a small fraction of Qo remains  
mobile. At more  negative levels of  VH, more Q~ remains  mobile but  then  Qv is not  

completely inactivated. The re  is no  Vn at which the separat ion method  of Adrian and  
Peres (1979) can yield Q~ and  Q~ componen ts  that are equivalent  to those separated 
by any of the four methods  used in the preceding  paper  (Hui and  Chen, 1992). 

TABLE II 

Change in Boltzmann Parameters in the ith Q-V Plot Compared with Those in the First Q-V Plot 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
qfl,max/Cm qv,max/Cm 

i [EGTA] ~t AV 0 ~k~ ratio /~V~ ~kk~ ratio n 

raM s raV mV % raV raV % 
2 20 6 3.8 3.8 108 4.1 0.9 104 4 

(>0.3) (>0.2) (>0.5) (<0.02) (>0.3) (>0.8) 

2 50 6 5.3 0.8 79 3.5 1.2 118 7 
(>0.1) (>0.5) (<0.05) (>0.05) (>0.05) (>0.5) 

3 50  6 6.1 1.5 90 4.3 1.2 114 7 

(>0.1) (>0.3) (>o.3) (<0.05) (>0.o5) (>0.5) 
10 50 6 2.7 - 0 . 9  85 4.7 0.8 102 3 

(>0.3) (>0.5) (>0.4) (>0.3) (>0.2) (>0.8) 

Two groups of experiments were performed. In the first group listed in the first row, pairs of two identical 
TEST pulses were applied at different potentials at a rate of one pair per 5 min. The second group listed in 
the second to fourth rows was performed on seven fibers. In three of the fibers, trains of 10 TEST pulses 
were applied at a rate of one train per 10 or 15 min. In the remaining four fibers, trains of three or five 
identical TEST pulses were applied at the same rate. Columns 1 and 2 give the values ofi for the ith Q-V 
plot (see definition in text) and the concentrations of EGTA. Column 3 gives the time separation between 
successive TEST pulses in a pair or a train. Columns 4-9 give the average changes in the values of the 
Boltzmann parameters from the first Q-V plot to the ith Q-V plot. AVi or Aki were calculated by subtracting 
the value in the first Q-V plot from the corresponding value in the ith Q-V plot. qi,max/£m ratio was calculated 
by dividing the value in the ith Q-V plot by the corresponding value in the first Q-V plot. The statistical 
significance of each change, estimated with the two-tailed t test, is shown in parenthesis below each value. 
Column 10 gives the number of fibers included in the average. 

Inactivation Time Courses o f  Q# and Q~ 

Chandle r  et al, (1976) found that the total charge was inactivated with a time 

constant  of 10-25 s at - 2 0  mV and  I°C. Adrian and  Almers (1976) found that the 

half-time for inactivation of the total charge was ~ 2  min  at - 5 0  mV and  2-6°C. 

Rakowski (1981) suggested a voltage dependence  of the inactivation t ime constant  

for the total charge. These  results were obta ined from intact fibers. If the charge 

movement  they measured  conta ined  Qv, the time constants they obta ined should be 

lumped  values for both Q~ and  Q~. In  this work, Q~ and  Q~ were separated in cut 
fibers by method  3 and  were found to follow different t ime courses in inactivation. At 
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- 5 0  to - 3 0  mV the inactivation time constant of  Q~ is 5-10-fold as large as that of  
Qv" There  is also a suggestion of  both time constants becoming smaller at a less 
negative potential. 

Comparison with Inactivation of Tension Generation or Ca Indicator Signal 

To gain insight into the possible physiological role(s) of QI~ and Qv in excitation- 
contraction coupling, it is of interest to compare the voltage dependencies of 
inactivation of Q~ and Qv with those of tension and rise in [Ca2+]i. Inactivation of K 
contracture tension was found to be steeply voltage dependent  and the inactivation 
curve was almost a mirror image of the activation curve (Hodgkin and Horowicz, 
1960; Luttgau and Glitsch, 1976). Although the k factor of the inactivation curve was 
not determined, contracture tension inactivated almost fully over a 20-mV range of 
potential, which correlates much better with the inactivation curve of Qv in Fig. 7 
than that of Q ~. 

To the best of our knowledge, the effect of  changing Vn on Ca release has only 
been studied by Rakowski et al. (1985). They monitored the rise in [Ca2+]i with the 
indicator arsenazo III and found that the peak rate of absorbance change also 
inactivated steeply over a range of VH of ~ 20 inV. The curve was steeper than the 
inactivation curve or the activation curve of the total charge obtained from the same 
fiber. Hence, the inactivation curve of Qv in Fig. 7 correlates well with the inactivation 
curve of the absorbance signal. 

The  time course of inactivation of Ca release has not yet been studied. This should 
be an important experiment providing useful information to support the role(s) of 
Q~ and Qv. 

Effect of Repetitive Stimulation on I~ Hump 

The results presented in this paper do not agree with the conclusion drawn by Garcia 
et al. (1990). With the experimental protocol used in this work, pronounced I v humps 
could still be observed in TEST-minus-CONTROL current traces, and a substantial 
Qv component could still be resolved in Q-V plots after repetitive stimulation. The I~ 
hump they recorded at - 2 0  mV resembles the hump we obtained at ~ - 4 5  mV (Fig. 
11 A ). These potentials fall on the steeply rising parts of the respective Q-V plots. The 
disappearance of the I v hump they observed could be caused merely by a shift of the 
Qv-V plot to the right. Fig. 12 also shows that the difference current trace between the 
first and second TEST runs at such a potential might erroneously yield an apparent 
inequality between ON and OFF charge if the ON baseline is not fitted properly. 

The exact cause for the voltage shift of  the Qv-V plot is not known. One possibility 
is that, on repolarization, Qv requires some finite time to be restored to the normal 
resting state. Thus, a few seconds after repolarization, Qv could be in a temporary off 
state that is different from the normal resting state. The voltage distribution of Q~ in 
that off state could follow a Boltzmann distribution shifted by a few millivolts from 
that for the normal resting state. Another possibility is that Qv is made up of two 
components, the primary one being activated by the depolarizing pulses and the 
secondary one activated by the additional depolarization caused by the binding of the 
released Ca 2+ on the myoplasmic face of the tubular membrane. In other words, the 
primary component is consistent with the trigger hypothesis and the secondary 
component is consistent with the feedback hypothesis. With the secondary compo- 
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nent  present ,  the value of  Vv is slightly more  negat ive than  that  without.  Thus,  when 
Ca re lease  is suppressed ,  for exa mp le  by repet i t ive  st imulation,  a small  shift of  Vv to 
a less negat ive  po ten t ia l  can be observed.  

I f  Qv is comple te ly  caused by Ca release,  then  some features  of  our  results  a re  
difficult to expla in .  For  example ,  dep le t i on  o f  Ca 2+ in the  SR should  be more  
effective with 50 mM EGTA than  with 20 mM in the end  pool  solution, but  the  shifts 
in the  Q-V plots  with bo th  concent ra t ions  o f  EGTA are c ompa ra b l e  (Table II). T h e  

only sensible conclusion tha t  can accommoda te  all the results is that  there  is a 
genuine ,  s teeply v o l t a g e - d e p e n d e n t  c o m p o n e n t  o f  charge  tha t  has been  convincingly 
dissected out  f rom the total  charge  with four i n d e p e n d e n t  me thods  (Hui and  Chen,  
1992). Part  o f  this c o m p o n e n t  can be act ivated by Ca feedback,  but  that  pa r t  is 
cons ide red  as secondary.  U n d e r  no rma l  condi t ions  I v is mani fes ted  as a h u m p  in 
some poten t ia l  range ,  but  its waveform can be b r o a d e n e d  when the fiber is s t imula ted  
r epea ted ly  at  a relatively h igh  rate.  Al though  Q~, serving as a vol tage sensor,  is not  
suppressed  dur ing  repet i t ive  st imulat ion,  Ca release can be substantially r educed  due  
to a dep le t i on  o f  re leasable  Ca in the SR. 
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