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ABSTRACT Asymmetric membrane currents and fluxes of Ca 2+ release were 
determined in skeletal muscle fibers voltage clamped in a Vaseline-gap chamber. 
The  conditioning pulse protocol 1 for suppressing Ca z+ release and the "hump" 
component  of charge movement current (I~), described in the first paper  of this 
series, was appl ied at different test pulse voltages. The  ampli tude of the current 
suppressed during the ON transient reached a maximum at slightly suprathreshold 
test voltages ( - 5 0  to - 4 0  mV) and decayed at higher voltages. The  component  of 
charge movement current suppressed by 20 I~M tetracaine also went through a 
maximum at low pulse voltages. This anomalous voltage dependence  is thus a 
property o f I , ,  defined by either the conditioning protocol or  the tetracaine effect. A 
negative (inward-going) phase was often observed in the asymmetric current during 
the ON of  depolarizing pulses. This inward phase was shown to be an intramembra- 
nous charge movement based on (a) its presence in the records of total membrane 
current, (b) its voltage dependence,  with a maximum at slightly suprathreshold 
voltages, (c) its association with a "hump" in the asymmetric current, (d) its 
inhibition by interventions that reduce the "hump," (e) equality of ON and OFF 
areas in the records of  asymmetric current presenting this inward phase, and ( f )  its 
kinetic relationship with the time derivative of  Ca release flux. The nonmonotonic 
voltage dependence  of the ampli tude of the hump and the possibility of an inward 
phase of intramembranous charge movement are used as the main criteria in the 
quantitative testing of a specific model. According to this model, released Ca 2÷ binds 
to negatively charged sites on the myoplasmic face of the voltage sensor and 
increases the local t ransmembrane potential,  thus driving addit ional charge move- 
ment  (the hump). This model  successfully predicts the anomalous voltage depen- 
dence and all the kinetic propert ies  of  I~ described in the previous papers.  It also 
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accounts for the inward phase in total asymmetric current and in the current 
suppressed by protocol 1. According to this model, I v accompanies activating 
transitions at the same set of voltage sensors as I~. Therefore it should open 
additional release channels, which in turn should cause more I v, providing a positive 
feedback mechanism in the regulation of calcium release. 

I N T R O D U C T I O N  

In the preceding papers of  this series a number  of interventions expected to interfere 
with the process of Ca release from the sarcoplasmic reticulum (SR) were shown to 
selectively reduce (or increase, in the case of  caffeine) a delayed component  of 
intramembranous charge movement, which includes the "hump" and is similar to the 
current defined by subtraction after 20 ~M tetracaine. These interventions provide 
alternative definitions of/v,  some of which are much more convenient than (although 
not necessarily equivalent to) the usual definition based on the effect of greater 
concentrations of tetracaine (Huang, 1982; Hui, 1983a). 

One practical method is protocol 1, in which I v is defined as the difference between 
the total membrane  current moved by a depolarizing pulse and the current moved by 
the same pulse when it follows a conditioning pulse placed 150-400 ms earlier 
(Csernoch, Pizarro, Uribe, Rodriguez, and Rios, 1991). This protocol can be applied 
many times during an experiment,  which renders it convenient for detailed quantita- 
tive studies. Using this protocol we examine here the voltage dependence of I v, and 
find that it goes through a maximum at intermediate voltages. This is inconsistent 
with the view that I v is carried by an independent set of molecules undergoing 
voltage-driven conformational changes. 

The difference in membrane current induced by protocol 1 has a positive phase, 
coincident with the hump in total asymmetric current, followed by a negative phase. 
We often observed a negative phase or undershoot in the total asymmetric current, 
especially clear in the presence of millimolar concentrations of intracellular EGTA. 
The properties of  this phase can be understood best if it is an intramembranous 
charge movement.  Since it is reduced or eliminated by the interventions that reduce 
the hump, it may be considered part  of  I v (meaning that it should be generated by 
the same mechanism). As suggested in the first paper  of this series (Csernoch et al., 
1991), both the hump and the negative phase may be caused by binding of Ca 2+ 
coming out of  the SR to negatively charged sites on or near the voltage sensors. A 
quantitative model is shown to simulate in detail all the properties described. 

In this view, Q~ arises at the same set of  voltage sensors as Q~, and should add to 
the excitation-contraction (E-C) coupling effects of Q~. This constitutes a positive 
feedback mechanism: by activating more voltage sensors, the change in local 
potential will cause opening of more SR Ca release channels; the resulting local 
increase of Ca 2+ in turn will lead to more charge movement  and further channel 
opening. Evidence in support of such a feedback mechanism, some of which has been 
presented in abstract form (Pizarro, Rodriguez, Csernoch, and Rios, 1990), is 
presently being prepared for publication. 

M E T H O D S  

The experiments were conducted on cut segments of twitch fibers of Rana pipiens and Rana 
sphenocephala mounted in a double Vaseline-gap chamber as described previously (Csernoch et 
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al., 1991). The  solutions used are listed in Table II of  that paper. The  present experinaents 
were in most cases conducted on slack fibers with EGTA-containing internal solutions. The 
experiments were performed at temperatures between 12 and 16°C. The pH of the internal 
and external solutions was titrated to 7.00. 

Kinetic Calculation of Calcium Concentration 

In most experiments the internal solution contained 0.8 mM of the Ca-sensitive dye antipyry- 
lazo III (ApIII) to monitor changes in [Ca ~+ ]~ (Ca 2+ transients), which was done following the 
methods described in the first paper, with the important difference that kinetics of  the 
calcium:dye reaction were explicitly taken into account. 

The  determination of  the change in [Ca 2+ ]i from the change in absorbance of  a Ca2+-binding 
dye involves two steps. First, the change in concentration of calcium:dye complex is derived 
from the change in absorbance. In a second step, [Ca 2+ ] is derived from the concentration of  
Ca:dye complex assuming a given stoichiometry and kinetics of  the reaction. Baylor, Quinta- 
Ferreira, and Hui (1985a) have shown that the kinetics of the Ca2+:ApIII reaction in situ are 
best described with an OFF rate constant of 700 s -~ . Since in this paper  we are concerned with 
detailed kinetic simulations of  the time course of  I,  based o n  [ C a  2+ ]i(/), we abandoned the 

_ 25 ms FIGURE 1. Ca 2+ transients, equilib- 
rium, and kinetic derivations. (a) 
Change in free Ca ~+ concentration 
calculated from the absorbance 
change at 720 nm in the presence of  
553 p,M ApIII, assuming instanta- 
neous equilibration and a dissociation 
constant of  30,200 I~M 2. (b) Change in 
[Ca 2+] derived with the kinetic Eq. 1 

and the following values of  rate constants: ko. = 0.023 tzM -~ s -~, kot f = 700 s -a. Pulse to - 5 0  mV 
(shown in Fig. 2). Holding potential, - 9 0  mV. Fiber 612, at slack length, described in detail in 
legends to Figs. 2 and 3. External solution, reference. Internal solution, 8 EGTA. Temperature,  
13°C. 

assumption of  instantaneous equilibrium used in our previous work (Kovacs, Rios, and 
Schneider, 1983) and computed [Ca ~+ ] with the equation 

[Ca 2+] = ([CaD2]kofr + d[CaD2 ]/dt)/([D]2ko, ) (1) 

where D represents the dye, [CAD2] is the concentration of the calcium:dye complex derived 
from the absorbance change, and ko. and ko~ are the rate constants, ko~ is set to 700 -I and ko. = 
kotr/Kd, where Kn is the dissociation constant, calculated as described by Kovacs et al. (1983). 1 

Fig. 1 compares a Ca 2+ transient calculated assuming instantaneous equilibration with one 
calculated kinetically. The  one calculated kinetically is ~ 1.4 ms faster. It is also more noisy, due 
to the inclusion of  a term proportional  to the derivative of  the optical signal (Eq. 1). 

From the Ca 2+ transients we obtained release flux by the method described in the first paper  
of this series (and in greater detail by Brum, Rfos, and Stefani, 1988b). This method requires 
the fitting of the decay of  the Ca 2+ transients after the pulse with a model  of  Ca 2+ removal that 

~Our device measures the change A[CaD2] from a resting level. Eq. 1 uses the approximation 
A[CaD2] -- [CAD2], which is justified as the saturation of the dye is < 0.1% at the nominal [CaZ÷]i in 
the internal solution. 
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includes intrinsic and foreign Ca2+-binding molecules. In this description of removal of Ca 2+ we 
included EGTA as an additional high affinity buffer, which becomes the predominant  removal 
agent at the concentrations used in these experiments. We tbund that the decay of [ C a  2+ ]i in 
the presence of high [EGTA] can only be fitted assuming slow rates of binding, of the order of 
10 -6 M -~ s 1, in agreement with the measurements of Smith, Liesegang, Berger, Czerlinski and 
Podolsky, (1984). A comparative study of Ca release in the presence of EGTA and other 
extrinsic buffers is in progress (Rios, Brum, Pizarro, and Rodriguez, 1990). 

Digital Filtering 

The computation of release flux involves differentiation of the Ca z+ transients and that 
increases the noise in the derived waveform. For this reason the Ca 2÷ transients obtained 
kinetically were first digitally filtered. The filter used is defined by 

Yl = (Xi-2 + 4Xi-t + 6Xi + 4Xi+l + x i+2) /16  

where x~ is the signal at interval i before filtering and y~ is the filtered value. This filter is a 
symmetric operation around interval i; therefore, it does not cause time shifts (although it will 
slightly change the time to peak of very asymmetric signals). It results from applying twice the 
simple three-point smoothing operation 

y~ = (xi-i + 2xi + xi+L)/4 

An example of its effect is given in Fig. 3. 

Nomenclature of Currents 

Al,(t) represents the asymmetric current, defined as in Csernoch et al. (1991) as 

Ala(t) = Alt~st(t) - [AV, es,/AV~ ...... l]Al ...... l(t) 

where AI is total membrane current (measured from its initial level) and AV,~, and AV~ ...... ~ are 
the changes in measured voltage V upon application of a test and a control pulse, respectively. 
Controls were 20-mV pulses from - 130 mV unless otherwise indicated. None of the asymmetric 
currents presented here were corrected for ionic components. Two interventions were used to 
separate a component  of current. Al~(t) represents the current separated by protocol l 
(Csernoch et al., 1991) and is the difference between total currents AI elicited by a reference 
test pulse and a conditioned pulse of the same amplitude. Al,(t) represents the current 
suppressed by 20 IxM tetracaine (Csernoch et al., 1991). Based on arguments in the first paper, 
I v is used in this paper as equivalent to AIj(t). 

R E S U L T S  

T h e  first set o f  resul ts  r ega rds  the  vol tage  d e p e n d e n c e  of  Al~(t), the  c u r r e n t  
suppres sed  by p ro toco l  1. T h e  second  set is a d e m o n s t r a t i o n  tha t  s imilar  p rope r t i e s  
are f o u n d  in the c u r r e n t  suppres sed  by 20 p~M te t racaine .  T h e  th i rd  is a d e m o n s t r a -  
t ion  of  a nove l  p r o p e r t y  in  total  i n t r a m e m b r a n o u s  charge  m o v e m e n t  cu r ren t ,  the  
ex is tence  of  a n  inward  phase  d u r i n g  a depo l a r i z ing  pulse.  

Voltage Dependence of AIl(t) 

Fig. 2 shows a family of  a symmet r ic  cur ren ts ,  cons t ruc t ed  as di f ferences  be tween  total  
m e m b r a n e  c u r r en t  d u r i n g  a test pu lse  (records of  m e a s u r e d  vol tage  at bo t tom)  a n d  a 
con t ro l  pulse.  Every pai r  inc ludes  a re fe rence  record  a n d  a c o n d i t i o n e d  record,  
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ob ta ined  with the  test pulse  p r e c e d e d  by a cond i t ion ing  pulse.  Reference and  
cond i t ioned  records  were shifted vertically to supe r impose  the ends  o f  the ON 
transients .  T h e  cond i t ion ing  pulse,  to 0 mV, had  a 100-ms dura t ion  and  e n d e d  450 
ms before  the  beg inn ing  of  the  test pulse.  T h e  f iber  was at slack length  ( immobi l ized  
by 8 mM EGTA in the  in ternal  solution) in re ference  ex te rna l  solution. 

As descr ibed  in the  first p a p e r  o f  this series, the cond i t ion ing  pulse alters the 
asymmetr ic  current ,  r educ ing  the h u m p  visible at i n t e rmed ia te  vol tages and  p ro long-  
ing the asymmetr ic  cur ren t  t ransient .  I t  is clear  in the f igure that  the  condi t ion ing  
pulse has very little effect at low vol tages (the currents  du r ing  the p repu l se  to - 7 0  
mV are  pract ical ly unchanged) .  It a ppe a r s  that  the  effect at h igh vol tages is also 
small. 

- 5 8  m V  

- 5 0  
. 

- 3 0  

- 7 0  m V  
/ 5 0  m s  

FIGURE 2. Protocol 1 at different 
voltages. (Top) Asymmetric currents 
obtained as differences between the 
total current (Altes,) during a test 
pulse and a control current. The re- 
corded voltage V(t) is shown at bot- 
tom. It is the result of scaling by 1.05 
the voltage V~(t) in the voltage pool of 
the chamber. The control current is 
the sum of two currents, one for the 
prepuise to - 7 0  mV and another for 
the test pulse. They are obtained with 
30-mV pulses from -130  mV, of 245 
and 100 ms duration, respectively, for 
pre- and test pulses, and scaled by the 
corresponding ratios of measured 
voltages. In every pair of asymmetric 
currents shown, the thick trace is ref- 

erence and the other is conditioned by a pulse to - 1 0  mV, of 100 ms, that ends 400 ms before 
the prepulse. Every reference test is a single sweep and every conditioned test is an average of 
four sweeps repeated at 5-s intervals. The control currents are the same (except for scaling) in 
all records. Capacitance in controls, 25.2 nF. Fiber 612. Holding potential, - 9 0  mV. External 
solution, reference. Internal solution, 8 EGTA. Diameter, 128 p.m. Sarcomere length, 2.6 Ixm. 
Temperature, 13°C. 

Fig. 3 plots  the Ca 2+ t ransients  der ived  from s imul taneous  opt ical  measu remen t s  in 
the  same expe r imen t .  T h e  Ca 2÷ t ransients  are  small  in amp l i t ude  and  have the 
character is t ic  early peak  of  a re lease  flux record  (Melzer,  Rios, and  Scheider ,  1984). 
These  characteris t ics  are  a consequence  o f  the  high EGTA in the in terna l  solution. 
Each pa i r  o f  records  includes a reference  and  a cond i t ioned  transient .  T h e  condi-  
t ioned  t rans ient  is always smaller,  lacking the character is t ic  peak.  These  records  o f  
[Ca 2+ ]i(l) will be used la ter  in de ta i led  s imulat ions of  I v. Since they are  noisy (because 
they are  small  and  because  o f  the kinetic technique for der ivat ion  o f  t ransients;  cf. 
Methods)  they were digital ly f i l tered before  fur ther  analyses (as descr ibed  in Meth-  
ods). T h e  f i l tered records  at - 1 0  mV are  shown supe r impose d  on the unprocessed  
records.  
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_58  mV 

[ J 

FIGURE 3. Ca 2+ transients with pro- 
tocol 1. Ca z+ transients derived with 
kinetic Eq. 1 from absorbance 
changes recorded simultaneously with 
the currents of Fig. 2. Optical meth- 
ods for measuring absorbance 
changes and correcting for intrinsic 
components described by Csernoch et 
al. (1991). The conditioned transient 
is the smaller and slower record in 
each pair. All records were digitally 
filtered as described in Methods. Fil- 
tered records are shown superim- 
posed on the original records at - 10  
m V .  

Fig. 4 plots differences between the currents in Fig. 2 (reference minus condi- 
tioned). Since the same control record was used for all traces in Fig. 2, the differences 
between asymmetric currents are identical to the differences between total membrane  
currents (these differences induced by protocol 1 are termed AI,(t)). The  difference 
in the current during the prepulse to - 7 0  mV is steady. The  current  difference 
during the test pulse has the kinetic characteristics described in the previous papers 
and a steep voltage dependence,  increasing rapidly from - 5 8  to - 5 0 ,  and decreas- 
ing in ampli tude beyond - 4 0  mV as it becomes faster. This voltage dependence  was 
observed consistently, in both slack and stretched fibers. It was less clear in stretched 
fibers, however, given the smaller size of  AI~(t) (Csernoch et al., 1991) and the fact 
that protocol 1 often suppressed an additional fast componen t  of  current  in stretched 
fibers (for instance, Fig. 4 in Csernoch et al., 1991). Results of  three experiments  in 
slack fibers are summarized in Fig. 6. 

Fig. 5 illustrates one o f  five experiments  exploring the voltage dependence  of  the 
current  suppressed by 20 I~M tetracaine, AI,(t), which in the previous papers was 
shown to have properties similar to AIj(t). In these experiments  test pulses to two 

- 5 8  m V ~  

-~o ~ f - - ~  

- 4 O  ~ 

- 3 0  

- 1 0  

FIGURE 4. Current differences with 
protocol 1. (Top) Differences between 
reference and conditioned records in 
Fig. 2. Since the records in Fig. 2 are 
asymmetric currents constructed with 
the same control current, the records 
in this figure are identical to differ- 
ences between total membrane cur- 
rent during reference conditioned 
pulses. 

-70 mv # 
~ 50 ms 
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voltages were app l ied :  a vol tage  at which the h u m p  in the  asymmetr ic  cur ren t  was 
clearly visible ( - 4 5  mY in the case i l lustrated) and  a high vol tage (0 mV). T h e n  the 
ex te rna l  solut ion was r ep laced  with one  conta in ing  te t racaine  and  the pulses were 
r e p e a t e d  in reverse  order .  Cont ro l  currents  were ob ta ined  in bo th  solutions. Usually 
the  effects of  te t racaine  were rapid ly  reversible u p o n  washout.  T h e  records  on  the left 
are  asymmetr ic  currents  in bo th  condi t ions.  Te t raca ine  reduces  the h u m p  at - 4 5  
mV. Remarkably ,  the  reference  r eco rd  at  - 4 5  mV also has an inward-going  phase  

--45 mV 

<_ 
o mV 

2 A/F ] 

differences 

0 rnV 

0.4 A/F ] 
I t -90 V 

FIGURE 5. Effect of tetracaine at two voltages. (Left) Asymmetric currents during a pulse to the 
voltages indicated. Records in thick and thin traces obtained before and after exposure to 20 
I~M tetracaine, respectively. The control current is an average of currents before and after 
tetracaine. (Right) Differences between records at left (identical to differences of total mem- 
brane currents). In the record at 0 mV the arrows mark values used as minuend and subtrahend 
in the definition of amplitude of the current sensitive to tetracaine. Bottom records, V(t). Fiber 
549. External solution, Co-Ca. Internal solution, 15 EGTA (no ApIII). Linear capacitance, 19.4 
nC/p,F in reference and 19.8 nC/I~F in tetracaine. Diameter and sarcomere length not 
measured. Temperature, measured at 12.4 and 13.8°C immediately before and after the 
solution change. 

after  the  hump.  This  phase  was clear  in four of  the five fibers, and  was always slowed 
and  r educed  in amp l i t ude  by te tracaine.  At 0 mV the effects are  less obvious. 

T h e  differences between total  currents  are  p lo t t ed  on  the r ight .  T h e  difference at 
- 4 5  mV is very similar  to the  All( t  ) records  at - 5 0  or  - 4 0  mV in Fig. 4. In  the  
record  at 0 mV it is possible  to identify a small local m a x i m u m  followed by a 
m i n i m u m  (arrows), not  unl ike the  ex t remes  in the  r eco rd  at - 1 0  mV in Fig. 4. A 
similar small peak  is found in a comparab le  record  in the first p a p e r  of  this series 
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(Fig. 17 B, record at 0 mY; Csernoch et al., 1991). Similar peaks were found at 0 mV 
in three experiments.  In two other  experiments  with tetracaine the peak was either 
absent or was too fast to be resolved. 

Fig. 6 summarizes the study of  voltage dependence  of  AI~(t) in slack fibers and the 
results from the three experiments  with tetracaine in which the outward-going phase 
could be resolved at the higher  voltage. Plotted are the amplitudes (maximum minus 
minimum) of  AIj(t) (open symbols) and AIt(t ) (filled symbols). The  ampli tude of  Alj(t) 
goes th rough  a maximum at intermediate voltages. This max imum is similar to the 
ampli tude of  the tetracaine-sensitive current  in this voltage range. This transient 
outward componen t  is very small in the tetracaine differences at 0 mV. 

A Negative Phase in Total Charge Movement Current 

A negative-going phase in the asymmetric current can be seen during the ON in the 
records at - 4 5  mV in Fig. 5, in the records of  Figs. 1, 13, 17, and 18 in Csernoch et 

0.5 -  

A 0.4- 
L~_ 

< 
0.3- 

o ~ 0 .2-  

ej 
a_ 0.1 

0.0 
-80 

© - - ©  ss0 A -  -As41 
[ ] - -  [ ]  651 • -  - •  s,9 
~--~ 612 / Z ~  B - -  "Ill 550  

*.,...\ 

- 6 0  - 4 0  - 2 0  0 

tes t  vol tage (rnV) 

FIGURE 6. Voltage depen- 
dence of I~ by protocol 1. Open 
symbols, amplitude of current 
suppressed by protocol 1. Filled 
symbols, amplitude of current 
suppressed by 20 ~M tet- 
racaine. Amplitudes were mea- 
sured from transient peak to 
transient minimum during the 
ON. Different symbols corre- 
spond to different fibers. All 
fibers were at slack length in 
internal solutions 8 EGTA (all 
protocol 1 experiments) o1 15 

EGTA (tetracaine experiments). The external solution was reference (612), 10 Ca (650, 651), 
and Co-Ca (tetracaine). Linear capacitances in controls (in nC/I~F, listed in the order of 
increasing fiber numbers): 7.45, 19.6, 22.2, 25.2, 32.0, and 18.1. Temperatures, 12-14°C. 

al. (1991), in Figs. 1 and 4 of  Garcfa, Pizarro, Rfos, and Stefani (1991), and in Figs. 1, 
4, and 6 in Sziics, Csernoch, Magyar, and Kov~ics (1991). Similar phases can be found 
in earlier work. Normally they are dismissed as an indication of  small t ime-dependent  
ionic currents in test and/or  controls and excluded from the calculation of  areas 
through baseline subtraction. However, in work with slack fibers with intracellular 
EGTA they become too large to be ignored. They appear  consistently in asymmetric 
currents with a visible h u m p  and they share with the h u m p  the close correlation with 
E-C coupling. We believe that in these cases they correspond to actual inward-going 
in t ramembranous  charge movement .  

Fig. 7 illustrates one o f  many cases in which this componen t  was large. B plots the 
asymmetric currents at the voltages indicated. These records illustrate two aspects of  
the inward-going phase: it appears at approximately the same voltage as the hump,  
and it becomes smaller at high voltages (as seen for the ampli tude of  I v in the 
previous sections). The  total membrane  currents are plotted in A and illustrate 
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another  impor tant  aspect: the inward-going phase is not  the result of  subtraction o f  
control currents. The  total membrane  currents represented in A have an inward- 
going phase, r iding on a pedestal of  outward current,  at - 3 7  and - 3 2  mV. This 
phase is not  visible in the other  records, at higher  or  lower voltages. 

A similar inward phase in total membrane  current  was present in seven other  
experiments  on slack fibers with EGTA, all o f  which had prominent  humps  in the 
asymmetric current.  Negative phases in total current  were never observed in 
stretched fibers, but  small negative phases in asymmetric currents were found in 
three of  the seven fibers listed in Table III  of  Csernoch et al. (1991). One example is 
illustrated in Fig. 1 o f  that paper.  

A B 

-22  

- 37  

-62 mV ' V "  . . . . . . .  

-51 

• . . . .  741 V 
_-- \-2~" -37 

-32 
' ,~,.~ 

200nA] 5A/F 
I 50ms 

50ms | I 
FIGURE 7. An inward phase in membrane current. (A) Total currents during 100-ms pulses 
(from a h.p. of - 80  mV) to the voltages indicated. (B) Asymmetric currents, differences of 
records in A minus a scaled control (20 mV from - 100 mV). All records are single sweeps. The 
control is the same for all 100-ms pulses. Fiber 644. External solution, 10 Ca. Internal solution, 
15 EGTA. Linear capacitance, 14.7 nF. Diameter, 80 p.m. Slack fiber, sarcomere length not 
measured. Temperature, 16°C. 

Initially we attributed this inward-going phase to either an inward ionic current  
that activates and inactivates dur ing the pulse, or  to a slow activating outward 
current.  We ruled out  these explanations on the following grounds:  (a) The  inward 
current  was observed with a variety of  cation channel  blockers in the extracellular 
medium, including Cd, Co, La, Mg, TEA, diaminopyridine,  and TTX.  (b) Inward 
phases were observed both in the presence and in the absence of  the anion channel  
blocker A9C, and with or without EGTA in the internal medium. (c) In four 
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experiments we confirmed the observation in Fig. 7 that its amplitude is voltage- 
dependent  and goes through a maximum at about the voltage that makes the hump 
most noticeable. These results are presented in Fig. 8. The amplitude of the 
inward-going phase was measured in the asymmetric membrane current as the 
difference between the minimum and a final level found by averaging the current 
during the last 40 or 10 ms of the ON (for 100- and 50-ms pulses). These amplitudes 
are plotted in the figure as a function of test voltage. They reach in all cases a 
well-defined maximum at intermediate voltages. (d) The inward phase is associated 
with E-C coupling, as is the outward hump. The symbols above the frame of the 
graph in Fig. 8 mark the minimum voltage that elicited intrinsic optical signals in 
each fiber. This threshold is always a few millivohs negative to the voltage that elicits 
the maximum inward phase. (e) All interventions that reduced the hump simulta- 
neously reduced or eliminated this inward phase, as exemplified in Fig. 2 of  this 
paper, Fig. 17 of Csernoch et al. (1991), and Fig. 6 of  Szfics et al. (1991). Fig. 4 of  
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FIGURE 8. Voltage dependence  
of the inward phase. Amplitude 
of the inward phase in the 
asymmetric current, measured 
between negative minimum 
and average of the last 50 ms 
(for 100-ms pulses) or 5 ms (for 
shorter pulses). The symbols 
above the frame of the graph 
mark the voltage at which an 
intrinsic absorbance signal was 
first seen. All fibers were at 
slack length, with internal solu- 
tion 15 EGTA and no dye. The 
external solution was 10 Ca for 

644 and  Co-Ca for all others. Linear  capacitance (in nF, in order  of  increasing fiber numbers):  
19.6, 22.2, 17.0, and  14.7. Tempera ture ,  16°C for 644, and 12-14°C dur ing  the o ther  
exper iments .  

Szfics et al. (1991) illustrates a converse effect. Caffeine increases the hump and a 
small inward phase at contractile threshold and at 5 mV below threshold. 

The properties listed make it unlikely that this phase is due to the inward 
movement  of  cations. It is still possible that an anionic current could explain all the 
properties. The inward phase, however, has the property of conservation of charge in 
ON and OFF transients, a characteristic generally inconsistent with ionic currents. 

Fig. 9 and Table I illustrate this property. The experiment in Fig. 9 is representa- 
tive of four analogous experiments in which pulses of  different duration were 
applied, all at a voltage that generated an asymmetric current with a large inward 
phase. The durations were chosen to intersect the inward phase at various times. 
Signal averaging was used to improve the measurement  of  areas. The speed of the 
voltage clamp was slowed (by increasing a lead capacitance in the feedback circuit; 
Brum and Rios, 1987) to reduce errors of  measurement  in the first millisecond of the 
pulses. 
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FIGURE 9. Conservat ion of  charge in the inward current.  (A) Asymmetric current  dur ing  
pulses of  different durat ion;  records of V(t) are at the bot tom of  the panel,  h.p. = - 8 5  inV. 
Controls  20 mV from - 8 5  InV. Averages of two sweeps separated by 150 s. The  averages were 
obta ined in the order  indicated by numbers  next  to each record. (B) Lines are r unn ing  
integrals of  records 1 and  5 at top, after subtraction of  baselines. The  OFF baselines were fitted 
from 51 ms after the end  of  the pulse to the end  of  the record. At the ON, a baseline was fitted 
to record 1 between 51 and  100 ms. Record 5 was corrected by subtract ion of the average level 
at the last 5 ms of  the ON. The  triangles represent  the OFF charges for every record in A. Fiber 
643. External  solution, 10 Ca. In ternal  solution, 15 EGTA. Controls,  20 mV from - 9 0  inV. 
Linear  capacitance, 17.7 nF. Slack fiber, d iameter  and  sarcomere length not  measured.  
Tempera tu re ,  16°C. 
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T h e  top panel  shows the asymmetric currents elicited by pulses to - 3 5  mV from a 

prepulse  level that was subthreshold for this fiber (V(t) records at bo t tom of  panel). 

T h e  asymmetric currents  have a visible h u m p  followed by a negative phase that  lasts 

until ~ 5 0  ms. Pulses shorter  than 50 ms p roduced  substantially grea ter  OFFs, as 

expec ted  if they in ter rupt  the re turn  of  mobile  charge dur ing the ON. The  records 

are n u m b e r e d  in the o rder  in which the pulses were applied.  T h e  sequence took 35 

min to complete ,  and the kinetics of  h u m p  and inward phase changed  somewhat 

dur ing this time. The  pulse at 50 ms was r epea ted  at the end of  the sequence and 

moved  approximate ly  the same amount  of  charge as the first pulse of  the sequence,  

as shown in the bo t tom panel.  

T h e  bo t tom panel  is a compar ison  of  the runn ing  integrals of  records 1 and 5 

(curves) with the OFF areas of  all five records (triangles). Before calculating the 

TABLE I 

ON and OFF Charges For Two Pulse Durations 

1 2 3 4 5 6 7 8 9 10 

Fiber Voltage Q (20 ms) Q (50 ms) 4-6 5-7 

No. pre test ON OFF ON OFF ON OFF Solution* 

rnV mV nC/IxF nC/~F nC/IxF nC/IxF 
572 -55 -30 10.9 11.0 9.7 8.0 1.2 3.0 Cd-La-9AC 
615 -70 -45 8.6 7.7 4.9 5.2 3.7 2.5 Reference 
621 -65 -50 4.9 5.7 3.7 3.8 1.2 1.9 10 Ca 
643 -55 -35 7.2 8.1 5.2 6.1 2.0 2.0 10 Ca 

Average 2.02 2.35 
SEM 0.68 0.29 

ON charge at 50 ms (column 6) was determined by integration of asymmetric current during a 50-ms pulse, 
after subtraction of the average level during the last 10 ms of the ON. ON charge at 20 ms (column 4) was 
determined from the running integral of charge movement in the 50-ms pulse. OFF charges (columns 5 and 
7) were determined on 20- and 50-ms duration pulses to the same voltage after subtraction of a baseline 
fitted from the 71st ms to the 145th ms after the end of the pulse. Column 8 lists the differences between 
values of ON charges. Column 9 lists the corresponding differences in OFF charge. Capacitance in control 
currents (in nC/p,F): 2.2, 25.2, 9.5, and 17.7. Diameters (in I~m): 68, 131, 59, and 50. Temperature (in °C): 
14, 12, 12, and 16. 
*Composition of solutions given in Table I of Csernoch et al. (199l). 

runn ing  integrals, records 1 and 5 were corrected for small ionic currents,  visible in 

the traces, as expla ined  in the figure legend.  

T h e  runn ing  integrals go through a peak and then decrease sharply dur ing the 

ON,  as obviously expected.  More interestingly, the OFF areas (triangles) r ep roduce  

this decaying t rend as the durat ion increases. T h e  OFFs are always somewhat  greater  

than the runn ing  integrals. T h e  small but  systematic differences could be due to 

errors in the correct ion for ionic current  or  to asymmetries in the controls. In spite of  

these imprecisions,  the result agrees with a capacitive nature  of  the inward current.  

Table  I collects results f rom four exper iments ,  including the one illustrated. Listed 

are the prepulse  and test pulse voltages (which were de te rmined  independent ly  in 
each expe r imen t  to opt imize the size of  the inward component ) ,  the charges at 20 

and 50 ms for both ON and OFF, and their  differences. In all cases the ON area at 20 
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ms was determined from the running integral of  the charge movement  current 
during the longer pulse. The table shows that the running integrals of  both the ON 
and the OFF charges were significantly greater at 20 ms than at 50 ms. The 
difference could be as much as 40% of the total charge moved in the 20-ms pulse. 
The excess charge moved by the short pulse was 2 or 2.35 nC/p,F (at ON and OFF), 
which is therefore our estimate of  the charge that moves inwardly during the pulse (in 
this sense the result of  Fig. 9 is typical). Though different at both durations, the total 
charge movement  was on average about equal at ON and OFF. 

The sum of the evidence in this section indicates that the inward component  
frequently seen in the asymmetric current is capacitive in nature. The movement  of 
inward capacitive charge during a depolarizing pulse is illuminating regarding 
possible models: it is difficult to explain, unless the usual assumption of constancy of 
t ransmembrane potential during the pulse is abandoned. Since this inward compo- 
nent is associated with the hump and is suppressed or reduced together with the 
hump, it is probably originated by a similar mechanism. A specific mechanism that 
may generate both a hump and an inward phase will be considered in the next 
section. 

D I S C U S S I O N  

The first two papers of  this series and the results in this paper  show that four 
interventions, protocol 1, depletion, ruthenium red, and 20 p,M tetracaine, inhibit 
the Ca release process and suppress a current that was identified kinetically with the 
hump. It is highly likely that the release process is the primary target of  the first three 
interventions. In the third paper,  the SR release agonist caffeine was shown to shift 
the contractile threshold to lower voltages and cause the appearance of a current with 
similar characteristics at potentials that were below the contractile threshold in the 
absence of the drug but suprathreshold in its presence. Since this effect was virtually 
opposite to that of tetracaine, it was suggested that the primary target of  tetracaine 
(at 25 p,M) is also the SR. 

The current suppressed by these interventions (promoted in the case of  caffeine) 
was termed I v on the basis that it includes the hump component  in the asymmetric 
current. Unlike classical definitions oflv (Huang, 1982; Hui, 1983a, b), this definition 
resulted in a current with a negative phase after the hump. This negative phase in the 
difference may result from the suppression of an actual inward current or a slowing of 
an outward current, which results in a negative phase present only in the difference 
record. 

In this paper  we have taken advantage of the convenient protocol 1 to study the 
voltage dependence of I v, and have found this dependence to be bell-shaped, 
decaying at high voltages. We also found this to be the case for the current 
suppressed by 20 p,M tetracaine. 

This finding is not consistent with the idea that I v and Ia are carried by different 
molecular species, undergoing parallel transitions. An independent species of  charge 
cannot generate a current with nonmonotonic voltage dependence if it moves under 
the sole influence of a constant applied field. The rate of  the transition, and thus the 
intensity of current, are only expected to increase at higher voltages. 
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Additionally, such current cannot have a negative phase upon depolarization. The 
simple concept that a passive charge can only move down the electric field is shown 
to hold in very general systems by Duane and Huang (1982). They showed in general 
that multiple systems of mobile charges, each with multiple states, all contribute 
positive terms to the capacitance, meaning that each of them contributes positive 
current upon depolarization. 2 

Thus, the observation of inward current during the ON is puzzling, and it becomes 
important to demonstrate that this current is indeed capacitive. We ruled out an ionic 
nature of this current for several reasons: insensitivity to anion and cation channel 
blockers, correlation with the magnitude of the hump, bell-shaped dependence with 
membrane potential that reaches a maximum at potentials close to those that make 
the hump most noticeable, multiple correlations with E-C coupling, including the fact 
that the maximum occurs at voltages slightly above the threshold for Ca 2+ release, 
and the reduction or elimination of this current by interventions that reduce Ca 
release flux (and the hump). 

One of our referees suggested the interesting possibility that this inward current 
might be calcium activated, which would explain its tight association with E-C 
coupling. This is unlikely for the reasons given above that rule out an inward cationic 
current, plus the apparently greater amplitude in the presence of high intracellular 
concentrations of" EGTA. Additionally, the magnitude of a calcium-dependent cur- 
rent would not be expected to decay above - 4 0  mV. Most important, the charge 
moved in the OFF transient depends on the duration of the pulse, as expected if the 
inward phase is capacitive (Fig. 9 and Table I). 

A Model of I~ 

It is possible to explain both the hump and an inward phase of charge movement  
with the model introduced in the first paper  of this series. The model assumes that 
Ca 2+, at an elevated myoplasmic concentration near the release sites, increases the 
effective t ransmembrane potential by electrostatic screening of, or binding to, 
negatively charged sites on the myoplasmic face of the T membrane.  Having at hand 
simultaneous records of I~ and Ca release flux, we could test these ideas quantita- 
tively, with definitively favorable results. 

To generate a quantitative version of the model we had to decide first whether the 
change in t ransmembrane potential caused by Ca 2+ binding would be local, affecting 
only the intramembranous voltage sensors (as would be produced by Ca 2+ binding to 
specific proteins), or widespread, altering the potential over the entire membrane 
surf'ace (as expected from binding to membrane  lipids). An apparent  consequence of 
the first alternative is that only the nonlinear charge would respond to the extra 
potential. In the second case, the extra potential would result in extra movement  of  
nonlinear plus linear charge, with consequent major differences in voltage distribu- 
tion and kinetics. 

The first possibility was chosen as it accounts readily for the nonmonotonicity of 

They had to assume that terms of higher order than the first are negligible in an expansion of the 
free energy of the system in powers of the transmembrane potential. 
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the voltage dependence (Figs. 4-6) as follows: a suprathreshold depolarizing pulse to 
a low or intermediate voltage (e.g., - 4 0  mV) will cause some movement of Q~ and 
open some release channels. The released Ca 2+ will bind to negatively charged sites 
on or near other voltage sensors, causing them to undergo the activation transition 
and thus causing I v (the delayed hump). At greater depolarizations, causing near- 
maximal movement of Q~ and Ca release, there will still be neutralization of negative 
charges by C a  2+ , but the extra potential will not cause additional charge movement as 
the greater pulse potential has already caused the charge-moving transition in most 
of the sensors. If this binding of C a  2+ caused substantial movement of linear 
capacitive currents, the I v current would not decay but would increase at high 
voltages. Thus, the "local" version of this model is chosen in principle. 

A complicating issue is that any change in surface potential, local or widespread, 
will cause some movement of linear charge; that is, the movement of extra linear 
charge will always accompany intramembranous charge movement caused by ion 
binding. This linear contribution, however, is small. In Appendix I we calculate in 
general the linear capacitive charge that moves when ions bind to the internal 
membrane surface, and apply the result to a hypothetical case in which o n e  C a  2+ ion 
is assumed to bind to every sensor (assumed at a density of four per junctional foot 
complex). The linear current that flows in this case is shown to be very small. 

Fig. 10 represents the model chosen for generation ofI~. The voltage sensors have 
sites bearing negative charge on their myoplasmic face. They undergo transitions 
(between two states) driven by the "microscopic" or local transmembrane potential, 
the difference between the electric potential at the two faces of the membrane. 

Fig. 10 B is a plot of the electric potential along a coordinate perpendicular to the 
plane of the membrane. As shown, the microscopic transmembrane potential (V*) is 
determined by the macroscopic or bulk potential difference (VM) and to two surface 
potential terms. V~ represents the external surface potential (unknown and constant). 
The inner surface potential will vary according to the occupancy of the binding sites 
by Ca 2+ in a range between two extreme situations: the resting situation, essentially 
Ca free, in which the negative potential is maximum, and the saturated situation, in 
which it will have a value Vsi. We t e rm Vrnax (a negative quantity) the difference in 
surface potential between these extremes. Ifp(t) represents the occupancy of the sites 
at time t, the microscopic transmembrane voltage will be 

V*m = VM + [1 -p(t)]Vma x - V~e + Vs~ (2) 

There is no way in the model to specify V~ and Vse; V*m is therefore unknown, but 
the term 

Vm = I'M + [1 --p(t)]Vm,x (3) 

is all that is necessary for the calculations. The diagram in Fig. 10 C, which includes 
only the terms in Eq. 3, illustrates this simplication. The two plots of electric potential 
shown correspond to the situations before and after binding of an amount of Ca 2+ 
that causes partial saturation of the sites S. The simple reaction scheme chosen for 
these sites is also represented in C. The model thus requires three parameters: two 
kinetic constants and Vmax. 
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Simulations: Kinetics of the Binding Site 

To actually simulate I v three steps are necessary: (1) Estimate the time course of 
[Ca 2+] in the myoplasm near  the T-SR junct ion.  We term this the "triadic Ca 
transient"  ([Ca 2+ iT(t)) and  estimate it us ing a diffusion model  of a sarcomere in which 

FIGURE 10. Model for the genera- 
tion of I~. (A) Cartoon showing two 
sensor-channel pairs. The top one is 
activated (sensor has undergone its 
activating transition, release channel 
is open) and Ca ~÷ is flowing into the 
myoplasm. Ca 2+ binds to sites on the 
myoplasmic face of both sensors and 
increases the transmembrane poten- 
tial to a value less negative inside. 
This increase may cause other sen- 
sors, like the one at the bottom, to 
undergo the activating transition, 
causing the delayed current, Iv, and 
further channel opening. (B) Dia- 
gram of potential across the mem- 
brane. The microscopic transmem- 
brane potential difference V* is the 
result of several additive terms (Eq. 
2), including a bulk potential differ- 
ence (VM) and surface potential terms. 
The internal surface potential is neg- 
ative, and may be reduced (made 
smaller in absolute value) by binding 
of Ca ~÷. Vm, x is the maximum surface 
potential that may be offset due to 
Ca 2+ binding. The total internal sur- 
face potential is the sum of Vma x and a 
Ca2+-insensitive term, ~i. V~ is the 
surface potential at the extracellular 
face. (C) Simplified version of the 
potential profile, in which the Ca 2+- 
insensitive terms Vsi and V~e have been 

omitted. The potential profile at the bottom represents the resting situation, when the negative 
sites are free of Ca z+ and make their full contribution to the surface potential. The top profile 
represents the effect of an increase in [Ca2+], which determines occupancy of a fraction of sites 
in a reaction represented at the bottom of the figure. 

Ca is released at both  ends and  diffuses toward the middle  while b ind ing  and  removal 
take place. Binding and  removal are computed  using parameters  fitted indepen-  
dently in the process of de te rmin ing  Ca release flux. Therefore,  for the purpose  of 
the simulation of I v, the parameters  of b ind ing  and  removal are fixed. The  details of 
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the diffusion calculations are given in Appendix II. The outcome is one triadic Ca 
transient [Ca 2+ ]v(t) for every depolarizing pulse. 

(2) Use the calculated [Ca 2+ ]T to drive a binding reaction of C a  2+ t o  the negatively 
charged site S. This generates the occupancy function 

[GAS] 
p(t) =- [S],o~a~ 

where the values of [S]~o~ and [CaS] are unknown. 
(3) Use Eq. 3 to determine the microscopic t ransmembrane potential Vm(t). Vm(t) is 

then used to drive transitions in an ensemble of  charged molecules with two states, 
the equilibrium of which obeys the (Boltzmann) canonical distribution equation 

Q(v) = Qmax/{1 + exp [ - ( V  m - Vm)/k] } (4) 

The kinetic constants of  the ensemble, k + and k - ,  are exponentials of  second order 
functions of  voltage (a description introduced by Simon and Beam [1985] that fits the 
kinetics of I~ at high voltages well and was also used by Brum and Rios [1987] in their 
description of charge 2): 

k+(Vm) = ct exp {(V m - Fm)/2k - 0.15[(V - Vm) /2k]  z} 

k-(Vm) = a exp {- (Vm - Vm)/2k - 0 .15[ (V-  Vm)/2k] 2} (5) 

where a = k +(Vm) = k-(Vm). This generates the charge movement  currents. 

All three steps require the specification of model parameters,  namely, diffusion 
and binding parameters  for step 1, Vm, x and the kinetic constants of  binding and 
dissociation for step 2, and equilibrium and kinetic parameters  of  charge movement  
in step 3. Of  these, only the parameters of steps 2 and 3 are adjustable to fit the data. 
The  removal parameters  for step 1 are fitted independently to satisfy the kinetics of 
the Ca transients (Brum et al., 1988b). 

For step 2 it is necessary to establish the affinity of the binding sites for C a  2+ and a 
kinetic constant. An experiment was devised to determine the speed of dissociation 
from the site. The  threshold depolarization to elicit Ca 2+ release was determined 
within a 5-mV range, which was defined with two 100-ms pulses such that the highest 
one elicited a visible change in absorbance ( judged after the pulse on the digitized 
optical record at 720 nm wavelength) and the lowest one did not. Then a relatively 
large conditioning pulse was applied and the threshold was determined again with 
pulses applied 150 ms after the conditioning. Had the binding of Ca due to release 
during the conditioning pulse persisted for the intervening 150 ms, the threshold 
would have been lowered. Three experiments (not shown) had a negative result: no 
change in the threshold was observed. In the framework of the model the OFF rate 
from the site is fast enough that in 150 ms the occupancy is back to resting level. The 
OFF rate constant of  the Ca2+:S  binding reaction (kofr) should therefore be several- 
fold greater than 10 s -1 . Additionally, the close relationship observed by Csernoch et 
al. (1991) between All(t) and/~(t) can be explained with this scheme, but only if the 
site is fast, as discussed in the first paper.  

The dissociation constant Kdcas was set by trial and error, based on the success of 
the simulations presented later, at 16-20 txM in three fibers simulated in detail. If  the 
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ON rate constant  is close to the diffusion limit, or  ~ l0  s M -~ s -I , the kon will be 
~ 2,000 s -~ . These  values were used in the calculations,  and  they imply that  the sites 
are  in equi l ibr ium with Ca z+ in the t ime scale of  interest .  Al though  the simulat ions 
were carr ied  out  using the kinetic equations,  an assumpt ion  of  ins tantaneous  
equi l ibr ium should  give the same results. 

The  pa rame te r s  of  charge  movemen t  have to satisfy the kinetics and  vol tage 
d e p e n d e n c e  of  I~, since in the mode l  there  is only one set of  cha rged  particles.  The i r  
values were es tabl ished by trial and  error ,  t rying to r e p r o d u c e  both  the fast phase  and 
the hump  at the ON as well as the OFF  of  the asymmetr ic  current ,  and  the s impler  
kinetics of  the  asymmetr ic  currents  after  condi t ioning.  Fig. 16 compares  the asym- 
metr ic  currents  of  e x p e r i m e n t  and  model .  As r e m a r k e d  below, for a kinetically 
accurate  s imulat ion it was necessary to assume a rate  of  charge  movemen t  grea te r  
than expec ted .  

Detai led s imulat ions for the e x p e r i m e n t  i l lustrated in Figs. 2 - 4  are shown for all 
records  in Figs. 11-16.  Fig. 11 plots the  release fluxes der ived from the Ca 2+ 

- 5 8 m V ~  

-50 ~ 

-4o / ~ ~ ~ _ 

- 3 0  

-I, 0 x,~ 
I 5 0  m s  I 

FLGURE 11. Ca release flux and pro- 
tocol 1. The records of [Ca~+](t) rep- 
resented in Fig. 3 and other records 
not shown were digitally filtered and 
fitted with the removal model of 
Bnlm et al. (1988b; also described in 
Csernoch et al., 1991) and used to 
derive records of Ca release flux by 
the method of Melzer, Rios, and 
Schneider (1984, 1987). The parame- 
ter values used are listed in Table II. 
Represented are the release fluxes 
corresponding to all the records in 
Fig. 3. In all cases the top record is 
reference and the bottom record is 
conditioned. 

t ransients  shown in Fig. 3. Digital  f i l tering as descr ibed  and  i l lustrated in Fig. 3 was 
used before  the compu ta t ion  of  release flux. The  records  of  release are very similar to 
the Ca 2+ transients;  this was also no ted  by G a r d a  et al. (1991). As a rgued  by Rios et 
al. (1990), this is a consequence  of  the assumpt ion  of  slow kinetics of  Ca 2+ b ind ing  to 
EGTA (Smith et al., 1984), which, at ~ 8 mM inside the cell, accounts for most  of  the 
removal  flux. 

Fig. 12 shows the [Ca2+]x(t) records  (triadic Ca 2+ transients)  ob ta ined  from the 
release records  in Fig. 11 (with diffusion calculations descr ibed  in detai l  in A p p e n d i x  
II). As expec ted  f rom the a rgumen t  made  by Csernoch et al. (1991), the t ime course 
of  these tr iadic Ca 2+ transients  is similar to that  of  release flux (the [Ca2+]r waveform 
is only slightly de layed and  decays somewhat  more  slowly). 

Fig. 13 il lustrates step 2. Given the assumpt ion  of  fast equi l ibra t ion and relatively 
low affinity of  the Ca2+-binding sites, it follows that  the occupancy of  the sites (p (t)) 
will have a t ime course very similar  to the [Ca2+]T(t) in Fig. 12. These  occupancies  
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FIGURE 12. [Ca~+](t) near the triads. 
The model of diffusion described in 
Appendix II was used to derive the 
time course of Ca 2+ concentration in a 
small region near the sites of release. 
The parameters used in the simula- 
tion of diffusion include the parame- 
ters of removal (Table II) and the 
diffusion coefficient of Ca 2÷ in myo- 
plasmic water, 2.8 x 10 -6 cm 2 s -~ 

(not shown) were used to compute  the microscopic t ransmembrane  potential V m (Eq. 
3) equal to the clamp potential plus the term [1--p(t)]Vm~ , (constituting the 
"hump") .  The  scale in the figure refers to the microscopic potential, and the number  
next  to each pair  o f  records is the clamp potential dur ing each pulse. Initially the 
microscopic potential  is - 1 0 0  mV (equal to the clamp prepulse, - 7 0  mV, plus Vm,x, 
--30 mV). During the pulse the voltages have humps  in reference but not  in 
condit ioned records. The  highest value o f  voltage reached dur ing the largest pulse is 
about  - 2 5  mV, which is 15 mV more  negative than the clamp voltage, indicating a 
max imum occupancy of  ~ 50% for this set. 

The  close relationship be tween/? ( t )  and Iv(t ) repor ted  in the first paper  can be 
unders tood in principle considering these voltages. A capacitive current  driven by 
these voltages will be roughly propor t ional  to their time derivative, which in turn is 
close to the time derivative o f  the release flux/~ (t). 

Fig. 14 represents the result of  step 3. Shown are the charge movement  currents 
generated by the voltages in Fig. 13 acting on an ensemble o f  two-state voltage 
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FIGURE 13. Microscopic volt- 
ages. Records of Vm(t) in refer- 
ence and conditioned pulses to 
the potentials indicated. Calcu- 
lated from the [Ca2+]T(t) records 
in Fig. 12, which were used to 
drive a binding reaction to the 
hypothetical negative sites. The 
fractional occupancy p(t) was 
then used in Eq. 3 to derive the 
microscopic transmembrane 
potential difference V,n(t ). Pa- 
rameters are listed in Table II 
(fiber 612). 
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sensors (Eqs. 4 and 5). The  four parameters  describing the ensemble are listed in 
Table II and were found by trial and error, j udg ing  primarily from the success in the 
description of  I v as a function of  both time and voltage. The  choice of  parameters  
also resulted in a reasonable simulation of  the fast phase before the humps.  

Fig. 15 illustrates the simulated Iv(t ) records (thicker traces), obtained as differ- 
ences between reference and condit ioned currents in Fig. 14. The  simulated records 
have all the qualitative properties of  I v found in the experiments,  including a large 
h u m p  at the ON, a negative phase after a hump,  a small OFF that becomes biphasic 
at high voltages, and the bell-shaped voltage dependence  of  the current amplitude, 
illustrated for experimental  records in Fig. 6. 

The  anomalous kinetic aspects o f  I v can now be explained. That  the p h e n o m e n o n  
occurs at the ON and is small and variable at the OFF is a consequence of  the 
waveform of  Ca release flux, which has a large early peak followed by a decay to a 
much lower level. The  simulated waveform of  triadic [Ca z+ ] (Fig. 12) has a similar 

-58 mV 

v " - -  
-50 

V ' - - -  

- 4 0  f ~  

l; 
-----/  ~ 50 ms  ---~ 

FIGURE 14. Simulated charge move- 
ment currents. Currents caused by the 
voltages in Fig. 13 in an ensemble of 
charged particles undergoing transi- 
tions between two states. The proper- 
ties of the ensemble are given by Eqs. 
4 and 5. The parameters are listed in 
Table II. These records should be 
compared with the records in Fig. 2 
and are plotted at the same scale. 

peak followed by a decrease during the ON. This marked increase in [Ca 2+] causes a 
marked increase in occupancy and local voltage (Fig. 13) driving the positive or 
outward phase of  I v (Fig. 15). The  peak in [CaZ+]T is followed by a decrease, and a 
corresponding decrease in local voltage. This decrease in local voltage during the ON 
in turn causes an inward movement  of  charge. 

Fig. 15 also plots the experimental  Iv(t ) (that is, the records of  Fig. 4) at the same 
scale. This permits us to judge  in detail the result of  the simulation. The  kinetics of  
the ON are generally well described, including size and shape of  both phases at all 
voltages except - 1 0  inV. The  ampli tude of  the current, defined as the difference 
between max imum and minimum, is essentially correct at all voltages in the 
simulation. The  time to peak of  the simulated records is within 2 ms of  the 
experimental  value at all voltages. The  simulation of  the OFF, however, is less 
successful: the change in polarity observed at high pulse potentials in this and several 
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o t h e r  e x p e r i m e n t s  is p r e s e n t  in  t h e  s i m u l a t i o n s ,  b u t  t h e  a m p l i t u d e  o f  t h e  O F F  

t r a n s i e n t s  is u n d e r e s t i m a t e d  a t  all  v o l t a g e s .  

S o m e  o f  t h e  i n a d e q u a c i e s  in  t h e  s i m u l a t i o n  m a y  b e  d u e  to  e r r o r s  in  t h e  

e x p e r i m e n t a l  r e c o r d s ,  l ike  t h e  p r e s e n c e  o f  i o n i c  c u r r e n t  ( e s p e c i a l l y  a t  - 1 0  m V ) ,  

c h a r g e  2 ( B r u i n  a n d  Rios ,  1987) ,  a n d  m o v e m e n t s  o f  c h a r g e  u n d e r  t h e  V a s e l i n e  sea l s  

T A B L E  I I  

Model Parameters 

A. Parameters of Removal. 
Fiber No. koFr.ug e M [P] ko~r.c,p Kd.pp [EGTA] Ko~.C~EC~A Temp. 

s-' s-' 0214 s-' p.M mM s-' °C 
612 3 1,000 1,000 l I 8* 1.25 13 
574 3 200 100 1 1 4 0.5 15 
493 4.7 633 375 0.9 1.9 0.1: : 13 

B. Parameters of Binding. 
Fiber No. Kd.c,s V ~  

mV 
612 16 - 3 0  
574 20 - 2 0  
493 20 - 2 0  

C. Parameters of  Intramembranous Charge. 
Fiber No. QuAx V k 

nC/~F mV mV ms -~ 
612 14 - 7 4  11 0.25 
574 35 - 5 0  15 0.15 
493 25 - 5 0  15 0.2 

Parameters of removal were determined by fitting the removal model (Bruin et aL, 1988b) to the OFF phases 
of multiple Ca 2+ transients in the same experiment. All parameters listed were allowed to be changed by the 
fitting routine in at least one of the fibers; parameters were not allowed to change and their set values are 
listed below. For fiber 574 a fit could not be obtained with [EGTA] set at 8 mM, the concentration in the end 
pools, but a good fit was obtained with the lower concentration listed. Parameters of Ca 2+ binding to a 
hypothetical site and parameters of charge movement were chosen by trial and error to optimize the 
simulation of AJ~(t) and A/(t) as described in the text. Symbols: kovF.Mg P, off rate constant of Mg:parvalbumin; 
ko~c~ p, off rate constant for Ca:parvalbumin; M, maximum pump rate; K~.~, dissociation constant for Ca z+ 
on pump sites; kOFF.C,~TA, off rate constant of Ca:EGTA. Kd.c., s, dissociation constant of the Ca2+:membrane 
site binding reaction. Other symbols as in text. Other parameters were set, and their values were, in all 
cases: kON,CaEGXA, 1.25 /~M-~s K (Smith et al., 1984); koN.c~,ropo,~°, 125 p.M-'s ~; ko~,c~v, 100 I~M-~s-~; koN.Mge, 0.03 
tLM-~s-~; kors.c,,rooo,~,, 1,200 s-~; [troponin], 240 t~M; [Ca2+], 0.01 I~M (in high EGTA experiments) or 0.05 (in 
fiber 493); [Mg2+], 900 ~M; koN.c~s (ON rate constant to the membrane sites), 125 ~M-~s -~. 
*[EGTA] was set equal to the concentration in the end pools. 
:EGTA was neglected in the removal fit. 

( H u i  a n d  C h a n d l e r ,  1990) .  W e  b e l i e v e ,  h o w e v e r ,  t h a t  t h e s e  s o u r c e s  o f  e r r o r  d o  n o t  

a l t e r  t h e  q u a l i t a t i v e  a s p e c t s  o f  I v d e s c r i b e d  in  t h e s e  p a p e r s ,  al l  o f  w h i c h  a r e  we l l  

r e p r o d u c e d  in  t h e  s i m u l a t i o n s .  

F ig .  16 c o m p a r e s  t h e  s i m u l a t e d  c h a r g e  m o v e m e n t  c u r r e n t s  w i t h  t h e  e x p e r i m e n t a l  

a s y m m e t r i c  c u r r e n t s  o f  F ig .  2. T h e  m a i n  d i s c r e p a n c y  is t h e  e x i s t e n c e  o f  a s low i n w a r d  
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-58 mV 

-4O ~ 

-10 ~ 

20 ms 

FIGURE 15. I v in the simulation. 
Thick traces, Differences (reference mi- 
nus conditioned) between simulated 
records of Fig. 14. Thin lines, Experi- 
mental records (same as in Fig. 4). 
The records were shifted vertically to 
facilitate the comparison of ampli- 
tudes but were not scaled. 

phase in all the experimental  records, at both ON and OFF, which continues to 
increase during the pulse and is not present in the simulations. The  fact that this 
phase is net inward is an indication that it may be due to asymmetric ionic currents. It 
should not have any relationship with the activation of  Ca 2+ release as the peak of  
release occurs very early in the pulses. Consequently, when trying different parameter  
values in the simulation, we opted for values that reproduced  well the early peak and 
the hump,  rather  than this late phase. This phase was small or nonexistent  in another  
fiber studied in detail (cf. below). 

Table II gives values of  parameters  used to simulate records in two other  fibers. 
# 5 7 4  is a slack fiber with high EGTA, and #493  is a stretched fiber with low EGTA. 
The  fits for these fibers were also reasonable. In the asymmetric currents of  # 4 9 3  
(not shown) the slow net  inward phase described in Fig. 2 was not present; the AII (t)'s 
were, however, o f  smaller amplitude, as is usual with stretched fibers. The  parameters  
o f  removal are within the values found in previous work (for instance in Table II of  
Csernoch et al., 1991). Similar parameters  of  the binding site were found to be 

- 5 8  mV 

V===.----- - 5 0  

- 4 0  

-30 ~ 
2 A/F -10 , 

- 7 0 m V  ~ ...: . [  
. ,--  50 ms 

FIGURE 16. Asymmetric currents in 
theoly and experiment. Simulated 
records (thin lines) from Fig. 14, refer- 
ence only, and corresponding experi- 
mental asymmetric currents (thick 
traces) from Fig. 2. The records are 
shown on the same scale, 
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suitable in the three fibers. The central voltage of the charge distribution (Vm)iS 
negative by comparison with published values, and it should be, as it is a microscopic 
potential, shifted from the bulk potential by Vmx (cf. Fig. 13). 

The kinetic parameter a, equal to half of the rate constant of charge movement at 
the central potential (Eq. 5), was between 0.15 and 0.25 ms -~. Simulations with a less 
than 0.1 ms -~ resulted in I v transients slower than the experimental AIj (t) records in 
all three fibers. These values are much greater than the value measured by 
Hollingworth and Marshall (1981) in intact frog sartorius fibers at 15°C (0.05 ms-l). 
They are closer to values reported in mammalian fibers at 15°C by Simon and Beam 
(1985) and smaller than the values suggested by Lamb (1986a) from observations on 
the effects of  hypertonic solutions. 

The fast kinetics that must be assumed to make the model fit casts doubt on the 
validity of the model. However, it is possible to explain the high values for a required 
in our simulations with the suggestion by Lamb (1986a) that the kinetics of charge 
movement currents are slower than the intrinsic kinetics of the sensors due to cable 
delays in the T tubules. Indeed, a slow charging of the T tubules should affect the 
kinetics of I~ but not of I v, as the mechanism proposed for I v involves local charges. 
In other words, the characteristic RC values that determine the charging delays are 
much smaller for Iv, as the capacitance involved does not include the linear 
capacitance of the T membranes (cf. previous description of general aspects of the 
model). 

The mechanism proposed here brings into focus a property of  I v overlooked until 
now: when seen in a record of total charge movement current, the hump has both a 
delayed onset and a rapid termination. These two kinetic features of the ON are 
visible in many published records. The rapid termination is explained by our theory 
as a consequence of an actual movement back, or inward, of the charge carriers. 
Considering the role of these charge carriers as voltage sensors, this could have 
physiological importance as a mechanism to hasten the decay of release after the 
peak. 

The main regulatory consequence of the present mechanism, however, is one of 
positive feedback: Ca z÷ release will cause I~, I~ will open more release channels, and 
this will increase C a  2+ release. Some experimental observations consistent with the 
operation of this process have been communicated (Pizarro et al., 1990). 

Comparisons with Previous Work 

The existence of at least two components in the charge that moves upon depolariza- 
tion of resting fibers was first noticed as separations from simple exponential kinetics 
(Almers, Adrian, and Levinson, 1975), as separations from simple sigmoidal voltage 
dependence (Adrian and Almers, 1976), and as a component more susceptible to 
voltage-dependent inactivation (Adrian and Peres, 1979). The term Q~ was coined by 
Adrian and Peres (1977) to name these delayed components, and a large body of 
work on this component ensued. 

In view of this vast literature, we will only consider here the aspects of the previous 
publications that conflict with the present work and have resulted in the "~/ sensor" 
view (that Q~ and Q~ result from different voltage sensing systems operating in 
parallel; reviewed by Huang, 1989). We will not consider studies on mammalian 
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muscle, in which Qv manifests itself as a tetracaine-sensitive component (Lamb, 
1986b) but is very difficult to identify kinetically (Hollingworth, Marshall, and 
Robson, 1987, 1990). 

The studies of Qv can be classified in four classes, and the comparisons with the 
present results will be carried out in the same order: 

Kinetic Studies 

These include kinetics of the ON and OFF (Hui, 1983b; Huang, 1984), modification 
of kinetics by prepulses (Adrian and Huang, 1984a) or drugs (Huang, 1987), and 
effects of temperature on kinetics (Hui, 1991). 

The present papers add to the known kinetic features of I v the observation of an 
inward phase during the ON. This phase had not been noticed before, probably 
because the inward phases are very clear only in high intracellular [EGTA], particu- 
larly in unstretched fibers, and most of the published studies of kinetics were on 
intact fibers in hypertonic solutions. Inward phases during the ON were observed by 
all three laboratories involved in the present series. In addition, recent work by 
Heiny, Jong, Bryant, Conte Camerino, and Tortella (1990) has also produced records 
with inward phases during the ON. Inward phases of I v can be found in the earlier 
literature if one subtracts asymmetric currents in tetracaine from the corresponding 
reference records (for instance, records in 1.5 mM tetracaine in Fig. 10 of Hui, 
1983a). 

The published reports that deal with OFF kinetics of I v are contradictory. In a 
detailed study Huang (1984) concluded that Qv has rapid, monophasic OFFs even at 
voltages near the midpoint of its distribution, with time constants in the 10-15-ms 
range. This is, however, inconsistent with other work of Huang and collaborators 
(Csernoch, Huang, Kovac and SziScs, 1987), in which heavily averaged difference 
records (reference minus tetracaine) show a clear bell-shaped ON and no visible 
transient at the OFF. This is also in contrast with the observations of Hui and 
Chandler (1988) of two kinetic components, one fast and one slow (presumably Iv), in 
a stepped-off study of Qv' In the present series of papers the OFF of I v is generally 
much smaller than the ON and in some cases negligibly small. This is consistent with 
our model (Fig. 14), which also predicts larger and inverted or biphasic OFF 
transients at higher test voltage. Inverted and biphasic OFFs at high voltage were 
found experimentally (Fig. 17 in Csernoch et al., 1991, Fig. 3 at - 1 0  mV in this 
paper, and in many experiments not shown). 

Recent studies (Hui, C. S., 1991) found a substantially greater temperature effect 
on the kinetics of Qv than Q~; this is consistent with a mechanism of Qv as proposed 
here, in which the generation of Qv requires Ca release, a process that may have a 
greater Q~0 than charge movement. It is also consistent with the generation of Qv at 
an independent set of voltage senors, working in parallel with the generators of Q~. 

Studies of Voltage Dependence 

These include voltage dependence of activation (Huang, 1982; Hui, 1983a, b; 
Vergara and Caputo, 1983; Hui and Chandler, 1990) and inactivation (Adrian and 
Peres, 1979; Rakowski, Best, and James-Kracke, 1985). 

In the present papers the amplitude of I v, obtained by tetracaine subtraction or 
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protocol 1, depends nonmonotonically on voltage, going through a maximum at 
about - 4 0  mV. This feature is satisfactorily accounted for by the Ca-binding model. 
By contrast, in the published work Qv(v) is seen to increase monotonically and very 
steeply, with the maximum of steepness near - 5 0  or - 4 0  mV (Hui, 1983a, b; Vergara 
and Caputo, 1983; Hui and Chandler, 1990). 

The present model predicts an extra movement of charge. Even though according 
to the model most of the extra charge will return during the ON, it may be included 
in the computation of area under the asymmetric current, as discussed by Szfics et al. 
(1991), especially when the inward phase of I~ is slow. However, the present model 
also predicts that contribution will become small or nil at high voltages, contradicting 
the results of Hui (1983a) and Vergara and Caputo (1983) showing monotonic 
increase in Qv(V). 

One reason for the discrepancy may be that in those observations the voltage 
excursions did not go beyond - 2 0  mV and this may have precluded the observation 
of a reduction in Q~ beyond the maximum. An exception is the plot by Hui (1983a) of 
differences in charge due to dantrolene sodium. In this detailed experiment (which is 
interpreted by the author as resulting in suppression of 3.2 nC/~F of charge with a 
Boltzmann distribution) there is a local maximum at - 3 0  mV, not inconsistent with 
our observations. Admittedly, this maximum could be due to noise. A local maximum 
is again found in the experiment of Fig. 6 of the same paper, in which fairly 
reproducible measurements of charge at many voltages near threshold reveal greater 
effect of dantrolene sodium at - 4 0  and - 4 5  mV (~ 4 nC/~F reduction), than at - 2 5  
and - 3 0  mV (1.7 nC/~F). 

Recent work of Hui and Chandler (1988, 1991) uses the slow kinetics of I~ at 
depolarized potentials to isolate its OFF transient (using a stepped-OFF protocol). 
These OFFs have none of the anomalous characteristics seen in the present paper. 
They are monophasic and have a steep, sigmoidal voltage dependence, with 
characteristics suitable for an independent species of charge. It is therefore possible 
that our interventions and the method of Hui and Chandler (1988) separate two 
different components of total charge movement. 

However, our model generates well-behaved I v currents with monotonic OFFs that 
increase steeply with voltage, provided that the time course of local [Ca 2+] or the 
release fluxes used as starting points do not relax sharply after the peak. This is 
illustrated with a simulation in Fig. 17. The top record is a release flux (for a pulse 
to - 4 0  mV, altered as described in the figure legend) that reaches about the same 
peak value as the largest record in Fig. 11 but has a less marked decay after the peak. 
This record was used in simulations entirely similar to the ones of fiber #612, with 
the same parameters (Table II). 

The figure shows the triadic Ca z+ transient and the current I v that resulted. This I v 
is well behaved, the OFF charge is large and monophasic, and its voltage dependence 
(not illustrated) can be steep, as it is determined at low voltages by the voltage 
dependence of the release flux. It also has essential equality of charges at ON and 
OFF. Therefore, the model can generate this type of current and voltage distribution, 
consistent with an independent charged species. A radical departure will only occur 
at higher voltages, when the charge carried will become smaller with our simulations, 
rather than saturate. 
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Therefore, it is possible that both our interventions and the stepped-OFF protocol 
separate I v adequately, and that the underlying release time courses are different in 
our experiments and those of Hui and Chandler (1988, 1991). A more sustained level 
of release during the pulse also results in monophasic ONs, without inward phases 
(Fig. 17). In agreement  with this interpretation, inward phases during the ON are not 
prominent  in the records of  Hui and Chandler (1990). 

Other observations of voltage dependence use measurements of  capacitance as a 
function of voltage (Adrian and Peres, 1979, Huang, 1982). In this type of measure- 
ment a decay in Q~ vs. v is more difficult to detect than in Q vs. V plots. The variable 
prepulse required should also cause variable Ca 2+ release and a variable degree of 
inactivation of release. 

Studies of Localization in the Cell Membranes 

A serious objection to a role of Q~ in E-C coupling was raised by studies of  Huang and 
Peachey (1989; cf. also Adrian and Huang, 1984b), who measured capacitance 

R 10/~M/ms 1 

~ o.5 A/F 1 

t 1 O0 m s  j 

FIGURE 17. A simulated 1~ with sim- 
pler kinetics• R, Release flux record 
with slow relaxation after the peak 
(obtained with a pulse to -40  rnV 
from a h.p. of -90  mV in a fiber in 20 
IxM tetracaine, and scaled by a factor 
of 5.0). [Ca2÷]l(t), Triadic Ca ~+ tran- 
sient derived from/~, with the param- 
eter values listed in Table II (fiber 
612). I v, Charge movement current 
due to the Ca2+-binding process, de- 
rived as described in the text with the 
parameter values in Table II (fiber 
612). 

changes upon detubulation, demonstrating that Q~ moves in the t tubule membrane• 
In contrast, Q~ was found in equal proportion (that is, as an equal fraction of the 
accessible linear capacitance) in the T tubule and surface membranes.  

This localization, however, is not inconsistent with the interpretation proposed 
here: If  most E-C coupling takes place at the triadic junctions and Qv is a 
consequence of Ca release, then detubulation will preferentially reduce Qv. In 
contrast, Q~ is equated to all the tetracaine-resistant charge (Huang and Peachey, 
1989) and is by definition a heterogeneous set. It could include currents from 
DHP-sensitive voltage sensors in the surface membrane not coupled to the SR, as well 
as gating currents from other channels. With this definition, it is not surprising that a 
fraction of Q~ resides in the surface membrane.  For instance, and following Huang 
and Peachey's finding of proportional distribution, a 1:6 ratio of surface to T 
membrane area would result in a surface location for one-seventh of Q~; this still 
leaves most of Q~ in the T system and is entirely consistent with a role of Q-e in E-C 
coupling• 
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Considering that 0.5 I~M nifedipine reduces charge movement by ~22% at a 
holding potential of - 100 mV, with almost no effect on Ca 2÷ release (Rios and Brum, 
1987), it is likely that some 20% of the total charge is unrelated to E-C coupling. If 
this charge was kinetically fast it would be counted as Q~. Such a non-E-C coupling 
charge could be located anywhere; therefore, an equal distribution of Q~ in surface 
and tubules does not exclude a role of Q~ in E-C coupling. 

In this regard, our simulation of I~ (Fig. 16) was not good at low voltages, missing 
a fast component. In other words, the steepness factor k used (11 mV) is too small to 
describe the broader distribution found in the experiment. There is in this particular 
experiment and fiber a fast component of small magnitude, moving at low voltage, 
which is not accounted for in the simulation. Problems inherent in the two 
Vaseline-gap technique (Chandler and Hui, 1990) complicate the interpretation of 
these small components. 

Relationship between Q~ and EC Coupling 

Initial studies of the relationship between charge movement and Ca transients 
(Kovacs et al., 1979) were extended by Rakowski, Best, and James-Kracke (1985) and 
Melzer, Schneider, Simon, and Szfics, (1986), who compared charge movement with 
Ca release flux, finding a much steeper dependence of release with voltage, 
particularly in the vicinity of the threshold voltage. Melzer et al. (1986) considered a 
sequential model in which the voltage sensor undergoes voltage-dependent sub- 
threshold transitions before a final transition, also voltage-dependent, causes open- 
ing of the release channel (and moves a component of charge that is presumably Q~, 
even though their experimental records did not permit the kinetic identification of 
Q~). This model reproduced their results reasonably well but failed to generate the 
high steepness of release near threshold. In this regard, the proposal that Q~ is an 
independent species directly linked to gating of Ca release is more satisfactory, as the 
steepness of Q~ vs. v is greater than that of Q vs. v (cf. Hui and Chandler, 1988; 
Huang and Peachey, 1989). However, the steepness factors reported in the refer- 
ences above (5.5 and 3.9 mV) imply saturation of Q~ at - 2 0  mV (Huang and Peachey, 
1989) or - 4 0  mV (Hui and Chandler, 1988), while Ca release flux continues to 
increase at and beyond 0 mV (Brum et al., 1988a). 

Other explorations of the relationship between Q~ and E-C coupling have been 
carried out. Huang (1986) studied effects of twitch potentiators in intact fibers in 
hypertonic solutions, finding no change in the steady-state distribution of charge in 
the presence of 2.5 mM caffeine, a concentration that would have caused contracture 
had the fibers been able to respond mechanically. This is in contrast with the results 
in the third paper of this series, which showed a clear shift of the "hump" to more 
negative voltages at much lower caffeine concentrations. We cannot explain the 
discrepancy, but it should be noted that the paper of reference does not show the 
effects of caffeine on records of Alcm or I v. Kinetic effects like the ones described by 
Szfics et al. (1991) may have been overlooked when computing the charge distribu- 
tions. If most of the charge returned during the ON (as in most records and 
simulations here), the change in Q(V) would have been very small. 

A similar discrepancy exists between the results in this series and the report of 
Csernoch et al. (1988), in which the effects of tetracaine on charge movements and 
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Ca transients  were s tudied in cut fibers in a single Vaseline gap.  25 ~M tetracaine 
r educed  the Ca t ransient  (by 40%) but  not  the dis t r ibut ion of  total charge.  This 
observat ion is again  in contras t  to our  exp lana t ion  of  Q~ (that significant changes  in 
[Ca2+]v should change  Q~) and  is also in conflict with the observat ions in three  pape r s  
of  this series, in which 20 or  25 ~M te t racaine  causes a substantial  reduc t ion  in 1~. 
Again, the  d iscrepancy with Csernoch et al. (1988) is one of  s teady-state d is t r ibut ion 
of  charge  only; it can be reconci led if one  considers  the effects on the currents.  
Referr ing  to Fig. 2 in Csernoch et al. (1988), record  B of  charge  movemen t  current ,  
ob ta ined  in the  presence  o f  tetracaine,  lacks a small de layed c o m p o n e n t  p resen t  in 
reference  record  A. This effect, c lear  in the cur ren t  records,  does  not  change  the area  
u n d e r  the  curve significantly. Therefore ,  the observat ions o f  Csernoch et al. (1988) 
are not  inconsis tent  with the not ion  that  I~ is a consequence  of  release.  

In closing, a summary  of  the main  consequences  of  the p resen t  pape r s  seems 
necessary. T h e  de layed  or  " h u m p "  c o m p o n e n t  of  charge  movemen t  cur rent  appea r s  
to be a consequence  of  Ca release.  If, as the  results seem to indicate,  it involves 
addi t iona l  vol tage sensors f rom the same pool  that  genera tes  1~, it will cause ope n ing  
o f  addi t iona l  release channels .  Thus,  I~ would be both  consequence  and cause of  Ca 
release.  I~ is likely to arise f rom he te rogeneous  sources, inc luding vol tage sensors of  
EC coupl ing,  plus contr ibut ions  f rom o the r  voltage-sensit ive molecules.  

A P P E N D I X  ! 

Linear Capacitive Currents in a Ca 2+ Binding Process 

When presenting these ideas we were asked (by Dr. F. Sigworth and Dr. J. Fernandez) to 
evaluate how much linear capacitive charge would move upon binding of Ca 2. to one side of 
the membrane. We address this question here; the answer justifies neglecting linear currents in 
the simulations of I v. 

Consider a simple situation: initially (Fig. 18A) a membrane of dielectric permittivity c% 
separates compartments e and i. The (bulk) potential difference Vie is kept at zero by an 
external voltage clamp circuit. For simplicity, no fixed charges are present; thus, no surface 
potentials exist and the electric potential, V(x), represented by the horizontal line, is the same 
everywhere. 

At some instant, positive ions separate from solution i and bind to the surface of the 
membrane on the i side. As a consequence, charges move on both sides of the membrane. After 
a transient in which the voltage clamp circuit supplies some current to keep the bulk potential 
difference at 0 mV, a new steady potential V(x) is established (Fig. 18 B), in which the local or 
microscopic transmembrane potential is positive. This is analogous to the model in this paper, 
except that here the membrane is initially uncharged (the distribution of V in our model can be 
easily found by superposition and is not important for the argument). 

A standard procedure from electrostatics tells how much current circulates in the external 
circuit in the transition to the new equilibrium. Let the dotted line in Fig. 18 B represent a 
Gauss surface with two faces (of area A) parallel to the membrane, one within the membrane 
thickness and the other beyond the diffuse layer of unbalanced charge, sufficiently far from the 
membrane that V is constant. Applying to this surface the integral form of Gauss's law (e.g., 
.Jackson, 1962, pp. 4, 5, and 616): 

ego ~ EndA = q (A1) 
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where E n is the component  of  the electric field normal to the surface (in the outward direction) 
and q is the net charge within the surface. This field is zero everywhere on the surface except at 
the face within the membrane,  where its value is termed Em. Thus the integral in Eq. A1 
is -EmA. E,, in turn is the (microscopic) transmembrane voltage difference V m divided by the 
membrane thickness l. Substituting in Eq. AI:  

-¢eoE.,A = -(~%A/1)Vm = q (A2) 

The factor in parentheses is equal to the capacitance of  the portion of  membrane of  area A. The  
charge q, which is the charge that moves in the external circuit, is equal to the membrane 
capacitance multiplied by the transmembrane potential. Thus, the same linear current moves 
per  unit area whether the membrane is charged locally or  through a bulk potential change. 
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J ° ' • • ° ° ° '  ~ • ' ° ° i  
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FIGURE 18. Capacitive charges in- 
duced by binding of  ions. (A) An 
idealized situation: a membrane  with- 
out charges separates two isopotential 
compartments.  (B) Positive ions sepa- 
rate from solution i and bind to the i 
surface of  the membrane.  Counter- 
ions move toward the membrane on 
both sides. The  result is an accumula- 
tion of  negative charge (q) on side e, 
which results in a (capacitive) current 
from e to i measured in the external 
circuit. A Gauss surface is represented 
by dotted lines and is used to derive 
Eq. A2. (C) The distribution of  coun- 
terions in i is modeled as a capacitor, 
with all ions at a distance equal to the 
Debye length 1/K. The  potential drop 
(1/',) across this capacitor is greater 
than the microscopic transmembrane 
potential (Vm). See Appendix I for 
details. 

Unlike a bulk potential change, however, a local charging process might be restricted to a 
small area of  the membrane.  This would be the case, for instance, if the Ca 2+ binding sites were 
on the voltage sensor protein. In this case only a fraction of  the membrane capacitance would 
be affected by the change in potential, and the linear component  in the current would be small. 

It is simple to put an upper  limit on this contribution. The  excess charge on the e side (q) is 
negative. The  excess charge on the opposite side is positive and of  the same magnitude. This 
excess charge results from the (positive) Ca 2+ ions bound and a diffuse layer of excess anions in 
solution. Thus, the linear capacitive charge that moves per  unit area is less than the density of  
ions bound. The  excess charge of  counterions on the i side (qc) can be estimated simply from a 
parallel plate capacitor model  of  the diffuse double layer illustrated in Fig. 18 C (McLaughlin, 
1977) in which all the counterions are located at a distance from the membrane equal to the 
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Debye length  (I/K). T he  difference in potent ia l  across this model  capacitor is greater  than  V m. 
Thus  the charge qc will be greater,  in absolute value, than V m multipl ied by the equivalent 
capacitance of the diffuse layer 

Iq~l > [~%Z/(1/g)Wm (m3) 

where ~ is the dielectric constant  in the solution. The  r.h.s, of Eq. A3 has the same form as Eq. 
A2, but  is at least 10-fold greater,  as the Debye length is ~0.1  l and ~r > e. Thus  the anion  
charge q~ is much  greater  than  q, which makes it approximately equal to the charge in the 
bound  Ca 2+. This  permits  us to est imate an  u p p e r  b o u n d  for q given the density of b o u n d  Ca 2+. 

Assuming, for instance, 2,000 Ca 2+ ions bound  per  square micrometer  of T m e m b r a n e  (or 
~ 4  per  foot), the bound  charge will be 6.4 x 10 -s C/cm 2. The  charge q will be at least 10 times 
less, or < 6.4 x 10 -9 C/cm ~. This  amount  will change  the voltage in a 1-1~F capacitor by 6.4 inV. 
In summary, the charge that  moves in the external  circuit when four Ca z+ bind per  foot could 
change the voltage by at most  6.4 mV, and  this is probably a gross overestimate. 

A P P E N D I X  I I  

Computer Simulations o f  Diffusion of  Ca 2+ in a Sarcomere 

The  thrust  of  these simulations is to obtain the approximate  t ime course of [Ca 2+] at  a location 
near  the sites of  release. This  is per formed by means  of  a general izat ion of an earlier model  of 
removal  of  Ca 2+ in t roduced by Bruin et al. (19~8a), which will be called the " lumped"  removal 
model  to dist inguish it from the present ,  distr ibuted model. 

T he  concentra t ion of Ca 2+ at any point  in the sarcomere is the result of  input  and  removal  
fluxes. The  input  flux for the whole sarcomere occurs at discrete points at the triads. Ca ~+ 
spreads from there by diffusion and  binds as it moves to structures tha t  may be fixed (like sites 
on  t roponin  or the SR pump)  or slowly diffusing (parvalbumin,  the Ca-sensitive dye). 

In the present  simulation the geometry of the sarcomere is one-dimensional  (coordinate x) 
and  symmetrical. The  length of  a half  sarcomere is divided in n + 1 segments  (that is, the half  
sarcomere is divided in n + 1 slices, represented  by the index j ,  j = 0 to n). The  first slice 
represents  the triadic compar tmen t  and has thickness 1. In a sarcomere of length  L the o ther  
slices have thickness 

(L - 21)/(2n) - Ax 

The  input  of Ca 2+ into the system occurs at x = 0 and  has the time dependence  of the Ca ~÷ 
release waveform /~(t) measured  experimentally.  The  purpose  of the calculation is to obtain 
[Ca ~+] (t, 0), the concentra t ion of Ca ~+ in the first compar tment .  As Ca 2+ enters the j t h  
compar tmen t  it can b ind  to parvalbumin,  the dye ApIII, t roponin,  sites on  the Ca z+ pump,  and  
EGTA if present ,  according to the equations: 

d[CaPar]/dt = ko,cp[Ca2+][Par] - k,,fcp[CaPar] (A4) 

d[D2Ca]/dt = ko.,a[Ca2+][D 2] - kof~d[D2Ca] (A5) 

d[CaTn]/dt  = konct[Ca2+][Tn] - kof,[CaTn] (A6) 

d[CaPp]/dt  = ko.~pp[Ca~+][Pp] - kof~pp[CaPp] (A7) 

d[CaEGTA]/dt = ko,¢e[Ca2+][EGTA] - ko~c,.[CaEGTA] (A8) 

and  is p u m p e d  away at a rate 

d[T]/dt = M{[CaPp]/([Pp] + [CaPp])} 2 (A9) 
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while Mg 2+ competes  with Ca 2+ for parva lbumin  

d[MgPar]/dt  = ko, mp[Mg2+][Par] - kof,,p[MgPar] (A10) 

Par, D, Tn, Pp, and EGTA represent parvalbumin, ApIII, troponin, pump sites, and EGTA in 
compartment j; CaPar, CaD 2, etc. are the bound forms of calcium, MgPar is the Mg~+:parvalbumin 
complex, [T] is the rate of calcium transport by the pump per unit myoplasmic volume, and the k's 
are rate constants with self-explanatory subindices. There are no differences up to this point between 
this treatment of the removal processes within a slice and the lumped model of Bruin et al. (1988a) in 
which the whole cell is considered a single compartment. 

Additionally, the free Ca 2+ can diffuse into the neighboring slices according to Fick's law, which was 
expressed in a difference equation for the flux between compartments. Let [Ca 2+] (t,j) represent 
[Ca ~+ ] at time t in slice j and let d[Ca~+],~/dt represent the rate of change of [Ca ~+ ] in compartment j 
due to diffusional flux f romj  - 1 and j  + 1 intoj .  This rate of change in concentration has different 
expressions for the first slice (0), the second (1), and a generic slice (j). Assume a diffusion coefficient 
D, unit section area, and let 

Then ,  for the first slice: 

d[Ca2+]d~(t, 0) 

dt 

Ax' =-- (Ax + 1)/2 

(A1 l)  

For the second slice: 

d[Ca2+]dif(t, 1) [[Ca2+](t, 0) - [CaZ+](t, 1) [Ca2+](t, 2) - [Ca2+](t, 1!] 
dt - D [" "Ax " + -~x ]/ A x 

and for the generic slice: 

(A12) 

d[Ca2+]eir(t'J) D [Ca2+l(t'J - 1) - [Ca2+](t,j) + [Ca2+l(t,j + l)  - [Ca2+](t,j) (Al3) 
dt Ax 2 

In the last compar tment ,  j = n, a symmetry (reflecting) condi t ion is added  that  insures no  flux 
to or from the next  hal f  sarcomere 

[Ca2+](t, n) = [CaZ+](t, n + 1) (A14) 

Finally, if d[CaB](t, j ) /dt  represents  the sum of  all b inding  and  removal  rates (Eqs. A4 to A9), 
the equat ion describing the total rate of change of [Ca 2+] can be written. For the first slice it is 

d[Ca2+](t, 0) d[CaB](t, 0) d[Ca2+]air(t, 0) 
dt - dt  + /~( t )  + dt (AI5) 

and  for all others  

d[Ca2+](t,j) d[CaB](t, j)  d[Ca~÷]dir(t,j) 
dt - dt + dt (A16) 

T he  parameters  (k's of  removal and  binding,  M, concentrat ions of  the various ligands) are 
obta ined as described by Brum et al. (1988a) from fitting the lumped  removal  model  
predict ions to the OFFs of  the exper imenta l  Ca z+ transients.  The  sole pa ramete r  tha t  is new in 
the dis tr ibuted model  is the  diffusion coefficient of Ca 2÷. This, following considerat ions of  
Kushmerick and  Podolsky (1969) is taken to be 2.5 times smaller than the diffusion coefficient 
of Ca 2+ in water, or 2.8 x 10 -6 cm2/s. 
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The  system of  Eqs. A3 to A16 was solved numerically by the unmodif ied  Euler's method.  The  
"Euler increment"  of t ime (At) was routinely 5 x 10 -a s. Tests with values of the rate constants 
h igher  than  the ones listed in Table  II produced results that  were consistent to bet ter  than  1% 
when using At = 5 x 10 -6 S or 1 x 10 -6 S. Increasing At beyond 10 r, s usually led to 

catastrophic overflow. 
A total of 9 slices per  half  sarcomere gave essentially the same results in the triadic 

compar tmen t  as 17 slices. T he  width 1 of  the first slice was set to 4 nm on the basis of volume 
considerat ions made  by Csernoch et al. (1991). With this choice the volume ratio of triad to 
bulk is 500 in a stretched sarcomere (half length 2 Ixm) and  ~ 300 in a slack sarcomere (1.3 
p~m). Even though  we did not  explore this variable systematically, we had  the impression that a 
thickness of  20 nm resulted in very similar waveforms of  [Ca2+]x  . Finally, it made  no  qualitative 
difference whether  parvalbumin and  the dye were allowed to diffuse as well. In computat ions  in 
which they diffused, a reflecting condit ion like Eq. AI 4 was in t roduced for each of the diffusing 
species. 

One  test of consistency for this simulation was suggested by one of our  referees. Since the 
simulation results in t ime courses of all bound  and  free species in the model  for all slices, it is 
possible to reconstruct  the t ime course of total Ca:dye complex (proport ional  to the optical 
signal that  the model  predicts) and  process it as one would an exper imenta l  signal to obtain a 

a t~. c 2 5  m s  FIGURE 19. A test of consis tent  T of 
the simulations, a, Measured Ca > 
transient  dur ing  a pulse to - 5 0  mV 
(same transient  shown in Fig. 1). This 
t ransient  was filtered and used to de- 
rive release flux, and  the release flux 
was used as input  of the simulation of 
diffusion (parameters  in Table II). 
The  simulation resulted in functions 

[CaD~](t,j) ( j  from 0 to 8). These  functions were averaged over j ,  with weights cor responding  to 
the thickness of the cor responding  slices, and  the resulting average was converted to [Ca>](t)  
as in the usual determinat ions  of Ca 2+ transients, b is the derived transient,  c is b scaled by 1.24. 

Ca 2+ transient  which we term [Ca2+]. This is the Ca z÷ transient  that  the model  predicts for the 
particular R(t) used as input.  In o ther  words, if the fiber worked like the model  and  a flux of 
Ca 2+ was d u m p e d  into it from the triads at a ra te /~ (t), the dye would repor t  a t ransient  equal to 

[CaZ+]s .  

This means that  [Ca~+]~ should be close to the exper imenta l  [Ca 2+] transient.  If it is not, it 
means  that  the diffusion simulation, the me thod  used to derive R (t), or both,  are wrong. This 
ra ther  crucial test is illustrated in Fig. 19. Record a is the Ca 2+ transient  measured  dur ing  the 
pulse to - 5 0  mV in fiber #612  (a record already shown in Figs. 1 and  2). b is the cor responding  
[Ca2+]s  obtained in the simulation of" diffusion that  led to the records in Fig. 12. c is b scaled by 
1.24. The  agreement  is reasonable.  

Fibers #650 and #651 included in Fig. 5 were studied by Dr. Adorn GonzCdez and Dr. Ivan 
Stavrovsky at Rush University. We owe them gratitude for allowing the inclusion of these data in this 
paper. We are grateful to Drs. Fredric Cohen, R. S. Eisenberg, and Jianjie Ma for many suggestions, 
to Drs. C. S. Hui and W. K. Chandler for communicating several unpublished results, and to Ms. 
Lucille Vaughn for typing the manuscript. 
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