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ABSTRACT Inactivation of  currents carried by Ba ~+ and Ca 2+, as well as intra- 
membrane  charge movement from L-type Ca 2+ channels were studied in guinea pig 
ventricular myocytes using the whole-cell patch clamp technique. Prolonged (2 s) 
condit ioning depolarization caused substantial reduction of  charge movement 
between - 7 0  and 10 mV (charge 1, or charge from noninactivated channels). In 
parallel, the charge mobile between - 7 0  and - 1 5 0  mV (charge 2, or charge from 
inactivated channels) was increased. The  availability of  charge 2 depended  on the 
condit ioning pulse voltage as the sum of two Boltzmann components.  One compo- 
nent  had a central voltage of  - 7 5  mV and a magnitude of  1.7 nC/p.F. It presumably 
is the charge movement (charge 2) from Na + channels. The  other component ,  with 
a central voltage of  ~ - 3 0  mV and a magnitude of  3.5 nC/~F,  is the charge 2 of 
L-type Ca 2+ channels. The sum of charge 1 and charge 2 was conserved after 
different condit ioning pulses. The  difference between the voltage dependence  of  
the activation of L-type Ca 2+ channels (half-activation voltage, V, of ~ - 2 0  mV) and 
that of  charge 2 (V of  - 1 0 0  mV) made it possible to record the ionic currents 
through Ca 2+ channels and charge 2 in the same solution. In an external  solution 
with Ba 2+ as sole metal the maximum available charge 2 of  L-type Ca 2+ channels was 
10--15% greater  than that in a Ca2+-containing solution. External Cd 2+ caused 
20-30% reduction of  charge 2 both from Na + and L-type Ca 2+ channels. Voltage- 
and Ca2+-dependent inactivation phenomena  were compared  with a double pulse 
protocol in cells perfused with an internal solution of low calcium buffering capacity. 
As the condit ioning pulse voltage increased, inactivation monitored with the second 
pulse went through a minimum at about 0 mV, the voltage at which conditioning 
current  had its maximum. Charge 2, recorded in parallel, did not show any increase 
associated with calcium entry. Two alternative interpretations of  these observations 

2+ are: (a) that Ca -dependent  inactivation does not  alter the voltage sensor, and (b) 
that inactivation affects the voltage sensor, but only in the small fraction of  channels 
that open, and the effect goes undetected.  A model  of  channel gating that assumes 
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the first possibility is shown to account fully for the experimental results. Thus, 
extracellular divalent cations modulate voltage-dependent inactivation of the Ca 2+ 
channel. Intracellular Ca z+ instead, appears to cause inactivation of the channel 
without affecting its voltage sensor. 

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

Since the first recording of Ca 2+ inward currents in cardiac tissue (Reuter, 1967) it 
became obvious that the slow rate of inactivation of this current is a key reason for the 
long plateau on the action potential. It was later shown that cardiac L-type Ca 2+ 
channels possess both voltage and current-dependent inactivation (Kohlhardt, 
Krause, Kubler, and Herdey, 1975), which are similar to those of  many other Ca 2+ 
channels. Molecular mechanisms of these processes are yet to be understood 
(reviewed by Eckert and Chad, 1984). The measurement of  charge movement allows 
one to detect molecular events when the channel is closed and it has been used as a 
tool in tke analysis of  inactivation of axonal Na ÷ (reviewed by Armstrong, 1981), the 
voltage sensor of excitation-contraction coupling (VSECC, Brum and Rios, 1987) and 
K ÷ channels in expression systems (Bezanilla, Perozo, Papazian, Stefani, 1991; 
Stiihmer, Conti, Stocker, Pongs, and Heinemann, 1991). 

Fast voltage-dependent inactivation of Na ÷ and K ÷ channels was found to be 
accompanied by charge immobilization (Armstrong and Bezanilla, 1977; Bezanilla et 
al., 1991). Slow inactivation of Na ÷ channels (Bezanilla, Taylor, and Fernandez, 
1982), inactivation of the voltage sensor of excitation-contraction coupling of skeletal 
muscle (VSECC) and of cardiac Ca ~+ channels (Brum and Rios, 1987; Shirokov, 
Levis, Shirokova, and Rios, 1992) were instead found to be accompanied by a shift of 
voltage dependence of their associated charge movements to negative voltages by 

~ 80 mV. 
We took advantage of this separation of the voltage distributions and designed a 

protocol to measure both ionic current through Ca channels (Ic~) and charge 
movement (charge 2) currents in the same solutions, without using ionic current 
blockers. This technique allowed us to separate the contributions of two mechanisms 
to the inactivation of Ica and evaluate their effects on the voltage sensor. Some 
aspects of  these results have been published in abstract form (Shirokov, Levis, 
Shirokova, and Rios, 1993; Shirokov, Levis, and Rios, 1993). 

M E T H O D S  

Whole-cell currents were measured in single ventricular myocytes, enzymatically isolated from 
guinea pig hearts. Preparation of cells and current measurement were performed as described 
before (Shirokov et al., 1992). Briefly, cells were isolated from the ventricles of guinea pig 
hearts (strain Duncan-Hartley, 250-400 g) using 1.5 mg/ml collagenase (type I; Worthington 
Biochemical Corp., Freehold, NJ) and 0.3 mg/ml protease (type XXIV; Sigma Chemical Co., 
St. Louis, MO) applied by Langendorff perfusion. All experiments were carried out at at 
19-22°C within 24 h after separation. 

The composition of internal and external solutions is presented in Table I. The total 
concentration of external divalent cations was kept at 5 mM in all cases. All external solutions 
contained 0.5 mM Ba ~+ which helped block residual outward currents and stabilized the 
baseline current. In the solution containing 4.5 mM Cd 2+ and 0.5 mM Ba 2+ no substantial ionic 
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c u r r e n t s  were  r e c o r d e d  at  vo l t ages  f r o m  - 1 5 0  to + 4 0  mV. At va r i ance  wi th  p rev ious  

e x p e r i m e n t s ,  we u s e d  a Cs+-based  in t e rna l  so lu t ion  b e c a u s e  in t race l lu la r  T E A  + affects  ca rd iac  

ca lc ium c u r r e n t s  (Field, Hill, a n d  L a m b ,  1988). T h i s  s e e m s  a r e a s o n a b l e  choice ,  as /ca was 

f o u n d  to be  ident ica l  in Cs  +- a n d  K + - c o n t a i n i n g  so lu t ions  in pa tho log ica l  a d u l t  h u m a n  

ven t r i cu la r  cells h a v i n g  very smal l  o v e r l a p p i n g  t r a n s i e n t  o r  b a c k g r o u n d  o u t w a r d  c u r r e n t s  

(Ben i tah ,  Bailly, Da Pon te ,  De lgado ,  a n d  Lo ren t e ,  1992). 

Vol tage  c l a m p i n g  (in t h e  whole-cel l  m o d e  o f  t h e  p a t c h  c l a m p  t echn ique ) ,  p u l s e  g e n e r a t i o n ,  

a n d  da t a  acquis i t ion  were  d o n e  with a c o m m e r c i a l  p a t c h  vo l t age  c l a m p  a n d  a s soc ia t ed  h a r d w a r e  

(Axopa t ch  1 ser ies  p a t c h  c l a m p  with Axo lab  in ter face ,  u n d e r  PC control ,  r u n n i n g  P C L A M P  

software;  A x o n  I n s t r u m e n t s ,  Inc. ,  Fos te r  City, CA). T h e  whole-cel l  capac i t ance  circui try o f  t he  

A x o p a t c h  1 was m o d i f i e d  to allow c o m p e n s a t i o n  o f  m o s t  o f  t he  l inear  capaci ty  t r ans ien t s ,  u p  to 

300  pF.  Addi t ional ly ,  t he  C L A M P E X  p r o g r a m  o f  P C L A M P  was m o d i f i e d  to allow da t a  

acquis i t ion  d u r i n g  c o n d i t i o n i n g  pulses .  

T A B L E  I 

Ionic Composition of Internal and External Solutions 

External Internal 

Calcium Barium Cadmium BAPTA EGTA 

Ca ~+ 4.5 . . . .  
Ba 2+ 0.5 5.0 0.5 - -  - -  

Cd ~+ - -  - -  4.5 - -  - -  
Cs + - -  - -  - -  120 110 
Mg ATP - -  - -  - -  5 5 
TEA + 166 166 166 - -  - -  
HEPES 10 10 10 - -  - -  
EGTA ~- - -  - -  - -  - -  0.5 
BAPTA 2- - -  - -  - -  10 - -  
Glucose - -  - -  - -  10 I 0 
Creatine phosphate s-  - -  - -  - -  20 20 
Tris + - -  - -  - -  40 40 
Aspartate- - -  - -  - -  80 90 
Cl- 186 1 8 6  1 8 6  20 20 
pH 7.25 7.25 7.25 7.80 7.80 

Values are in mM. Osmolality, 310 mosmol/Kg. 
TEA +, Tetraethylammonium. 
EGTA ~-, Ethylene glycol-bis([~-Aminoethyl ether) N, N, N' ,  N'-Tetraacetic acid. 
BAPTA ~-, 1,2-bis(2-Aminophenoxy)ethane N, N, N' ,  N'-Tetraacetic acid. 

C u r r e n t s  were  f i l tered at 1 kHz  ( - 3  dB,  4 -po le  Bessel  filter) a n d  s a m p l e d  at  5 0 - 1 0 0  i~s /point  

for  c h a r g e  m o v e m e n t  m e a s u r e m e n t s ,  o r  with s lower ra tes  for  ionic  c u r r e n t  m e a s u r e m e n t s .  

A d i scuss ion  o f  t he  qual i ty  o f  vo l t age  c l a m p  con t ro l  a n d  t he  effect  o f  c o m p e n s a t i o n  o f  ser ies  

r e s i s t ance  o n  t he  c h a r g e  m o v e m e n t  was p r e s e n t e d  be fo re  (Shirokov et  al., 1992). Typica l  

r e s i s t ance  o f  the  p ipe t t e s  was 1 - 2  MII  w h e n  filled with in t e rna l  so lu t ions  (Table  I). Af te r  

e s t ab l i sh i ng  t he  whole-cel l  con f igu ra t i on ,  t he  access  res i s t ance  usua l ly  was 3 - 8  MII  a n d  

rou t ine ly  was c o m p e n s a t e d  7 0 - 9 0 % .  T h e  h o l d i n g  po ten t i a l  (h.p.)  was - 9 0  mV. A s y m m e t r i c  

c u r r e n t s  were  o b t a i n e d  by sub t r ac t i on  o f  con t ro l  c u r r e n t s  el ici ted wi th  pu l s e s  tha t  t ook  t he  

m e m b r a n e  po t en t i a l  f r o m  - 130 to - 100 mV. T h e  con t ro l s  always p r e c e d e d  t h e  tes t  pu l s e s  ( and  

c o n d i t i o n i n g  pu l s e s  if  app l ied) .  Sets  o f  con t ro l  a n d  tes t  pu l se s  were  a p p l i e d  at  t ime  in tervals  o f  

1 0 - 2 0  s. T h e s e  p r e c a u t i o n s  were  t aken  to avoid  t he  a p p e a r a n c e  o f  c h a r g e  2 in con t ro l  pu lses ,  

t ha t  occurs  wi th  h i g h e r  du ty  cycles. T h e r e  was n o  s l o p i n g  base l ine  cor rec t ion .  
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R E S U L T S  

Total Charge Is Conserved During Inactivation 

It has been shown (Bean and Rfos, 1989; Hadley and Lederer, 1989; Shirokov et al., 
1992), that the amount of  charge associated with the opening of channels (mostly 
L-type Ca 2+ and Na ÷ channels) depends on the holding potential as a sum of two 
Boltzmann terms. On the other hand, due to inactivation, the voltage distribution of 
charge movement  shifts toward negative voltages, causing reduction of the charge 
measured during test pulses to voltages that activate the channel (Shirokov et al., 
1992). In the present work we followed the reduction of charge 1 and the appearance 
of charge 2 as a function of conditioning depolarization. 

0 rnV, 2 $ 

/ /  

- 9 0  mV 

- 7 0  mV 
- - - - / / - - -  

40 m l  

10 mV 

- 1 5 0  mV 

5 m s  

FIGURE 1. Effect of condition- 
ing depolarization on charge 
movement elicited by a 25-ms 
pulse from -70  to 10 mV (cur- 
rent traces a), and from -70  to 
-150 mV (traces b). Asymmet- 
ric currents were obtained by 
pulses which were (thick lines) or 
were not (thin lines) preceded 
by conditioning to 0 mV for 2 s. 
Cell R1N19C51. CM = 156 pF, 
Rs = 5.4 MI'~. 

The effect of conditioning depolarization on availability of charge movement  was 
studied as in previous works (e.g., Shirokov et al., 1992). One such study is illustrated 
in Fig. 1. The choice of  the voltage in the interval during conditioning and test 
depolarizations ( - 7 0  mV) was based on our previous observation that, as in skeletal 
muscle, the distributions of  charge 1 and charge 2 are separated by ~ 80 mV, and 
that - 7 0  mV is a "watershed" voltage for these two classes of  charge movement.  First, 
a test pulse was applied (from -70 )  to + 10 mV to monitor charge 1 available after 
conditioning. To  block the ionic currents the experiment  was performed in Cadmium 
external solution. Conditioning depolarization to 0 mV reduced the charge mobile 
between - 7 0  and + 10 mV (Fig. 1, current traces a). After that, the same protocol was 
repeated but the test pulse went from - 7 0  to - 1 5 0  inV. The  same conditioning 
depolarization increased the charge mobile be tween-70  and - 1 5 0  mV (Fig. 1, 
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current  traces b). By varying the condit ioning voltage, the voltage dependencies  o f  
the availability o f  charge 1 as well as charge 2 were determined (Fig. 2). 

The  availability curve for charge 1 (Fig. 2, open circles) was well described by the 
sum of  two Bohzmann  terms and a constant. Because o f  their relatively low density 
(0.1 to 0.3 per  I~m~; Droogmans  and Nilius, 1989), T-type Ca 2+ channels are 

o 
Vcond, 2 s 10 mV, 25 ms 

. . . . . . . .  

J i 

I ' i 
- 7 0  mV ', 

- 9 0  mV 40 ms [ 

- 1 5 0  mV 

o 
, , c  

0 

0 = t J 
- 1 0 0  - 5 0  0 50 

Conditioning voltage (mV) 

FIGURE 2. Availability curves of charge 1 (open circles) and charge 2 (filled circles). Condition- 
ing pulses (2 s) to different voltages were applied before the 25-ms long test pulse from -70  to 
10 mV to measure charge 1, or before the test pulse from -70  to -150  mV to measure charge 
2. Both sets of data were obtained from the same three cells. The sum of charge 1 and charge 
2 at each conditioning voltage is represented by filled diamonds. Data fitted by the equations: 

Ql = 3.88 + 2.14/{1 + exp [(V + 71.6)/4.19]} + 4.13/{1 + exp [(V + 23.5)/7.43]} 

0.2 = 0.58 + 1.68/{1 + exp [(-V - 73.2)/4.41]} + 3.54/{1 + exp [(-V - 30.8)/6.23]} 

Units are nC/I~F and inV. The point 0,.2(-20 mV) was omitted from the fit. 

expected to make a very small contribution to charge movement  in guinea pig 
ventricular myocytes ( < 0 . 0 5  nC/I~F). Thus,  the charge movement  f rom other  than 
Na + and L-type Ca 2+ channels may be insignificant. As argued before (Bean and 
Rios, 1989; Hadley and Lederer,  1989), the first term, centered at ~ - 7 5  mV, is in all 
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likelihood associated with Na + channels,  and  the second term, centered at ~ - 2 5  
mV, arises from L-type Ca 2÷ channels.  

The  availability of charge 2 measured on the same ceils at the same time, was fitted 
by the sum of two Bol tzmann terms and  a constant  (Fig. 2, filled circles). These 
Bol tzmann terms were almost identical in magn i tude  and  steepness to the corre- 
sponding  terms in charge 1. These data strongly imply that the Bol tzmann compo- 
nents  in charge 2 are also associated with Na ÷ and  L-type Ca ~+ channels,  and  that 
vo l tage-dependent  inactivation involves similar mechanisms of charge 1 to charge 2 
interconversion in both types of channels.  

-20 mV 
i 

- 9 0  mV i 
i 

t 

i 

i 

-2C 

i lq 

mV 

1 s 

-70 mV 

-150 mV 

-70 mV 

I 

250 pAI 
' ~  25 ms 

FIGURE 3. Simultaneous mea- 
surement of ionic current and 
charge 2. (A) Barium currents 
evoked by 3.9 s (thin line) or 20 
ms (thick line) pulses to - 20  
mV, followed by a pulse from 
- 70  to -150 mV to measure 
charge 2. At the transition to 
- 70  mV the sampling rate was 
switched to 0.2 ms for both 
records. (B) Last 0.2 s of the 
records in A. Note that ionic 
current turned off completely 
during the gap at - 70 mV even 
after the 20 ms pulse. Cell 
A2312C42, CM = 165 pF, Rs = 
3 MI~. 

The sum of  charge 1 and  charge 2 available (Fig. 2, filled diamonds) remained  
essentially constant  as the condi t ioning  voltage changed.  The  slight reduct ion of the 
sum at high depolarizat ion may simply indicate that the step to - 150 mV was not  big 
enough  to mobilize all available charge 2. 

Charge 2 Can Be Measured Without Blocking the Ionic Current 

Charge 2 moves at voltages where there is no measurable  ionic current .  This allowed 
us to apply the same protocol, used in the previous section, to measure charge 2 in 
external  solutions without channel  blockers. In  that way it was possible to moni tor  
charge 2 and  ionic currents  in the same solution. Fig. 3 represents  an  example using 
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A 

Conditioning pulse 

, I 

-20 250 pA i 

1 s 

B 

J 

-70 mV 
400 I .  

- v . ~ ~  . . ~ . ~  :4  

-4oo ~ o ~ ~ - . . ~  ~ .,~,~ 

e°ndlt~Ontng v°ltQge (rnV) 0 Go~,~5~,p~" 

o,.O, 

FIGUm~ 4. Charge 2 transients after conditioning pulses of  different voltage. (A) Ba e÷ currents 
elicited by conditioning pulses to voltages indicated in InV. Each pulse was followed by a step 
from - 7 0  to - 1 5 0  mV to measure charge 2 (note end of voltage protocol at top). (B) Charge 2 
transients (last 0.2 s of records in A) plotted as a function of  conditioning voltage. Cell 
92423C10, CM = 189 pF, Rs  = 1.3 MII. 
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Barium ex te rna l  and  BAPTA in ternal  solutions. T h e  pulse f rom h.p. to - 2 0  mV 
evoked Ba 2+ currents .  In  Fig. 3 A two cur ren t  traces ob ta ined  with pulses o f  different  
dura t ion  are  supe r imposed  so that  the  ends  o f  the pulses coincide.  T h e  r eco rd  in thin 
trace was ob ta ined  with a 4-s pulse,  the o ther  with a 20 ms depo la r iza t ion  to - 2 0  mV. 
After a gap  at  - 7 0  mV the vol tage was s t e ppe d  to - 1 5 0  mV, to measure  charge  2. 

8 

,--- 6 
Lt. 
zl, 

(3 
t-" 

¢'q 

• 4 
k .  

¢,. 

¢9 

FIGURE 5 .  

W 

T T  v T T Ba 2+ 

Co 2+ 

T 

Cd2+ 

T I l I I 

- 1 0 0  - 5 0  0 50 

Condit ioning voltage (mY) 

Availability curves of charge 2 obtained in the presence of different metal cations. 
External solutions were Barium (triangles), Calcium (squares) and Cadmium (circles). All solutions 
were applied in the same four cells. Data fitted by equation: 

Qz = Q0 + QN,/{1 + exp f(Vy, -- V)/KNa]} + QcJ{1 + exp (Vca - V)/Kca]}. 

Best fit values of parameters are listed in Table II. 

Fig. 3 B represen ts  the last 0.2 s o f  the traces in A on an e x p a n d e d  t ime scale. T h e  
longer  condi t ion ing  pulse (thin trace) p r o d u c e d  more  inact ivat ion o f  the  ionic cur ren t  
and  more  charge  2 than  the shor te r  one.  

T h e  availability of  charge  2 also d e p e n d e d  on the condi t ion ing  voltage.  One  
e x p e r i m e n t  is i l lustrated in Fig. 4. Panel  A shows a set of  Ba 2+ currents  evoked by 7.8 
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s (condi t ioning)  pulses to di f ferent  voltages. Each condi t ion ing  pulse  was followed by 
a pulse  to - 150 mV to mon i to r  charge  2. Ionic currents  r eco rded  in Barium solut ion 
often had  a small  peaky c o m p o n e n t  that  s tar ted to activate at - 5 0  inV. At voltages 
m o r e  posit ive than  - 4 0  mV, this cur ren t  was followed by a much  larger ,  slowly 
decaying  current .  T h e  early c o m p o n e n t  of  the ionic cur ren t  is p resumably  t h rough  
T- type  Ca 2+ channels  (Bean, 1985) that  r ep re sen t  a small  fraction o f  Ca 2+ channels  
in gu inea  p ig  ventr icular  myocytes (Balke, Rose, Marban,  and  Wier, 1992). 

T h e  asymmetr ic  currents  evoked by the s tep to - 1 5 0  mV are  p lo t t ed  in Fig. 4 B. 
T h e  cur ren t  traces are  s tacked in th ree  d imens ions  as a function of  the  cond i t ion ing  
voltage.  Focus ing  on  the early peaks  du r ing  the ON, two c ompone n t s  a re  clearly seen 
in the d e p e n d e n c e  o f  the  availability on cond i t ion ing  voltage.  T h e  first c o m p o n e n t  
was de tec table  after  cond i t ion ing  to - 1 0 0  or  - 9 0  mV and  sa tura ted  at ~ - 5 0  mV. 
T h e  second componen t ,  o f  g rea te r  ampl i tude ,  a p p e a r e d  after  cond i t ion ing  at h igher  
vol tages and  sa tura ted  at  posit ive voltages. 

TABLE II  

Two-Boltzmann Fits to Availability of Charge 2 in Different External Solutions 

External 
solution Q0 VNa KNa QNa Vca Kca Qc~ 

nC/ IxF mV mV nC/ IzF mV mV nC/ IzF 
Barium 0.62 (0.37) -77.9 (5.5) 9.1 (5.0) 3.07 (0.84) -28.9 (2.6) 5.9 (2.1) 4.19 (0.68) 
Calcium 0.33 (0.12) -82.5 (t.4) 6.7 (1.2) 3.08 (0.23) -27.2 (1.2) 8.5 (1.0) 3.88 (0.19) 
Cadmium 0.35 (0.14) -82.7 (2.0) 9.3 (1.9) 2.57 (0.24) -20.9 (1.4) 7.4 (1.2) 2.74 (0.17) 

ON charge moved by a pulse from -70 to -150 mV (Q~) was fitted as a function of 7.8 s conditioning 
voltage (V) by: 

Q2 = Q0 + QNa/{ 1 + exp[(VNa -- V)/KNa]} + Qca/{1 + exp[(Vc~ - V)/Kca]], 

where Q0 is a constant added to the fit, VNa, gNa and QNa are the parameters of the more negatively located 
component of availability (associated with sodium channels), Vca, Kc~, Qca are the parameters of the 
component associated with calcium channels. 
In parentheses are the SEM values (N = 4). 

Charge 2 Depends on the External Cations 

T h e  above measu remen t s  was car r ied  out  in Barium, Calcium, and  Cadmium exte rna l  
solut ions in the  same cells (dialyzed with BAPTA in ternal  solution).  T h e  individual  
availability curves were ave raged  over  four  cells and  are  p lo t ted  in Fig. 5. T h e  best  fit 
pa r ame te r s  o f  two Bol tzmann  c ompone n t s  are  l isted in Tab le  II. 

In  Barium the total  charge  2 available was about  10-15% grea te r  than  in Calcium. 
Most o f  the difference is in the more  positively d is t r ibuted  c o m p o n e n t  (Qca). 
Addi t ional ly ,  we found a small  increase in Q0, the  charge  moved  in the  r ange  o f  
charge  2, even after  cond i t ion ing  at very negat ive voltages. This  componen t ,  which 
was more  p r o n o u n c e d  in Barium, may be charge  1 of  Na  + channels .  In  Cadmium, both  
componen t s  o f  charge  2 (QNa and  Qca) were r e duc e d  by 20-30%. 
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The Availability of Charge 2 Does Not Depend on Ca 2+ Current 

Ca~+-dependent inactivation was studied by measuring the availability of  charge 2 
and  ionic current.  This was done  in Calcium, in cells dialyzed with an internal solution 
containing 0.5 mM EGTA, a relatively low buffer concentration.  In these conditions 
Ca 2+ currents inactivated very rapidly, the main componen t  o f  decay having a time 
constant  o f  less than 20 ms. This inactivation was due to internal Ca 2+, as 
demonst ra ted  by the characteristic dependence  o f / c a  on the voltage o f  a condition- 
ing pulse (/Ca availability curve). One  exper iment  is illustrated in Fig. 6. The  prepulse 
to 20 mV, producing the greatest Ca 2÷ current,  caused the greatest reduct ion of  the 
test current  (A). 
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Following a similar procedure  as in the previous study of  vol tage-dependent  
inactivation, it was possible to measure the amount  o f  charge 2 available in the same 
solutions for recording/ca .  The  result is illustrated in B. The  condit ioning pulse to 20 
mV, which elicited the greatest /Ca, did not  induce more  charge 2 than the 
condit ioning pulse to 80 mV, during which less Ca 2+ entered the cell. 

Data from four similar experiments  are summarized in Fig. 7. The  uppe r  panel 
represents the availability o f  charge 2 (circles) a n d / c a  (triangles) measured dur ing the 
test pulse, as a function of  condit ioning pulse voltage. The  lower panel plots the peak 
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A 

FIGURE 7. Peak lc~ and availability of Ic~ and charge 2. Data from four cells, pulse protocols 
illustrated in Fig. 6. (A) Availability curves for lc~ (open triangles) and charge 2 measured in 
Calcium (open circles) or Cadmium (filled circles). The  plots were scaled so that the maximum 
availability of/Ca (at -90  mV) coincided with the maximum of charge 1 (Qm~l) measured in 
Cadmium solution by a pulse from - 110 to 40 mV. (B) Peak Ic~ measured during conditioning 
pulses to the voltages in the abscissa. 

Ica vs voltage relationship in the conditioning pulse. The  upper  panel shows that the 
test/Ca had a pronounced minimum at 20 mV, precisely the voltage that elicited the 
largest Ca ~+ current during conditioning. However, the amount  of  charge 2 only 
increased with conditioning voltage. The  maximal charge movement  in polarized 
cells was measured by a voltage step from h.p. to 40 mV and is represented by the 
filled square. The extent of  inactivation of the ionic current (complement to 1 of the 
values represented by triangles) and the extent of  charge 1 to charge 2 conversion 
(circles) were similar (~  60%) at the highest conditioning voltages. 
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The upper  panel gives another illustration of the dependence of charge 2 on the 
external cation. While the open symbols represent data obtained in Calcium, the filled 
circles average data obtained (later in the same cells) in Cadmium. The availability of 
charge 2 had the same monotonic dependence on conditioning voltage but saturated 
at only ~60% of the maximum in Calcium. This reduction of charge 2 by Cd 2+ is 
greater than in the experiments illustrated in Fig. 5, mainly because the conditioning 
pulses were much longer in those experiments (4 s) than in the ones represented in 
Fig. 7 (0.25 s). Because Cd 2+ slows the onset of charge 2 in addition to changing 
steady-state availability, the difference is greater at shorter times of conditioning. 

D I S C U S S I O N  

Interconversion of Charges 1 and 2 

Prolonged depolarization inactivates channels and shifts the voltage distribution of  
charge movement to negative voltages in axonal Na ÷, and skeletal and cardiac Ca 2÷ 
channels (Bezanilla et al., 1982; Brum and Palos, 1987; Shirokov et al., 1992). The 
present results demonstrate that reduction of the charge available at voltages where 
the channel activates (charge 1) is accompanied by increase of  the charge at very 
negative voltages (charge 2). The sum of charge 1 and charge 2 remains essentially 
constant after any conditioning. 

This observation is in good agreement with the formalism developed for charge 
I-charge 2 interconversion in skeletal muscle (Brum and Palos, 1987). In more 
molecular terms, it means that the voltage dependent  inactivation of the L-type 
cardiac Ca 2+ channel is accompanied by a change in the environment of the voltage 
sensing portions of the channel. These alterations are very specific: of the three 
parameters in the Boltzmann description only the transition voltage changes. This 
means that the chemical free energy of interaction of sensors and environment 
changes. The total mobile charge, however, is conserved, implying that the product 
of charge on the sensors and the fraction of electric field traversed does not change 
upon inactivation. This in turn strongly implies that the charge on the sensors does 
not change and that the sensors move between the same initial and final stable 
positions in the membrane regardless of the ability of the channel to open. 

The most striking feature of the availability curve of charge 2 measured here is that 
it has two Boltzmann components analogous to those of the dependence of charge 1 
on the conditioning voltage (Bean and Rios, 1989; Hadley and Lederer, 1989; 
Shirokov et al., 1992). In these experiments, charge 1 was measured by a test pulse to 
a voltage that activates ionic currents (say 0 mV). Conditioning depolarizations up to 
- 5 0  mV caused reduction of charge 1, mostly due to inactivation of Na ÷ channels. 
The component lost after conditioning to higher voltages is related to inactivation of 
Ca 2+ channels. The existence of separate components in the availability curve of 
charge 2 implies that after prolonged depolarization the gating charge of Na + 
channels does not immobilize but shifts its voltage distribution to negative voltages, 
as is the case with Ca 2+ channels. In other words, inactivation of cardiac Na + 
channels involves charge l--charge 2 interconversion. 

Charge 2 of Ca 2+ channels (but not Na + channels) is greater in external Ba 2+ than 
in external Ca z+. Cd 2+, however, reduces substantially the amount of charge 2 of 
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both Na + and Ca 2+ channels, both because it slows its onset and reduces its steady 
state availability. This presumably means that in Cd 2+, channels inactivate more 
slowly and to a lesser extent. It has been shown (Pizarro, Fitts, Uribe, and Rios, 1989) 
that the presence of metal cations in the external solution stabilizes the skeletal 
muscle VSECC in its charge 1 form. The present results are consistent with these 
observations and underscore the fundamental similarity between the two voltage- 
operated, dihydropyridine-sensitive molecules. 

The measurement of charge 2 with a pulse from - 7 0  to - 150 mV relied on its 
characteristic voltage dependence. This may not be entirely adequate for Na + 
channel gating current, which moves at more negative potentials than Ca 2+ channel 
gating current. Thus, the charge movement observed at - 7 0  mV, at the OFF of the 
pulse to - 1 5 0  mV (Fig. 3 B), could be charge 1 of Na ÷ channels. This small charge 
movement is not charge 2 because it is about the same after the long conditioning 
that greatly increases charge 2 at the ON. 

Ca-dependent Inactivation and Interconversion of Charge 

Current-dependent inactivation of Ca 2+ channels is thought to involve either direct 
binding of Ca z+ to a receptor site on the channel and its closing by an allosteric 
mechanism or Ca2+-dependent dephosphorylation of  the channel (Eckert and Chad, 
1984). Hadley and Lederer (1991) studied the effect of a change in the intracellular 
free Ca 2+ concentration on the availability of Ca 2+ channel gating currents in 
ventricular myocytes. Depending on the nature of the photolabile Ca ~+ chelator, 
flash photolysis of caged calcium could produce either facilitation or inhibition of 
cardiac Ca 2+ currents, but it had no obvious effect on gating currents. 

In previous work (Shirokov et al., 1992) we presented evidence that the gating 
charge of L-type Ca 2+ channels undergoes charge 1 to charge 2 interconversion upon 
voltage-dependent inactivation of the channels. Now we show that this interconver- 
sion does not happen when the inactivation is due to Ca 2+ entry. This result may be 
interpreted in two very different ways. 

The more straightforward interpretation is that there is no Ca2+-dependent charge 
interconversion in any of the channels. In other words, inactivation caused by entry of 
Ca 2+ is not accompanied by the changes in charge movement associated with 
voltage-dependent inactivation. 

There is another possibility. The magnitude of charge movement is disproportion- 
ately large compared with the estimates of  density of/Ca channels (Bean and Rios, 
1989). One interpretation is that only a minor fraction of DHP-receptors constitute 
functional channels. If Ca2+-dependent inactivation was strictly local (affecting only 
the channels that pass current, as suggested by Yue, Backx, and Imredy, 1990), this 
inactivation could be accompanied by charge interconversion, and go undetected due 
to the small number of channels involved. 

Assuming that gating charge movement corresponds to the transfer of 10 elemen- 
tary charges per channel, the contribution of two functional channels per ~m 2 (Rose, 
Balke, Wier, and Marban, 1992) is ~0.5 nC/~F. If one half of these channels are 
inactivated by Ca 2+ (Rose et al., 1992), then the expected increase in charge 2 after 
conditioning at voltages of maximal current would be ~0.2 nC/I~F. This value, 
approximately equal to the standard error of the measurement, would have been 
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detected in averages. Of course, this reasoning depends on unproven assumptions 
regarding channel density and gating charges per channel. 

To help decide between these two possibilities, we built a model of  Ca 2+ channel 
gating based on our first interpretation, that charge interconversion does not 
accompany Ca~+-dependent inactivation. Since the interpretation implies that the 
channel closure by Ca 2+ is entirely independent from the voltage driven mechanisms, 
the model postulates two independent inactivation mechanisms. Extremely simple by 
design, the model reproduces many properties of the macroscopic current and even 
some observations at the single channel level. It constitutes indirect evidence in favor 
of our first interpretation. 

Mo~l  

The equations and parameter values are given in the Appendix. The model is based 
on two assumptions, illustrated in the cartoon (Fig. 8): (a) A four-state kinetic scheme 
describes voltage-dependent activation and inactivation of channels. Transitions of 
voltage-dependent activation and inactivation do not depend on [Ca2+]i . This 
scheme, involving two gates (1 and 2), is analogous to one introduced by Bruin and 
Rios (1987) for the VSECC of skeletal muscle. (b) A third process (gate 3 in the 
cartoon) is Ca2+-sensitive. The gate is normally open ~ 10% of  the time and closes 
further when Ca 2+ binds to its controlling site. The local [Ca 2+] is determined by the 
flux of Ca 2+ from the mouth of the channel, being high when the channel is open 
and low otherwise. This ignores any contribution from the sarcoplasmic reticulum, an 
oversimplification supported by the fact, discussed later, that the model works well 
only if the controlling site is placed very close to the channel mouth. 

Transitions of gate 1 depend.only on membrane voltage. Gate 2 (voltage depen- 
dent inactivation) is coupled to gate 1 (its transition rate constants depend on the 
state of gate 1). As described before for r-type channels (Shirokov et al., 1992) and 
voltage sensors of skeletal muscle (Bruin and Rios, 1987), transitions due to gates 1 

"and 2 are related as follows: 

charge 2 

RI AI 

lr 
RP AP 

charge 1 

D I A ~ M  I 

Individual letters represent states of individual gates. The activationgate, directly 
operated by voltage, makes transitions between states R (resting) and A (active). In 
currently favored molecular pictures (Guy and Seetharamulu, 1986; Catterall, 1988) 
these states may correspond to situations with all $4 segments in resting or activating 
positions. 
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An inactivation gate undergoes  transitions between states P (primed) and I 
(inactivated). To  justify the observations on charge interconversion, when the model  
channel  becomes inactivated, the voltage distribution of  charge movement  is shifted 
negatively. As first suggested by Bezanilla et al., (1982) to explain similar effects o f  

out @ 2 
A 

i 

m 

In 

3 
FIGURE 8. Cartoon of the model of Ca 2+ channel gating described in the text. Three two-state 
gates are indicated: gate 1 represent voltage-dependent activation. Gate 2 causes "voltage- 
dependent" inactivation; the antagonization of voltage-dependent inactivation by extracellular 
metal ions is represented by an ion binding site on the gate. Gate 3, representing Ca ~+- 
dependent inactivation, has a Ca ~+ binding site and strongly favors state C when the site is 
occupied. Gates 1 and 2 are interdependent, their states are represented by diagram 1 in the 
text. The states of gate 3 and Ca 2+ binding are represented by diagram 2. 

inactivation in squid axon  Na + channels, the p h e n o m e n o n  may be envisioned 
mechanistically as an attraction between voltage sensing segments and a hypothetical  
particle responsible for vol tage-dependent  inactivation (cartoon). In thermodynamic  
terms, to move charge in inactivated channels the external electric field has to do 
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more  work ( ~  5 kBT, given a - 8 0  mV shift in t ransi t ion vol tage and 15 mV steepness  
factor) 1. 

The  four-state  d i ag ram l describes well the charge  movemen t  in cardiac  myocytes 
(Shirokov et  al., 1992). Rap id  ('r = 3 ms) vol tage d e p e n d e n t  t ransi t ions A~oR 
under l i e  charge  1 and  charge  2, and  slower (T --- 200 ms) I ~ P t ransi t ions de t e rmine  
their  interconversion.  

Gate  3 is respons ib le  for Ca2+-dependen t  inactivation.  Its ra te  constants  only 
d e p e n d  on whether  a regula tory  site is b o u n d  to or  free from Ca 2+. This  Ca 2+- 
d e p e n d e n t  gate  makes  t ransi t ions between the two states: C ("covered") and  U 
("uncovered") .  When  calcium binds,  the covered state becomes  more  probable .  

iy 
C:Ca ~ U:Ca 

DIAGRAM II 

T h e  C ~ U t ransi t ion p roceeds  at  a slow rate  even when there  is no  Ca 2+ b o u n d  at 
the regula tory  site ( therefore,  channels  that  are fully act ivated by vol tage will open  
sparingly).  When  Ca 2+ binds,  the covered state is favored even more.  This  is 
accompl i shed  in the  mode l  by mak ing  the C :Ca ~ U:Ca  rate  cons tant  smal ler  than  

kc,u. 
With these assumptions ,  even though  the Ca2+-dependent  gate  does  not  d e p e n d  

explicit ly on any o the r  process,  it becomes  coup led  to the  o the r  gates. T h e  local 
[Ca z+] de te rmines  the rates o f  gate 3 transit ions,  and  is in turn d e t e r m i n e d  by the 
collective state (open or  close) o f  the channel  2. 

Let  the  collective states o f  the  channe l  be r e p r e s e n t e d  by three  letters.  Thus  A P U  
and  APU:Ca represen ts  the only open  states. I f  the gates were strictly i nde pe nde n t ,  
the  channel  Po (sum of  the probabi l i t ies  of  A P U  and A P U  :Ca) would simply be the 
p roduc t  o f  the occupancies  of  the  permissive states in d iag rams  1 and 2. Because this 
was not  the case, a kinetic scheme including all possible  states had  to be solved. The  
total n u m b e r  of  states (combinat ions  of  four  two-state processes) is sixteen. In spite of  
the  mult ipl ici ty of  states, the  essential  quali tative aspects  of  the mode l  are  easy to 
c o m p r e h e n d .  

The voltage distribution of charge movement is less steep than the availability curves of charge 1 
and charge 2. In the model, this would happen if the P~,I  transition required the movement of 
multiple activating particles. In terms of recent molecular models, this would be the case if voltage 
dependent inactivation was linked to transitions of several $4 segments, in a manner similar to what 
is thought about channel activation. 
2 Additionally, the fact that I × r drops are taken into account to determine the actual transmem- 
brane voltage, brings about another form of coupling among gates. The transmembrane voltage 
affecting the voltage dependent rates of gate 1 is a function of the applied voltage and the open or 
close state of the channel. 
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The following description applies when the values of kinetic constants are those 
given in the Appendix. At rest, gate 1 is in state R, gate 2 is in state P, and gate 3 is 
in state C in about 90% of the channels. When a depolarizing pulse is applied, gate 1 
goes to state A, but only the few channels whose Ca2+-dependent gate is in state U 
open (joint state APU). Opening causes the increase of [Ca 2+] at the regulatory site (a 
fast process, see Appendix), and the binding that ensues favors state C :Ca, then C as 
[Ca 2+] decays rapidly upon channel closure. The joint state is then APC, from which 
the channel can reopen. Voltage dependent  inactivation corresponds to transitions to 
the more stable closed state AL 

To specify the four-state diagram 2, values of dissociation constants are needed. A 
[Ca2+]i of 0.1 I~M has been reported to reduce Ic~ by =50% in different tissues 
(Byerly and Moody, 1984; Dupont, Bossu, and Feltz, 1986; Ohya, Kitamura, and 
Kuriyama, 1988). Buffering of intraceUular calcium to lower concentrations elimi- 
nates fast inactivation of Ic~ in cardiac myocytes (Bechem and Pott, 1985). This sets 
the KI~ of covered channel sites at = 0.1 IzM. 

Because Ca 2+ binding enhances the stability of state C, microscopic reversibility 
requires that the affinity for Ca 2+ of state C be much higher than that of U. As argued 
above, channels in state C:Ca essentially do not uncover. Therefore the [CaZ+]i that 
causes half saturation of the channels in state C will also reduce, by the same factor, 
the equilibrium occupancy of state U. This means that the Kt) of state C for Ca 2+ is 
approximately the concentration that reduces lca by 50%. 

From these considerations the dissociation constant of C:Ca was set to 0.05-0.1 
IxM and that of U:Ca was made 100-fold greater. This implies that [Ca 2+] at the 
control site has to be at least tens of ~M to close the channel. As shown in the 
Appendix, such concentrations can be reached only at very short distances from the 
mouth of  the channel. 

This conclusion is in agreement with recent experimental evidence. Ca~+-depen- 
dent inactivation was reported in studies of cardiac Ca 2+ channels in lipid bilayers 
(Rosenberg and Haack, 1993). It was also observed in Xenopus oocytes expressing 0tl 
and 132 subunits or a COOH terminus deletion mutant of the 0~1 subunit (Neely, Wei, 
Birnbaumer, and Stefani, 1993). These data suggest that Ca2+-dependent inactiva- 
tion is a property of the c~l subunit. 

In apparent contradiction, block of the snail Lymnaea stagnalis Ca channels by 
photoreleased internal Ca was consistent with KI) in the submicromolar range 
(Johnson and Byerly, 1993). Because in this work photoreleased Ca 2+ probably 
bound mostly to closed Ga s+ channels (state C in our model) the KD found is 
consistent with our assumptions. 

The present model belongs to a class in which Ca z+ binding directly affects a 
gating process. As indicated above, microscopic reversibility necessarily dictates that 
the Ca 2+ binding affinity of the controlling site will depend on the gating state. This 
feature helps solve a contradiction, pointed out for instance by Kostyuk (1984). The 
estimates of affinity of the binding site based on modifications of internal [Ca 2+] 
suggest a Ko = 10 -7 M. The presence of a high affinity binding site in the pathway 
would reduce the open channel current substantially below observed values. For this 
reason, more complicated, indirect mechanisms of Cae+-dependent inactivation have 
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been considered, involving biochemical processes (Eckert and Chad, 1984). However, 
the KD of  a directly modula t ing binding site as described in the model,  would increase 
100-fold or  more  u p o n  channel  opening,  thus reducing the interference with 
permeation,  even if the binding site is within the permeat ion pathway. 
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Simulations of charge movement. (A) Simulated charge movement elicited by the 
pulse shown (repolarization to -100  mV). Note the slow component at the OFF. (B) Slow 
components of the OFF at different repolarization voltages, elicited with the pulse protocol 
shown in A. First 1.5 ms of transient were blanked. (C) Time constants of a single exponential 
fit to the slow component vs repolarization voltage. 

Simulat ions 

First, we show how the model  simulates charge movement  (setting to zero the 
single-channel current). Hadley and Lederer  (1989) and Shirokov et al. (1992) found 
that the OFF transient o f  charge movement  has a slow componen t  at negative 
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voltages. Based on several proper t ies  of  this current,  including the bel l -shaped 
dependence  of  its t ime constant  on repolarizat ion voltage, Shirokov et al. (1992) 
concluded that  it is charge moving a m o n g  inactivated states (charge 2). These  
features are r ep roduced  in the simulations, as shown in Fig. 9. A shows the voltage 
protocol  and  an example  of  s imulated charge movement .  T h e  repolar izat ion voltage 
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for this trace is - 1 0 0  mV. At this voltage the slow c o m p o n e n t  of  charge  m o v e m e n t  is 
clearly seen, even after  a relatively br ief  (50 ms) depolarization,  as found exper imen-  
tally (Shirokov et al., 1992). Simulated charge  movemen t  in OFFs f rom 40 mV to 
different repolar izat ion voltages are plot ted in B, blanking for clarity the fast 
c o m p o n e n t  that  moves dur ing the first 1.5 ms of  the transient.  T h e  t ime constants o f  
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exponentials fitted to the slow componen t  are plotted vs repolarization voltage in C. 
This dependence  is similar to that measured experimentally (Figs. 9 and 10 of  
Shirokov et al., 1992). 

Next, we examined the behavior of  the model  in the presence o f  Ca 2+ current  (and 
Ca2+-dependent  inactivation). We chose the rate constant of  Ca ~+ binding to the 
regulatory site to be 10 s M- l  s-l ,  which is close to the diffusion limit. The  simulations 
of  ionic and gating currents were almost identical to experimental  traces if the 
distance between the channel  mouth  and the regulatory site was less than 10 nm. 
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FIGURE 11. Simulated peak /Ca and availability of Ic~ and charge 2. Summary of a series of 
simulations like the ones represented in Fig. 9. The open circles represent peak Ica as a 
function of test voltage (in unconditioned simulations). The open squares represent availability 
of/ca, that is, peak Ica for a test pulse to 0 mV, as a function of voltage of a conditioning pulse 
with the duration and placement described in Fig. 9. (Filled circles) Availability of charge 2 
(evaluated in the simulations as charge moved by a pulse from - 5 0  mV to -110  mV) as a 
function of conditioning voltage. 

Fig. 10 illustrates the sum of  ionic and gating currents simulated with the pulse 
protocols f rom the exper iment  in Figs. 6 and 7. The  ionic current  inactivates with two 
time constants (of ~ 20 and 200 ms). Inactivation is faster when the current is greater  
but  its rate does not  increase with voltage. When the ampli tude of  the condit ioning 
current  is greatest, the ampli tude of  the test current  reaches a minimum. 

A pulse to - 100 mV evokes only charge 2 (panel B). This charge is slightly greater  
after condit ioning to + 100 mV (even though  inactivation of  the ionic current  is less, 
as shown in A ). 

Fig. 11 illustrates similar calculations for different condit ioning potentials. The  
simulated peak/ca(V) and the availability curves fo r / ca  and charge 2 reproduce  well 
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the experimental results (Fig. 7). However, as others who assumed simple models 
have noted before (Bean and Rfos, 1989; Hadley and Lederer, 1989), the simulated 
charge movements are significantly smaller than those measured experimentally. 

An interesting feature of this model is that the simulated tail currents are very fast, 
in fact they are limited by the speed of voltage clamp. This is the case for real 
currents (Bean, 1985; Campbell, Giles, Robinson, and Shibata, 1988). In the present 
model, closure upon repolarization is due to the voltage-dependent gate 1, whose 
rate constant is an exponential function of voltage. This feature cannot be repro- 
duced by sequential schemes of the C ~, C ¢* 0 type, in which the last (opening) step 
is weakly voltage-dependent (Cavalie, Ochi, Pelzer and Trautwein, 1983). The 
essential difference between these two models is the possibility in the parallel model 
of  closing the channel by three different processes. 

This model also gives insights into the processes that determine the kinetics of  
inactivation. The normal pathway during a depolarizing pulse includes a voltage 
dependent  activation step (R =,A ), whereby the channels that are previously uncov- 
ered become open. Then Ca~+-dependent inactivation takes place. Because of the 
high [Ca 2+] near the open channels, the rate of U to U:Ca transition is large (several 
ms -1, cfAppendix).  Therefore,  the channels go rapidly into U:Ca and most of these 
close to C :Ca. In the simulations, this rate is = 1 ms -1. The speed of Ca2+-dependent 
inactivation (of > 10 ms time constant in the simulations) is therefore not limited by 
either the Ca 2+ binding step or the closure of Ca~+-bound channels. It is the 
"uncovering" transition from C to U (with a rate constant of 0.1 ms - t )  that limits 
CaZ+-dependent inactivation of the model channels. 

A P P E N D I X  

First we describe voltage dependent  aspects, represented by state diagram 1, then 
Ca~+-dependent inactivation (diagram 2), then the temporal and spatial dependence 
of the concentration of Ca 2+ near an open channel. 

The  state of the model channel is designated as described in the text, by three 
letters, representing states of three gates, and a symbol for Ca 2+ binding. Rate 
constants are represented by ki,j, where i and j respectively represent the origin and 
destination states of the transition. Sixty four rate constants are needed to specify the 
model (four parallel processes, starting from each of sixteen states). However, 
assumptions of independence reduce substantially this number. These assumptions 
of  independence are explicitly stated in equations 1 through 16 below. Thus, the 
voltage dependent  rate constants governing gate 1 are entirely independent of  gate 3 
and Ca2+: 

kApc,Rp C = kAPCCa,RPCC a = kAPu,RP U = kAPUCa,RPUC a = kAP, Rp, (1) 

kAIC,RI C = kAICCa,RICC a = kAIU,RI U = kAIUCa,RIUC a = kAI,RI, (2)  

kRPC,AI'C = kRPCCa,APCCa = kRPU,APU = kRPUCa,APUCa = kRP,AP, (3) 

kRIC.AI C = kRICCa,AICC a = kRIU,AI U = kRIUCa,AIUC a = kRI,AI, (4) 

Similar simplifications apply to the rate constants of voltage-dependent inactiva- 
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t ion and  repr iming :  

kAa~c,~ac = kAecCa,mCCa = kAev,AIV = kAevCa,~UCa = kAP,AI, 

kAIC,APC = kAICCa,APCCa = kAIU,APU = kAIUCa,APUCa = kAI,AP, 

kRPC,R! C = kRPCCa,RICC a --  kRPU,RI U = kRPUCa,RIUC a = kRP, Ri, 

kRIC,RP C -~ kRICCa,RPCC a = kRIU,RP U = kRIUCa,RPUC a -= kRi,RP, 
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(5) 

(6) 

(7) 

(8) 

Eqs. 1-8 imply that  gates 1 and  2 are  i n t e rdependen t ,  but  i n d e p e n d e n t  from gate  

3 and  Ca 2+. Therefore ,  the i r  funct ion is descr ibed  entirely by state d i a g ra m 1. 

Because the  measu red  t ime constants  of  charge  movemen t  or  ionic cur ren t  

activation do  not  a p p r o a c h  asymptotical ly zero at h igh  voltages, the  ra te  constants  
cannot  simply be descr ibed  by rates that  d e p e n d  exponent ia l ly  on voltage.  T o  l imit  

the  rate  increase,  the  free energy difference between s tar t ing and  t ransi t ional  states 

was assumed to be a second o r d e r  funct ion o f  vol tage (as done  by Simon and  Beam, 

1985, in thei r  study of  the VSECC). Thus:  

kRP,A P = Ot 1 × exp  {(V - VI) /2K - b x [(V - V1)/2K]2}, 

kAe,RP = al  X exp  { - (V - VO/2K - b x [(V - VO/2K]2}, 

kRi ~ = ct 2 X exp  {(V - V2)/2K - b x [(V - Vz)/2K]2}, 

kAI,aI = a2 X exp  { - (V - V2)/2K - b x [(V - V2)/2K]2}, 

where a l  = 0.2 ms -z , a2 = 0.04 ms -1, Vx = 0 mV, II2 = - 8 0  mV, b = 0.1 and  K = 4 
I n V .  

T h e  inactivation ra te  constants  were set to r e p r o d u c e  the t ime course of  inactiva- 

t ion and  the final level of  inactivation at h igh vol tage as: 

kAP,AI = 0.004 m s - l ,  

kA1,ae = 0.001 m s  - 1 ,  

T h e  sum of  the recovery ra te  constants  kap.aX and  kaI,ap was set to 0.04 ms -x to 

r ep roduce  the kinetics of  recovery at very negat ive voltages. The i r  ra t io  was der ived 

f rom microscopic  reversibili ty as: 

kRI,Rp/kRP,R I = (kAP,Ai/kA1,AP) × exp  [ ( V  1 - -  V2)/K]. 
Due to the difference between V2 and V1 (the center  voltages of  charge  2 and 

charge  1) the above rat io  is very large.  This  p roper ty ,  a l ready no ted  for inactivation 
of  the skeletal  muscle VSECC, stresses that  inact ivat ion at h igh vol tages and  recovery 
at negat ive vol tages p roceed  spontaneously ,  even though  they do  not  have intrinsic 

vol tage dependence ,  due  to the large shift in vol tage d e p e n d e n c e  between charges  1 
and 2 (Brum and  Rios, 1987). 

T h e  simulat ions t r ea ted  the channels  as cur ren t  sources genera t ing  both  ionic and  

charge  movemen t  currents ,  in para l le l  with a l inear  capaci tance CM = 150 pF  and  in 
series with a resistance Rs = 5 Ml2. One  equat ion  descr ibed  charg ing  of  the 
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m e m b r a n e  capacitance: 

dV/dt = (Vf - V)/CM Rs - (N/CM) × {i(V) Po + (kB T/K)(dPAp/dt + dPAi/dt)}, 

where Vf is appl ied  voltage, N is n u m b e r  of  channels,  Po is the open  probabili ty 

Po = PAPU + P A P U C a ,  

PAP = PAPU + + PAPC + PAPUC~ + PAPCCa, 

PAl = P,~u + + PAIC + PAIUCa + PAICCa, 

kB - Bol tzmann constant,  T - absolute t empera tu re .  
T h e  voltage dependence  of  the open  channel  current  i (V) was described by the 

constant  field equat ion (Hodgkin  and Katz, 1949) with [ C a 2 + ] i  = 0. T h e  dependency  
o f / o n  [Ca2+]e was represen ted  by a simple one  site Ca 2+ binding isotherm, with KD of  
14 mM (Tsien, Hess, McCleskey, and Rosenberg,  1987). T h e  proport ional i ty  con- 
stant was set to have a unitary current  of  ~ 0.35 pA at 20 mV and saturat ing [Ca2+]e 
(Yue et al., 1990). I f  [Ca2+]e is in mM the unitary current  in pA is 

0.08 V e x p  ( - V / 1 2 )  
i ( v )  = 

(1 + 14/[Ca~+]e) [1 - exp  ( - V / 1 2 ) ] '  

and the total current  th rough  N channels is N × P o x  i. For calculations we used 
[Ca~+]e = 10 raM, giving a unitary current  o f  0.4 pA at 0 inV. T h e  value of  N was set 
at 375,000 which cor responds  to 25 channels  pe r  ~m ~. 

Analogous assumptions  of  independence  reduce the n u m b e r  of  rate constants o f  
gate 3 and Ca 2+ binding to just  those in state d iagram 2. Namely,  conversions a m o n g  
Ca2+-free states: 

kAPC,APU = kAIC,AIU = kRPC,RPU = kRIC,RIU = kc,u, (9) 

kAPU,APC = kAIU,AIC = kRPU,RPC = kRIU,RIG ---- ku,c, (10) 

conversions a m o n g  Ca2+-bound states: 

kAPCCa.APUCa = kAtCCa,AmCa = kRPGCa,RPUCa = kRICCa,RIUCa = kcca,uca, (11) 

kAPUCa.APCCa = kAIUCa,AICCa = kRPUCa.RPCCa = kRIUCa,RICCa = kuca.cc~, 
(12) 

and rate constants  o f  Ca 2+ binding and dissociation, which are only d e p e n d e n t  on the 
state of  gate  3: 

kAPC,APCCa = kAIC,AICCa = kRPC,RPCCa = kRIC,RICCa = kc,cc~, (13) 

kAPCCa,AP C = kAICCa,AI C = kRPCCa,RP C = kRICCa,RI c = kcca,c, (14) 

kAPU,APUCa = k~au~aUCa = kRPU,RPUCa ---- kRIU,RIUCa = ku.uca, (15) 

kAPUCa~a~U = kAluc~au = kRPUCa,RPU = kmuca,RIU = k u c a , u .  (16) 

T h e  values of  the rate constants in d iagram 2 are: 

kc.u = 0.1 ms-l, 

ku,c = 1 ms -1. 



where D is the 
concentrat ion is 
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When Ca 2+ is bound,  the uncovering of  the channel  is more  difficult: 

kcca,UC a = 0.001 ms -1, 

kuca.cc a = 1 ms -1. 

The  rate constant of  Ca ~+ binding is assumed to be equal for both states U and C, 

kc,cc a = ku,uc a = 10 s M-  1 s-1. 

The  dissociation rate constant from state C :Ca is: 

kcca.C = 0.005 m s - l .  

The  dissociation rate constant f rom state U:Ca is calculated from microscopic 
reversibility: 

kuca,u = kcca,c kc,u kuca,Cca/ku,c kcca,uca = 0.5 ms -1 . 

Because the local [Ca 2÷] participates in the differential equations it is necessary to 
describe the concentrat ion near an open  channel.  Following ideas of  Neher  (1986) 
and Stern (1992), the local [Ca2+]i is simulated as an instantaneous function of  the 
current  th rough  the individual channel. The  flux th rough  the open  channel  is i/2F, 
where F is the faraday. If  [CaZ+]r is the concentrat ion at rest (it was chosen to be 50 
nM in the model), the concentrat ion at time t and distance r f rom the mouth  o f  a 
channel  that opened  at time 0 is: 

[Cal = [Ca]r + ~ erfc 

diffusion coefficient o f  Ca ~+ (10 .5 cm 2 s-l). The  steady state 

[CaZ+]ss = [Ca2+]r + i/4arFDr. 

It is approximately equal (in IxM) to [Ca2+]r + 1,000 x i/r, when i is in pA and r in 
nm. For i = 0.1 pA, [Ca2+]ss at 10 nm will be 10 I~M. Diffusion reaches steady state 
rapidly near  the source. The  erfc differs from its final value by less than 4% when the 
a rgument  is less than 0.05, or t greater  than 400 rZ/D. This means that the 
concentrat ion profile reaches steady state in about 4 ~s at r < 10 nm. 

Different [Ca 2+] drives the transitions depend ing  on the state of  the channel. The  
transitions in the open  channel, that  is f rom APU to APU:Ca, are driven by [Ca2+]ss. 
The  transition rate is: 

ku,uc a {[Ca2+]r + (i/4rrFDr)}. 

For all o ther  Ca2+-free states AIU, RPU, RIU, APC, AIC, RPC, RIC, transitions to the 
corresponding Ca2+-bound states are driven by [Ca2+]r . 

The  complete system consists o f  15 independent  differential equations describing 
transitions between 16 states, one equation of  conservation o f  mass and one 
additional differential equation for voltage. It was solved by a fourth order  Runge- 
Kutta routine (Press, Flannery, Teukolsky, and Vetterling, 1988). For the first voltage 
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s tep ,  t h e  in i t i a l  c o n d i t i o n  was t h e  s t e a d y - s t a t e  s o l u t i o n  o f  t h e  s y s t e m  a t  t h e  h o l d i n g  

p o t e n t i a l .  F o r  all  t h e  fo l lowing  v o l t a g e  s teps ,  t h e  in i t ia l  c o n d i t i o n  was t h a t  r e a c h e d  a t  

t h e  e n d  o f  t h e  p r e v i o u s  s tep .  
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