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A B S TRA C T Calcium current,  Ica, was studied in isolated nerve cell bodies of  
Helix aspersa after suppression of  Na + and K + currents. The suction pipette method 
described in the preceding paper was used. /ca rises to a peak value and then 
subsides exponentially and has a null potential of  150 mV or more and a 
relationship with [Ca~+]o that is hyperbolic over a small range o f  [Ca2+]0's. When 
[Ca2+]~ is increased, /ca is reduced disproportionately, but the effect is not 
hyperbolic./ca is blocked by extracellular Ni 2+, La a+, Cd 2+, and Co s+ and is greater 
when Ba 2+ and Sr 2+ carry the current.  Saturation and blockage are described by a 
Langmuir  adsorption relationship similar to that found in Balanm. Thus,  the cal- 
cium conductance probably contains a site which binds the ions referred to. The 
site also appears to be vohage-dependent.  Activation and inactivation of /ca  are 
described by first order  kinetics, and there is evidence that the processes are 
coupled. For example, inactivation is delayed slighdy in its onset and T inactivation 
depends upon the method of  study. However, the currents are described equally 
well by either a noncoupled Hodgkin-I-Iuxley mh scheme or  a coupled reaction. 
Facilitation of/ca by prepulses was not observed. For times up to 50 ms, currents 
even at small depolarizations were accounted for by suitable adjustment of  the 
activation and inactivation rate constants. 

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

Calcium c u r r e n t s  are  involved in a var iety o f  func t ions  inc lud ing  neu ra l  
s ignall ing,  exc i t a t ion-con t rac t ion  and  exci ta t ion-secre t ion coup l ing ,  and  ciliary 
reversal  (Fatt  a n d  Katz,  1953; H a g i w a r a  a n d  Naka ,  1964; Katz  a n d  Miledi,  1967; 
Baker  et al., 1971; Kos tyuk  et al.,  1974a, b; S t anden ,  1975; Hag iwara ,  1975) . /ca  
has distinctive pha rm a c o l og i ca l  character is t ics  in ba rnac le  muscle  (Hag iwara ,  
1975), but ,  in m a n y  tissues its vol tage d e p e n d e n c e ,  kinetics,  and  ionic selectivity 
are  not  k n o w n  with g rea t  cer ta inty .  T h e  p u r p o s e  o f  the  p resen t  e x p e r i m e n t s  
was to c h a r a c t e r i z e / c a  with respec t  to these p roper t i e s  us ing  the suct ion p ipe t te  
m e t h o d  descr ibed  in the  p r e c e d i n g  p a p e r  (Lee et al.). T w o  r epo r t s  pub l i shed  
af ter  this p a p e r  was submi t t ed  have e x a m i n e d  some o f  these p rope r t i e s  ( H e n c e k  
and  Zachar ,  1977; Kos tyuk  et al., 1977). We f o u n d  t h a t / c a  has single act ivat ion 
a nd  single inact ivat ion c o m p o n e n t s  tha t  may be c o u p l e d  a n d  can be e n c o m -  
passed by a single set o f  kinetics. T h e  Ca 2+ c o n d u c t a n c e ,  Gc~, t r anspor t s  Ca ~+ 
a n d  o t h e r  d ivalent  cat ions  bu t  no t  Na  +, and  has a b i n d i n g  site fo r  divalent  
cat ions similar to tha t  p r o p o s e d  by H a g i w a r a  (1975). 

M E T H O D S  

The suction pipette voltage clamp and internal perfusion system was described in the 
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preceding paper  (Lee et al.). The  shunt resistance was very large in most of  the 
exper iments  so that compensat ion of  voltage clamp currents was not required.  In some 
experiments  cur rent  and voltage records were digitized every 5 t~s using a digital 
oscilloscope having 9 bit resolution (model 1090, Nicolet Ins t rument  Corp. ,  Madison, 
Wise.) and stored on a digital tape recorder  (Kennedy model  9700 C. J. Kennedy Co., 
Altadena,  Calif.). At steps from the usual holding potentials to voltages < + 100 mV, the 
capacitative current  transient  and leakage current  associated with the separa ted /ca  could 
be subtracted by a compute r  (PDP 11/40, Digital Equipment  Corp. ,  Marlboro,  Mass.) 
using values obtained from equivalent hyperpolar iz ing voltage steps. At voltages > + 100 
mV, the leakage current  rectifies in the outward direction (Fig. 8; Lee et al.), and this was 
corrected for by using average values similar to those shown in the referenced figure. 
Activation time constants, TIn'S, were de te rmined  from semilogarithmic plots of  the time- 
to-peak current  after peeling off  the amount  of  inactivation at these times by simple back- 
wards extrapolat ion.  ~-,~'s were also calculated from semilogarithmic plots of  the tail cur- 
rents elicited by second voltage steps to di f ferent  values at the peak of  the transient cur- 
rent  evoked by a condit ioning step. Inactivation time constants were calculated from the 
time-course of  inactivation dur ing  single voltage steps and from the effects of  condition- 
ing voltage prepulses o f  varying durat ion and ampl i tude  on the peak cur ren t  elicited by a 
test voltage step. Steady-state activation and inactivation values were de te rmined  using 
test voltage steps and for inactivation, condit ioning prepulses between 30 and 200 ms in 
durat ion with variable ampli tudes.  

Effects of  divalent ions were tested ei ther by substitution for Ca 2+ in normal  snail 
Ringer or in zero Mg 2§ snail Ringer.  The  compositions are shown in Table I. The  
organic calcium current  blocker Verapamil  (Knoll) was used in a dose of  3 • 10 -s M. 

Calcium liquid ion exchanger  electrodes were kindly prepared  for us by Dr. Normand 
Hebert  and were used to measure the calcium activity of  many of  our  solutions. The  
electrodes had selectivities over Mg 2+ and K + of  3 • 104 and 105, respectively, and had 
slopes of  29 mV per  10-fold change of  [Ca 2+] over the range of  10-5-10 -3 M and 20 mV 
per 10-fold change [Ca z+] over the range of  10-5-10 -7 M. 

R E S U L T S  

A to ta l  o f  >150  Helix aspersa n e u r o n s  was e x a m i n e d  in the  p r e s e n t  e x p e r i m e n t s ,  
a n d  the  resu l t s  o f  each  aspec t  o f  the  inves t iga t ion  we re  c h e c k e d  in at  leas t  f ive 
n e u r o n s .  I n a s m u c h  as the  t i m e - c o u r s e s  o f  the  ca lc ium a n d  p o t a s s i u m  c u r r e n t s  
o v e r l a p ,  t hey  c o u l d  i n t e r f e r e  wi th  each  o t h e r .  T h e r e f o r e ,  f u r t h e r  b l o c k a g e  o f  
the  C s + - s u p p r e s s e d  c l a m p  c u r r e n t s  was a t t e m p t e d  by u s i n g  e x t r a c e l l u l a r  T E A  
o r  i n t r a c e l l u l a r  T E A  o r  t e t r a m e t h y l - a m m o n i u m  ions.  N o  a d d i t i o n a l  e f fec t s  were  
o b s e r v e d .  

Subs t i t u t i on  o f  e i t h e r  a s p a r t a t e  , i s e t h i o n a t e - ,  o r  m e t h a n e s u l f o n a t e -  fo r  C1- 
in the  e x t r a c e l l u l a r  f lu id  also d i d  no t  a f fec t  the  i n w a r d  c u r r e n t s .  A f t e r  b l o c k a g e  
o f  K + c u r r e n t s  wi th  Cs + a n d  N a  + c u r r e n t  wi th  subs t i t u t i on  o f  T r i s  + fo r  N a  + o r  
subs t i t u t ion  o f  suc rose  o r  g lucose  fo r  NaCI ,  the  vo l t age  c l a m p  c u r r e n t s  s h o w n  in 
Fig.  1 A r e m a i n e d .  A slowly r i s ing  i n w a r d  c u r r e n t  d u e  to Ca 2+ a p p e a r e d  at  
d e p o l a r i z i n g  vo l t age  s teps  o f  5-10 m V  f r o m  the  h o l d i n g  p o t e n t i a l  o f  - 6 0  m V ,  
rose  s m o o t h l y ,  r e a c h e d  its p e a k  wi th in  5-10 ms,  a n d  p e r s i s t e d  ove r  the  
s u b s e q u e n t  15-100 ms.  We have  no t  o b s e r v e d  an  in f l ec t ion  on  the  r i s i ng  p h a s e  
as r e p o r t e d  by  M a g u r a  (1977). A smal l  c o m p o n e n t  o f  i n w a r d  c u r r e n t  c o n t i n u e d  
fo r  severa l  s e c o n d s  in mos t  e x p e r i m e n t s .  T h e  o n s e t  o f  t he  c u r r e n t  was o b s c u r e d  
by the  capac i t a t ive  c u r r e n t  t r a n s i e n t ,  a n d  the  f irst  500 ~s  were  no t  r e s o l v e d .  A 
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t r a n s i e n t  p e a k  o c c u r r i n g  at  1-3 m s  a p p e a r e d  at  l a r g e r  d e p o l a r i z i n g  v o l t a g e s ,  

d e c l i n e d ,  a n d  m e r g e d  w i t h  t h e  s lowly  i n a c t i v a t i n g  c u r r e n t .  T h e  p e a k  was  

r e a c h e d  m o r e  q u i c k l y ,  b e c a m e  s m a l l e r ,  f l a t t e n e d ,  a n d  e v e n t u a l l y  was  n u l l i f i e d  

as t h e  v o l t a g e  s t e p s  w e r e  m a d e  i n c r e a s i n g l y  p o s i t i v e .  A n  o u t w a r d  p e a k  w a s  

u s u a l l y  n o t  d e t e c t a b l e  a t  h i g h  v o l t a g e s ,  a n d  t h e  p o s i t i v e  p o t e n t i a l  a t  w h i c h  z e r o  

c u r r e n t  f i r s t  o c c u r r e d  is t e r m e d  t h e  n u l l  p o t e n t i a l .  T h e  fal l  o f  c u r r e n t  was  

e x p o n e n t i a l  a n d  c o u l d  b e  f i t t e d  by  a s i n g l e  t i m e  c o n s t a n t  w h i c h  w a s  v o l t a g e -  

d e p e n d e n t  (F ig .  1 C).  

T A B L E  I 

I O N I C  C O M P O S I T I O N  OF S N A I L  R I N G E R  S O L U T I O N S  

Tris  Cs K Glu- 

Solut ion  NaCI CI KCI CsCI aspartate aspartate CaCI2 MgCI2 cose 

mM 

External solution 
Normal 85 5 5 - - - l0 15 5.5 

Na, K-free Tris, Cs -- 90 - 5 - -- 10 15 5.5 
K, Ca-free Cs, Co 85 5 - 5 - - Co 10 15 5.5 
Na, K, Ca-free - 85 - 5 - - Co 10 15 5.5 

Tris, Cs, Co 

Na, K-free 2 mM - 95 - 5 - - 2 15 
Ca 

Na, K-free 10 mM - 80 - 5 - - 10 15 
Ca 

Na, K-free 40 mM - 35 - 5 - - 40 15 
Ca 

Na, K, Mg-free 2 - 131 - 5 - - 2 - 
mM Ca 

Na, K, Mg-free 10 -- 115 -- 5 -- -- 10 - 
mM Ca 

Na, K, Mg-free 40 - 55 - 5 - - 40 - 
mM Ca 

Internal solution 
Normal . . . . .  135 - - 

CsCI - - - 135 . . . .  
Cs aspartate . . . .  135 - - - 

R 

D 

5.5 

5.5 

5.5 

T h e  v o l t a g e  r e l a t i o n s h i p s  o f  t h e  p e a k  c u r r e n t s  a f t e r  l e a k a g e  c o r r e c t i o n  a r e  

s h o w n  in  F ig .  1 D.  I n  10% o f  t h e  cel ls  t h e  t r a n s i e n t  c u r r e n t  c l e a r l y  r e v e r s e d  its 

d i r e c t i o n  a t  l a r g e  d e p o l a r i z a t i o n s  (F ig .  2). T h e  a s c e n d i n g  l i m b  o f  t h e  t r a n s i e n t  I- 

V r e l a t i o n s h i p  was  s t e e p e r  in  t h e s e  ce l l s ,  a n d  t h e  r e v e r s a l  p o t e n t i a l  o f  t h e  

t r a n s i e n t  c u r r e n t  was  less  p o s i t i v e  t h a n  t h e  m o r e  u s u a l  n u l l  p o t e n t i a l .  

T h e  i n w a r d  c u r r e n t ,  s e p a r a t e d  in  t h e  m a n n e r  we  h a v e  d e s c r i b e d ,  a n d  its L V  

r e l a t i o n s h i p  w e r e  u n a f f e c t e d  by  T T X  (5 x 10 -6 M).  A l s o ,  w h e n  t h e  N a  + c u r r e n t  

was  b l o c k e d  in i t i a l ly  w i t h  T T X ,  T r i s  s u b s t i t u t i o n  f o r  N a  + a c t u a l l y  e n h a n c e d  

i n w a r d  c u r r e n t .  As  w e  sha l l  d e m o n s t r a t e ,  t h e  i n w a r d  c u r r e n t ,  s e p a r a t e d  as w e  

h a v e  d e s c r i b e d ,  was  a l t e r e d  by  c h a n g e s  in  i n t e r n a l  a n d  e x t e r n a l  C a  z+ c o n c e n t r a -  

t i o n ,  [Ca2+]~,o, b l o c k e d  by  c e r t a i n  d i v a l e n t  a n d  t r i v a l e n t  c a t i o n s  a n d  a n  o r g a n i c  
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FIGURE I. Customary calcium currents,/Ca, in snail neurons after suppression of 
Na § and K § currents. (A) Ca 2+ current  records obtained under  voltage clamp from 
a neuron in Na +, K+-free, Tris, Cs + solutions. The numbers  are the command 
voltages (mV) applied from holding potential, VH, of - 6 0  mV. (B)/ca evoked by 
adding the currents elicited by equivalent hyperpolarizing and depolarizing steps 
of 20 mV from VH of - 6 0  mV. (C) Exponential fall in the currents shown in A. (D) 
I-V relationship for/ca obtained from records such as those in A. Abscissa: mem- 
braine potential (mV). Ordinate: peak inward current  elicited by command pulse. 
A clear reversal current  was not observed; rather the current  approaches zero 
values at a null potential of 168 mV. 
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Ca 2+ cur ren t  blocker ,  and enhanced  by Ba ~+ and  Sr 2+. I t  is the re fo re  carr ied  by 
Ca 2+ and is r e f e r r e d  to as /ca .  

Effects of Changing [Ca~+]l upon the Transient Current 

Intracel lular  calcium activities were varied f rom 10 -5 M to 1.2 • 10 -s M. T h e  
high values were  measu red  in in ternal  solutions o f  CsCI (Table  I, Lee et al.) and  
the lowest values in the Cs aspar ta te  solutions to which 1 mM E D T A  was added .  
T h e  measu red  calcium activity in the Cs aspar ta te  solution was 2.0 • 10 -6 M, 
which is in good  a g r e e m e n t  with the theoretical  value predic ted  f rom the 
calcium aspar ta te  stability constant  o f  101"6 (Martell and  Sill~n, 1971) and  the 

A / 
M ~ A N E  POTENTIAL(.mV ) 

B 

5ms 

.L-20 
CURRENT ( n A )  

FIGURE 9. Examples of less common patterns of/ca in snail neurons. (A) Current- 
voltage relationship of peak transient currents. Vn: -60 mV. Note the clear current 
reversal at 88 mV. (B) In this neuron,/ca clearly reversed its inward direction at 
the large depolarizing step from Vn of -60  mV to + 110 mV. 

value o f  10 -5 M Ca z§ for  the distilled water  used to make  ou r  solutions. 
T h e  peak t ransient  cur ren ts  in 10 mM Ca~o + fell as [Ca2+]t was increased at all 

voltages,  and  the I-V relat ionships for  the various [Ca2+]~'s are  shown in Fig. 3 A. 
T h e  rela t ionship between peak inward cur ren t  at a given voltage and  [CaZ+]t is 
shown in Fig. 5 D and is nei ther  hyperbol ic  nor  exponent ia l .  T h e  null potentials  
became  less positive at h igher  Ca~+'s and  the changes  in null potent ial  had  a 
Nerns t - type  re la t ionship  to the values o f  [CaZ+]t (Fig. 3B).  As [CaZ+]t was 
increased,  the thresholds  for  inward cur ren t  shifted in the hyperpo la r iz ing  
direction,  the downward  limbs o f  the I-V curves became less steep,  and  the 
nadirs  shifted to m o r e  depolar ized  potentials.  T h e  opposi te  sequence  occur red  
when [CaZ+]o was increased at constant  [Ca2+]t and  this result is shown in Fig. 5 A. 

Increas ing  [Ca2+]t had  substantial  effects on  input  resistance (Fig. 4). T h e s e  
effects were concen t ra t ion-and  t ime-dependen t .  T h e  transient  cu r r en t  was not  
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affected as quickly as the input  resistance but  fell more  precipitously.  /ca 
measu remen t s  t he re fo re  had to be made  with these constraints in mind.  

Effects of Changing [Ca2+]o upon the Transient Current 

We tested the effects o f  increasing [Ca2+]o within 3-5 min of  the change  because 
longer  exposures  r educed  m e m b r a n e  resistance and inward currents .  Effects 
due  to lower [Ca2+]o were examined  between 5 and  10 min af ter  the change  in 

A 
MEV~BRANE POTENTIAL (mV) 

. L - 2 0  

CURRENT ( n A )  

200 

 ,oo . .% 
~ 50 
z 

0 i I I I i 

10 -9 10-8 10-7 10-6 10-$ 10-4 
[Ca2§ (raM) 



A, KAIKE, LEE, AND BROWN Ca2+Current 515 

solution because of  similar effects. Cur ren t s  were increased in 40 mM Cao 2+ and  
reduced  but  still present  af ter  8 min in 2 mM Ca2o +. T h e  null potentials became 
more  positive with increases in [Ca 2+]0 and less positive with reduct ions  in 
[Ca2+]0. T h e  effects o f  changes  in [Ca2+]o on threshold  cur ren ts  were not  
detectable in snail Ringer  solution containing 15 mM Mg 2+, but the slopes of  the 
ascending limbs o f  the I-V curves were s teeper  at h igher  [Ca2+]o's. These  aspects 
were examined  fu r the r  in zero Mg~o + solutions. T h e  I-V relat ionships for  the 
t ransient  Ca 2+ cur ren t  in 2, 10, and  40 mM Ca2o + are shown in Fig. 5A,  and  
the effects o f  increasing [Ca2+]o on thresholds ,  ascending limbs, and  lowest 
points already r e f e r r ed  to are observed.  T h e  measured  Ca 2+ activity of  the 
in ternal  per fus ion  solution was 1.6 • 10 -6 M, and  this value was used in 
calculations of  Eea, the calcium equi l ibr ium potential ,  in the various [Ca2+]o 
solutions. T h e  Ca *+ activity coefficient d e t e r m i n e d  f rom the electrode measure-  
ments  in the various extracel lular  solutions was 0.65. T h e  null potentials  and  the 
Eca'S were similar as shown in Fig. 5 B. 

T h e  peak values o f  the t ransient  cu r ren t  have a hyperbolic re la t ionship with 
[Ca2+]o at constant  voltage steps. This  is shown in Fig. 5 C where  the voltage was 
s t epped  f rom VH of  --60 mV to +25 mV in the d i f ferent  [Ca2+] 0 solutions. T h e  
results are the same with or  without  M ~  +. A similar re la t ionship between the 
m a x i m u m  rate  of  rise o f  the barnacle  muscle action potential  and  [Ca2+]o was 
found  by Hagiwara  and  Takahash i  (1967) and  by using their  a r g u m e n t  that  the 
re la t ionship is due  to a calcium binding  reaction we have 

/ca max( V ) 
/ca(v) = (1) 

1 + Kca(V) / [Ca2+]0  ' 

where  /ca is the peak  t ransient  cu r ren t  at a given voltage, V; /ca max(V) is Ica 
when all the sites are occupied by Ca2+; and  Kca(V) is the dissociation constant  o f  
the calcium binding  site. T h e  value for  Kca was calculated using the data 
obta ined  f rom di f fe ren t  [Ca2+]o solutions at m e m b r a n e  potentials  near  0 mV 
(Fig. 5 C) and  was 5.4 mM. This  value is abou t  one- th i rd  that  r epo r t ed  for  the 
Ca 2+ b inding  site in barnacle  muscle (Hagiwara ,  1975). A new f inding is that  the 
Kca values are increased at h igher  voltages. T h u s  at +50, +75, and + 100 mV,  
they were 10.4, 26, and  82 mM, respectively. 

FIGURE 3 (Opposite). Effects of changing [Ca2+]~ at constant [Ca 2+] o on/ca. (A) I-V 
relationship determined from step changes of membrane potential from VH of -70  
mV using internal solutions of (11) CsC1, (�9 Cs aspartate, and (0) Cs aspartate plus 
1 mM EDTA. Each current-vohage relation was plotted 15-20 rain after changing 
the internal perfusate. Note the obvious effects on current thresholds, peak 
transient currents and null potentials. (B) Relationship between null potential 
Eea'+ and [Ca2+]~. Data from same cell. A straight line was calculated by the 
equation 

Eca = 29 log fcla0+] ~, 

where Ca ~+ activity coefficient (]), determined using a Ca *+ liquid ion exchanger 
microelectrode is 0.65, and [Ca2+]~ was measured directly. 
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Effects of Divalent and Trivalent Cations and Verapamil upon Iea 

E q u i m o l a r  subs t i t u t i on  o f  Ba 2+ fo r  Ca  2+ i n c r e a s e d  the  t r a n s i e n t  c u r r e n t  a n d  
m a d e  the  nul l  p o t e n t i a l  m o r e  pos i t ive  (Fig.  6 A).  Sr  2+ h a d  s imi la r  e f fec t s  so tha t  
t he  o r d e r  was Ba 2+ = Sr  2+ > Ca 2+. C o  2+ d e c r e a s e d  the  t r a n s i e n t  Ca  2+, Ba  2+, a n d  

Sr  2+ c u r r e n t s  to e q u i v a l e n t  va lues  (Fig.  6B) .  T h e r e  were  no  d i f f e r e n c e s  in 
t h r e s h o l d  c u r r e n t s ,  a n d  the  s h a p e  o f  the  I-V curves  a l lowing  fo r  d i f f e r e n c e s  in 
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10 15 20 2.5 30 

TIME ( ra in )  

Time-courses of  (A) input  resistance and (B) Ca 2+ currents  in three 
different  neurons perfused externally with constant [Ca2+]o and internally with 
increased [CaZ+], (A) of  10 -~, (Q) 3 x 10 -5, and (�9 10 -4 M. 

scale was s imi la r  a l t h o u g h  its n a d i r  was sh i f t ed  t o w a r d s  s l ight ly  l o w e r  vo l t ages  by 
Co 2+. 

Ni  2+ was the  mos t  e f fec t ive  b l o c k e r  o f  t h e  t r a n s i e n t  Ca  2+ c u r r e n t  a n d  its 
b l o c k i n g  ac t ions  o c c u r r e d  at  c o n c e n t r a t i o n s  o f  10 -5 M (Fig.  7 A).  T h e  i n h i b i t o r y  
e f f ec t iveness  h a d  t h e  o r d e r  Ni  2+ >> La  3+ >> C d  2+ > C o  z+ >> Mg 2+ in t he  

p r e s e n c e  o f  Ca  2+. La  a+ at  < 0.1 m M  a n d  Co ~+ at  < 1 m M  t e m p o r a r i l y  e n h a n c e d  
the  t r a n s i e n t  c u r r e n t .  C o n c e n t r a t i o n s  o f  d i v a l e n t  ions  b e t w e e n  1 a n d  10 m M  also 
i n c r e a s e d  m e m b r a n e  r e s i s t ance  s l ight ly .  At  the  lowest  c o n c e n t r a t i o n s  t he  e f fec t s  
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FIGURE 5. Effects of changes in [Ca2+]o on /ca  and a comparison with the effects 
of changes in [Ca2+]~. (A) Ca ~+ currents in test solutions containing different [Ca2+] o 
as a function of membrane potential obtained by voltage clamp of a neuron  in Na § 
K +, Mg2+-free, Tris +, Cs + solution. Vn: -70  inV. (11) 2 mM Ca2+; (�9 10 mM Ca2+; 
and (O) 40 mM Ca 2+. Note the effects on threshold, peak and null currents. (B) 
Relationship between null potential Eca,+ and [Ca2+] 0. A theoretical curve is 
calculated from 

f [Ca*+]o 
Eca = 29 log 1.6 x 10 -6, 

where 1.6 x 10 -6 is the measured Ca 2+ activity in the Cs aspartate internal solution 
and Ca ~+ activity coefficient (]) is 0.65. (C) The peak Ca 2+ currents measured at 0 
mV in the test solutions with different [Ca2+]0. The solid line is described by Eq. 1 
in the text. (D) Relationship between peak/ca and [Ca2+]~. Relationship is not fitted 
by eq. I and the solid line is drawn through the points by eye. 
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FIGURE 6. Actions of  divalent cations on /ca .  (A) Current-voltage relation at the 
peak of  the inward currents dur ing voltage clamp of a neuron in Na +, K +, Mg 2+- 
free Tris +, Cs + Ringer solution containing 10 mM (�9 Ca 2+ or (O) Ba 2+. V.: -60  
mV. (B) Current-voltage relation in a neuron at 3 min after the application of  test 
solution containing 10 mM (A) Ca 2+ or (&) Ba ~+. The  test solutions contained 3 
mM Co 2+ and 12 mM Mg 2+. (�9 Control in Na +, K § Mg2+-free Tris +, Cs + Ringer 
solution with 10 mM Ca 2+. Vn: - 6 0  mV. 
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FXGURr 7. Blocking effects of  divalent and trivalent cations on Ca z+ current.  The  
relative inward currents are plotted against the concentration of  blocking cations. 
Each test solution contained 10 mM Ca 2+ and 15 mM Mg 2+. Recording was made 5 
min after the application of  each test solution. Lines drawn by eye. 
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were reversible but  at h igher  concentra t ion  recovery  was only partial.  
T h e  organic Ca 2+ blocking d rug ,  Verapami l ,  also inhibited the t ransient  

cur ren t .  Blockage occur red  over  the ent i re  voltage range  and  a p p e a r e d  to be 
most  p r o n o u n c e d  at the smallest and  largest  depolar izat ions (Fig. 8). T h e  null 
potent ial  also seemed to be less positive but  the d i f ference  is uncer ta in  because 
o f  the relatively large leakage cur ren ts  at large depolar iz ing potentials.  

MEMBRANE POTENTIAL (rnV) 

-50 0 50 100 150 

CURRENT (nA) 

FIGURE 8. Effect of  an organic Ca 2+ antagonist, Verapamil, on the inward 
current associated with step changes of  membrane potential from Vn of -60  mV. 
(�9 Current in Na +, K+-free Tris +, Cs § Ringer and (O) current at 10 min after 
adding 3 x 10 -s M Verapamil. 

T h e  effect  o f  divalent  cations and  La a+ u p o n  Ca 2+ cur ren t  in the presence  o f  
Ca z+ can be de t e rmined  using Hagiwara ' s  modif icat ion of  Eq. 1 (1975). Thus ,  

Ica max(V) 
/ca(V) = 1 + [1 + [M2+]o/KM(V)]Kca(V)/[Ca2+]o" (2) 

T h e  d i f ferent  KM'S were calculated using those concentra t ions  that  p roduced  
ha l f  inhibition of  the t ransient  Ca *+ cur ren t .  T h e  values are shown in Table  I I .  

With respect  to the calcium conductance ,  Gca, the results to this point  indicate 
t h a t / c a  is concen t r a t i on -dependen t  and that  Gca contains a vo l t age -dependen t  
site which binds divalent  and  tr ivalent cations. Changes  in [Ca*+], a p p e a r  to 
affect  Gca, and  changes  in [Ca*+]o which are also though t  to affect  the 
conductance-vol tage  relat ionship o f / c a  in snail neurons  (Kostyuk et al., 1974b) 
were fu r the r  analyzed us ing  results obta ined in zero Mg 2+ solutions. 

Effects of [Ca2+]o upon Gca 
Gca was calculated as a chord  conductance  using an Ec~ o f  150 mV. As we shall 
see, this a p p r o a c h  is reasonable  at depolar iz ing voltages of  100-150 mV. In  the 
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p r e s e n c e  o f  Mg 2+ the  r e l a t i o n s h i p  b e t w e e n  Gca a n d  vo l t age  (Gca-V) was l i t t le  
a f f e c t e d  by h a l v i n g  o r  d o u b l i n g  [Ca2+] 0 (Fig.  9 A ) .  H o w e v e r ,  in t he  a b s e n c e  o f  
Mg0 ~+, t h e r e  we re  l a r g e  e f fec t s  o v e r  t he  e n t i r e  vo l t age  r a n g e  (Fig.  9 B). At  h i g h e r  
[Ca2+]0's t he  S - s h a p e d  Ge~V c u r v e  was sh i f t ed  to t he  r i g h t  a n d  vice ve r sa  at 
l ower  [Ca 2+] o's. S imi l a r  r esu l t s  have  b e e n  r e p o r t e d  fo r  t he  Gc~V r e l a t i o n s h i p  in 
Helix pomatia n e u r o n s  ( K o s t y u k  e t  a l . ,  1974b). C h a n g e s  in  t h e  s h a p e  o f  t h e  
n o r m a l i z e d  Gca-V r e l a t i o n s h i p s  w e r e  n o t  a p p a r e n t .  

T h e  above  resu l t s  were  o b t a i n e d  a s s u m i n g  a c h o r d  c o n d u c t a n c e  fo r  Gca. 
H o w e v e r ,  as we have  a l r e a d y  n o t e d ,  t he  i n w a r d  c u r r e n t  b e c o m e s  smal l  a n d  
usua l ly  d i s a p p e a r s  r a t h e r  t h a n  r e v e r s i n g  at  l a r g e  d e p o l a r i z i n g  vo l t ages  sugges t -  
ing  tha t  c u r r e n t  f low m i g h t  be  bes t  p r e d i c t e d  f r o m  c o n s t a n t  f ie ld  c o n s i d e r a t i o n s .  
T h e r e f o r e ,  the  way in wh ich  vo l t age  d r ives  c u r r e n t  t h r o u g h  the  Ca  2+ c o n d u c t -  
ance  was e x a m i n e d  f u r t h e r .  

Instantaneous I-V Relationships of Ica 

A s e q u e n c e  o f  two vo l tage  s teps  was u s e d .  T h e  f irst  s t ep  e l i c i t ed  p e a k  i n w a r d  
/ca,  a n d  at this  t ime  a s e c o n d  s t ep  to var iab le  vo l t ages  was m a d e .  T h e  

T A B L E  I I  

DISSOCIATION C O N S T A N T S  FOR VARIOUS Ca 2+ 
A N T A G O N I S T S  

Ca ~+ antagonist  Ha l f  inhibi t ion dose  KH 

Ni 2+ 0.03 0.15 
La 3+ 0.23 1.15 
Cd 2+ 2.2 11.0 
Co 2+ 4.18 20.9 

K M values were calculated from Eq. 2 using Ke, = 5.4 raM. 

i n s t a n t a n e o u s  c u r r e n t s  were  d e r i v e d  by  e x t r a p o l a t i n g  the  tai l  c u r r e n t s  back  to 
ze ro  t ime  fo r  the  s e c o n d  vo l tage  s tep .  T h e  i n s t a n t a n e o u s  I-V r e l a t i o n s h i p  so 
d e r i v e d  is l i n e a r  u p  to 100-150 m V  d e p e n d i n g  u p o n  the  p a r t i c u l a r  n e u r o n  a n d  
is t h e r e f o r e  d e s c r i b e d  by  a c h o r d  c o n d u c t a n c e  o v e r  mos t  o f  its r a n g e  (Fig .  9 C).  
T h e  c h o r d  c o n d u c t a n c e  h a d  a va lue  o f  0.16 + 0.02 • 10 -6 f1-1 ( f o u r  cells).  A t  

FIGURE 9 (Opposite). Conductance-voltage relationships of  lea. (A) Conductance 
relative to maximum conductance obtainable in a neuron soaked in Na +, K+-free 
Tris +, Cs + Ringer solution containing 15 mM Mg a+ is plotted against the membrane 
potential.  VH: - 6 0  inV. Symbols/x,  O, and �9 indicate 2, 10, and 40 mM [Ca2+]o test 
solutions, respectively. Conductance was calculated as a chord conductance assuming 
E ca of  150 mV. (B) Ca 2+ conductance as function of  membrane potential of  a neuron 
in Na +, K +, Mga+-free Tris +, Cs + Ringer solution. Vn: - 7 0  mV. Symbols II,  �9 and 
�9 indicate the measurements  in 2, 10, and 40 mM [Ca2+]o test solutions. (C) 
Instantaneous I-V relationships in two different  neurons  de termined from a 
sequence of  two voltage steps. The  second voltage step of  variable ampl i tude  was 
applied when the Ca 2+ inward current  p roduced  by a voltage step to + 15 mV was 
maximal. The  current  produced by the second step was extrapolated back to zero 
time for the second step. Vn: - 6 0  mV. Note that the I-V relationships are linear 
over a large range,  but at very high vol tages/ca appears  to curve away from the 
voltage axis. 
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very high voltages /ca appears  to bend  away f rom the voltage axis. T h e r e  is 
some uncertainty about  this region,  however,  because an average leakage 
correct ion te rm which is relatively large had to be used (see Fig. 8, Lee et al.). 
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An at tempt  was made to fit the ent ire  I - V  relat ionship using a calcium 
permeabili ty calculated following Fatt and Ginsborg (1958) as 

Pca = / c a  R T / 4 F 2 V  [exp2 V F / R T  - l/Ca~ (exp2 V F / R T )  - Cao]. (3) 

Fits could only be obtained when Pca was allowed to vary f rom values of  - 10 -a 
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-10-9"cm3"s -1 over  the voltages shown in Fig. 9C,  the h igher  values of  Pea 
co r re spond ing  to the smaller  voltages. I t  seems reasonable  the re fo re  to t reat  the 
ins tantaneous I-V relat ionship as a chord  conductance .  

Inactivation of lca 

h| the H o d g k i n - H u x l e y  steady-state inactivation p a r a m e t e r  (1952a) was exam-  
ined using condi t ioning pulses 30-200 ms in dura t ion  and  a test pulse that  
evoked peak  i n w a r d / c a .  T h e  ratio o f  Icat0), the peak  cu r r en t  elicited without  a 
prepulse  a n d / c a  (V), the peak cu r r en t  elicited with a prepulse  p reced ing  the test 
step were used as the measure  o f  h| T h e r e  was no inactivation at the holding 
potential  o f  - 6 0  mV (Fig. 10 A) and  an S-shaped h~-V curve  at test voltages of  
+ 15 mV is fitted by 

h= = 1/(1 + exp[(V - VH)/12 mV]),  (4) 

where Vn is - 1 6  mV, the value at which h| = 0.5. 
T h e  h=-V re la t ionship was inf luenced by the magn i tude  o f  the test voltage 

step. At larger  test steps the curve was shifted to the r ight  (Fig. 10 B). Similar 
results have been r epo r t ed  in Myxicola and squid axons (Goldman  and Schauf,  
1973; Goldman ,  1976) and are predic ted  when inactivation and  activation are 
coupled ra the r  than i ndependen t  as in Hodgk in -Hux ley  theory.  Fur the r  evi- 
dence for activation-inactivation coupl ing came f rom studies o f  inactivation t ime 
constants.  T h e  t ime constant  o f  inactivation as a funct ion o f  voltage Zn was 
calculated f rom the fall in Ca 2+ t ransient  cur ren t  at d i f fe ren t  voltages. It  was 
also calculated as rc (Fig. 11 B), using prepulses  o f  varying dura t ion  and  voltage 
and  a constant  test voltage that elicited the peak  t ransient  Ca 2+ cur ren t  inasmuch 
as the reduct ion in the test cu r ren t  with increasing prepulse  dura t ion  was fitted 
af ter  a slight delay by a single exponent ia l  funct ion (Fig. 12A). T h e  voltage 
dependence  o f  rh and  zc are c o m p a r e d  in Fig. 11 B. rh is smaller  than Tc and 
such differences  are also predic ted if there  is coupl ing between activation and 
inactivation (Goldman,  1976). 

T h e  same expe r imen t s  allowed us to examine  the possibility that inactivation 
was delayed in its onset ,  a result  also consistent with an activated state p reced ing  
inactivation. T h e  results are shown in Fig. 12. Ica'S elicited by test steps were 
unaf fec ted  by prepulses  <0.8  ms in dura t ion  indicat ing a delayed onset  o f  
inactivation. 

In none of  o u r  expe r imen t s  have we ever  observed facilitation of  /ca by 
prepulses  as r epo r t ed  by Eckert  et al. (1977) (Fig. 11 A). 

Activation of Ica 

T h e  onset o f  /ca is difficult to de te rmine  because the capacitative cur ren t  
t ransient  may persist  for  500/zs. At longer  t imes /ca  has a rising phase that  can 
be fitted by a monoexponen t i a l  funct ion.  Gca can be decomposed  into two 
componen t s  and  may be described by 

Gca = Gca m h, (5) 

where  m, h, and  (~ca are used according to H o d g k i n - H u x l e y  symbolism (1952 b). 
An m*h funct ion gave an equally good fit while provid ing  a small delay to the 
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FIGURE 10. Steady-state relation for inactivation of/ca,+. (A) Vn: - 6 0  mV. Test 
pulse is a voltage step to +15 mV, 20 ms in duration. Ordinate: h| plotted as the 
ratio of Io to Iv (see text for definitions). Abscissa: the voltage step of prepulse 30 
ms in duration.  The continuous curve is drawn according to Eq. 4. The inset shows 
the currents elicited by the test step with and without a prestep. (B) Effects of 
different values of test pulse on the relation between h| and membrane potential. 
Vn: - 60  mY. The different voltage steps of test pulses 30 ms in durat ion are shown 
for each curve. Ordinate: h| Abscissa: the voltage step of prepulse. The curves for 
-19,  +15, +55, and +04 mV were fitted by eye. 
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onset  o f  /ca" It was simpler to use m to the first power ,  and steady-state 
activation, m| was calculated directly as the ratio o f  chord  conductance  to peak 
chord  conductance  and its relat ionship to voltage is shown in Fig. 13 A. 

~',n was calculated in two ways: (a) by measur ing  the t ime constant  required to 
attain peak lc~ after correct ing for inactivated current  or  (b) by measur ing  the 
time constant o f  the current  tails when  the voltage was s tepped to new values at 
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FIGURE 12. Onset of inactivation using the prestep plan described for Fig. 11. (A) 
Currents elicited by the test pulse at variable times after the prestep was initiated. 
Test pulse: voltage step, +15 mV and 20 ms in duration. Test pulse currents at 
prepulses <0.8 ms in durat ion are unaffected by the prepulse. (B) Delayed onset 
of inactivation at different prestep amplitudes. Ordinate: I(V) and I(0) indicate 
ratio of peak Ca ~+ inward currents with and without prepulses. Abscissa: the 
prepulse duration. The values beside each curve indicate the prestep amplitude. 
Note the delayed onset of Ca ~+ current  inactivation when the prepulse durat ion 
was <0.8-1.0 ms. 

FIGURE 11 (Opposite). (A) Absence of facilitation of/ca and (B) evidence for coupling 
of activation and inactivation in snail neurons. (A) Plot of the current amplitude 
evoked by the second of two equivalent voltage steps with variable intervals between 
the steps. At intervals <20 ms the current  evoked by the second step is reduced. 
and at longer intervals there is recovery. However, no facilitation is observed. The 
recovery is exponential.  Varying the amplitude and durat ion of the prepulses allow 
Te to be evaluated as in B. (B) Comparison of current ,  ~'e, with the time constant of 
inactivation, ~'h, determined from test pulses of variable amplitude and 20 ms in 
duration.  The test pulse used with the prepulses was +15 mV and 20 ms in 
duration. Vn: -60  mV. Ordinate: '/'inactivation" Abscissa: the voltage steps of test 
pulses 20 ms in durat ion.  Symbols �9 and (~ show the measurements of ~'e and ~'h. 
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the time o f  peak/ca .  The  Tm-voltage relationships appeared  similar using either 
method (Fig. 13 B). 

D I S C U S S I O N  

The Ca 2+ conductance  we have identified does not t ranspor t  Na +. This agrees 
with the recent conclusions o f  Kostyuk et al. (1977) and differs f rom earlier 
reports f rom the same laboratory (Kostyuk et al., 1974a, b). The  null potential 
for /ca is very positive and is consistent with the measured Ca 2+ activity 
gradients. The  lower reversal potentials repor ted  by Kostyuk et al. (1974a) and 
Standen (1975) may be due to the presence o f  K + current  in their experiments.  

0.5 

o 

SO 0 SO 
mV 

A 
3 

o 6 5'o ~o 
mV 

FIGURE 13. Activation parameters for /ca. (A) n~-voltage curve with m~ = 
Gea/Gca. (B) Comparison of Tm-vohage relationships where curve A gives the 
values for time constant to peak current and curve B gives the values for time 
constants of tail currents elicited by a second voltage step delivered at the time of 
the peak inward current. The differences were not consistent from cell to cell and 
were within the range of error of the measurement. 

This may also account for the clear-cut reversal potentials o f  their peak current  
vs. voltage (/-V) curves inasmuch as we have found that when thf Na + and K + 
currents are suppressed reversal currents  are obscured by leakage currents  and 
clear reversal potentials are the exception, not the rule. In fact, those cells 
showing reversal potentials had lower membrane  resistances and did not survive 
as well, which may be attributable to elevated [Ca2+] l levels at the membrane .  At 
voltages <100-150 mV, the instantaneous I-V curve is linear and a chord  
conductance was used for modell ing purposes and t o  calculate conductance-  
voltage relationships f rom peak current  vs. voltage curves. The  shape of  the 
instantaneous I-V curve was uncertain at very high voltages and led to a 
consideration o f  a permeability term using constant field theory.  However,  a 
good fit could only be obtained when the permeability coefficient was allowed to 
vary 10-fold over the voltage range examined so this model  was excluded. 
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T h e  conductance-vol tage  rela t ionship was shifted by [Ca2+] o when [Mg2+] 0 was 
zero,  and these observat ions suppor t  the repor ts  o f  Kostyuk et al. (1974a, b) and  
Standen (1975) and  are similar to the effects o f  Ca 2+ on the re la t ionship between 
GNa and voltage observed in squid axon (F rankenhaeuse r  and  Hodgk in ,  1957). 
Changes  in [Ca~+]l had opposi te  effects on the conductance-vol tage  re la t ionship 
and both  effects may be due to a similar action o f  Ca 2+ on m e m b r a n e  surface 
charge  (McLaughl in  et al., 1971). 

T h e  Ca 2+ conduc tance  in its voltage and t ime d e p e n d e n c e  has some similari- 
ties to the Na + conductances  of  axons.  Some impor t an t  differences ,  however ,  
are that  the Ca 2+ conductance  saturates  at modes t  elevations o f  [Ca2+]o's, 
conducts  at least two ions, Ba 2+ and Sr 2+, be t ter  than Ca 2+ and is blocked by 
small doses o f  o the r  divalent cations such as Ni 2+, Cd 2+, and Co 2+ and  the 
trivalent cation La 3+. T h e  most  satisfactory explanat ion  o f  these results is the 
b inding model  p roposed  for  barnacle  muscle by Hagiwara  (1975). T h u s ,  the 
conductance  contains a site which binds Ca 2+ more  strongly than Ba 2+ or  Sr 2+. 
According  to Hagiwara  (1975), when Co 2+ is b o u n d  to the site, the Ca 2+ 
conductance  t ransfers  Ca 2+ bet ter  than Ba 2+ or Sr2+; but  in ou r  expe r imen t s  
these three  ions were t r anspor ted  equally well in the presence  o f  Co 2+. However ,  
the conductance  o f  Ca 2+ relative to Ba 2+ and Sr 2+ was less inhibited by Co 2+ (cf. 
A and B o f  Fig. 6). T h e  b ind ing  site also appea r s  to be vo l t age -dependen t  which 
is a new f inding and  suggests that  it is within the m e m b r a n e  voltage field. 

Increases  in [Ca2+]i in addi t ion to shift ing the null potential  o f / c a  according 
to a Nerns t - type  relat ion,  a p p e a r  to suppress  p e a k / c a  to an even grea te r  extent .  
This  suppress ion cannot  be accounted  for  by the same equat ion that  accounts 
for  the actions o f  changes  in [Ca2+] 0 o n / c a  so that  [Ca2+]~ changes  probably  do 
not  act at the m o r e  externa l  Ca 2+ b ind ing  site. 

Kinetics of  lca 

T h e  conductance  kinetics using the Hodgk in -Hux ley  scheme are descr ibed by m 
and h p a r a m e t e r s  with m to the first r a ther  than  to the more  usual h igher  
powers.  However ,  the earliest c o m p o n e n t  o f / c a  has not been resolved and  a 
small delay may be present ,  m to the second power  describes the present  data 
jus t  as well as m to the first power  and  has been  used by Kostyuk et al. (1977). 
Because it was s impler  we used m to the first power  in ou r  calculations. Using 
values for  h| m| ~m, and ~'h given in Table  I I I ,  the forward  and  backward  rate 
constants am, tim, ah, and /3h as funct ions of  voltage may be d e t e r m i n e d  (Fig. 
14). Theore t ica l  Ica'S are r ep resen ted  by Gca'S assuming chord  conductances  and  
adequately reflect  the exper imen ta l  results given that  the pa rame te r s  were 
der ived f rom the average  values obta ined  f rom di f ferent  cells (Fig. 15). T h e  
slowly inactivating c o m p o n e n t  which is so appa ren t  at small depolar izat ions  is 
accounted  for  by negligible values for  flh at these voltages (Fig. 14). 

However ,  we have found  substantial  evidence that activation and  inactivation 
o f  the Ca 2+ conductance  are coupled  and  a simple kinetic model  for  coupl ing 
also gives results that  fit the exper imen ta l  data (Fig. 15). In this model ,  

a,, k 
X "~ "~ ~-------~ Z ,  
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where x is the resting state, y, the activated state, z the inactivated state, am and 
/3m are the Hodgk in -Hux ley  parameters and k and l the forward and backward 
rate constants for the inactivating step. Slightly more complicated models o f  a 

T A B L E  I I I  

AVERAGE VALUES FOR Ica HODGKIN-HUXLEY 
PARAMETERS IN SNAIL NEURONS 

Voltage z~ * 'r m /t..$ ~'h 

m V  m s  m s  

- 4 5  0.06 2.70 1.00 10.00 

- 19 0.34 1.01 0.54 8.00 

+ 15 0.80 0.70 0.11 5.30 

+94  1.00 0.35 0.00 1.80 

* n~  a n d  ~'m va lues  w e r e  a v e r a g e d  f r o m  f o u r  cells. 

, h~ a n d  ~'h va lues  w e r e  a v e r a g e d  f r o m  a d i f f e r e n t  set  o f  f o u r  cells. 

A 

0.6 

0,4 

< 

Z 
O 
U 

0.2 

h 

~h 

- 5 0  0 50 100 
mV 

~- 2 
Z 
< 

Z 
0 
U 

o 

mV 

�9 ~ m  

FIGURE 14. Rate constants for (A) inactivation process and (B) activation process 
calculated using the Hodgkin-Huxley model. Values were obtained from Tin(10 = 
l/(otm + /~)and m=(V) = am(V)/(am[V] +/~[V]).  Similar expressions were used for 
solving oo~ and /~ .  

similar nature have been used for K + channels (Armstrong,  1966, 1971) and for 
Na § channels by Moore and Jakobsson (1971); the particular model we used was 
first suggested to us by Dr. C. Armst rong.  At rest all o f  the channels are in state 
x. After  depolarization the reaction moves to the right and most o f  them end in 
state z. The  reactions are represented by three linear first o rde r  differential 
equations and were de termined analytically by taking the Laplace t ransform of  
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FIGURE 15. Compar ison o f  exper imenta l  data (symbols) f rom one neuron wi th  
the values predicted by the Hodgkin-Huxley model (solid line) and the coupled 
model (dashed line). Both models fit the data equally well and the fits remain 
relatively good out to times of 100 and 1.000 ms. The equation for the coupled 
model is given in the text (Eq. 6) and the equation for Hodgkin-Huxley model was 
Eq. 5, and m = m=(l - exp - t l -r . , )  a n d h  = h| - (h= - l)exp-tl~, wherem o = 
0andho = l a tVn  = - 6 0 i n V .  

each, solving the third o rder  determinant ,  and taking the inverse t ransform.  
Each solution is the sum o f  two exponentials.  For example,  

y(T) = a , . / ( a  --  b ) [ ( l / a  - 1)e -a '  + ( - l / b  + 1)/-~'] + a . , l / a b ,  (6) 

where 

and  

a + b =  k + l + olm + f3m, (7) 

a .  b = olmk + otml + [~ml. (8) 

The  values for k and l used to fit the data were obtained by trial and er ror  fits 
to the analytical solutions o f  the rate equations and are given in Table IV. At 
low depolarizations the rate constants are small, and with tim large enough ,  
many of  the channels are in state x forming  a reservoir which keeps y at a steady 
level for long times. I f  the relative value o f  rate constant l is large enough ,  y 
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pers is t s  a lmos t  i n d e f i n i t e l y  a n d  the  slowly i nac t i va t i ng  c o m p o n e n t  o f  /ca is 
o b s e r v e d .  As we have  a l r e a d y  s h o w n ,  this  also occurs  when  an  a p p r o p r i a t e  
cho ice  o f  r a t e  cons t an t s  is m a d e  u s i n g  the  u n c o u p l e d  H o d g k i n - H u x l e y  m o d e l .  
T h u s ,  Ica has an  ac t iva t ion  c o m p o n e n t  a n d  a s ingle  inac t iva t ion  c o m p o n e n t  fo r  
t imes  u p  to 50 ms,  a n d  it does  no t  s eem necessa ry  to p o s t u l a t e  a d i s t inc t  
c o n d u c t a n c e  fo r  the  p e r s i s t e n t  i n w a r d  c u r r e n t  as has  b e e n  s u g g e s t e d  (Ecker t  
a n d  L u x ,  1976; M a g u r a ,  1977). I t  also a p p e a r s  tha t  e i t h e r  m o d e l ,  c o u p l e d  o r  
n o n c o u p l e d ,  can  fit t he  vo l t age  c l a m p  c u r r e n t s  so tha t  smal l  l a tenc ies  in the  
onse t  o f  inac t iva t ion  d o  no t  a l t e r  the  c u r r e n t s  de t ec t ab ly .  

T A B L E  I V  

RATE CONSTANTS USED FOR COUPLED MODEL O F / c a  

Voltage oh ft., k 1 

mV ms | 

-45 0.02 0.35 0.000001 0 
- 19 0.34 0.65 0.15 0.05 
+ 15 1.15 0.42 0.23 0.024 
+94 3.0 0.12 0.65 0.000001 
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