
L E T T E R S  T O  T H E  E D I T O R  

Kinetics of Calcium Inward 

Current Activation 

Dear Sir: 
Recently Lee et al. (1978) and Akaike et al. (1978) have published in this 

Journa l  two very interest ing papers ,  repor t ing  elegant exper iments  with the 
internally per fused  nerve cell bodies. We are especially happy  with the success 
of  these authors:  the idea o f  how simple it is to substitute the cytoplasm of  the 
cell body by artificial saline has once more  appeared  to be frui tful  since our  first 
repor ts  on  the approach  (Kostyuk et al., 1975; Krishtal and Pidoplichko, 1975) 
and on the separat ion o f  Na and Ca currents  (Kostyuk et al., 1977). 

Akaike et al. (1978) have presented  a descript ion o f  the activation o f  Ca 
inward cu r r en t  using first o rd e r  kinetics (the Hodgk in -Huxley  variable m raised 
to the first power).  T h e  authors  note  that the time resolution of  their  modifica- 
tion o f  the cell body perfus ion  me thod  could be insufficient.  As the question o f  
how Ca channels  funct ion seems now to be essential (because of  the powerful  
new methods  o f  their  investigation), we want to present  some evidence that the 
kinetic scheme of  Ca cu r ren t  activation is m raised to the second power,  as 
suggested in o u r  earl ier  pape r  (Kostyuk et al., 1977). 

In this s tudy we used a fu r the r  modification of  the me thod  o f  intracellular 
dialysis (Krishtal, 1978) which achieves quite short  resolut ion times near  70-150 
/xs. In such exper iments  the isolated cell is located between the two pores. One 
of  them is used for  the measu remen t  of  potential,  and the feedback cur ren t  is 
injected th rough  the other .  This  technique eliminates about  95% of  the series 
resistance and simultaneously makes the substitution of  the internal medium 
very rapid and effective. 

We have p e r f o r m e d  precise measurements  of  Ca inward currents  and 
co r respond ing  gating currents  in neurones  enzymatically isolated f rom the 
ganglia of  the snail Helix pomatia. T e m p e r a t u r e s  f rom 2 to 22~ were used. 
Gating and ionic cur rents  were digitally separated as shown in Fig. 1 A to 
obtain reliable informat ion  on the initial per iod o f  the Ca cu r ren t  development .  
A defini te  delay in the deve lopment  of  the Ca cu r ren t  is seen af ter  the 
subtraction o f  the gating cur ren t .  T h e  residual net ionic cu r ren t  is perfectly 
app rox ima ted  by m 2 model  as shown in Fig. 1 B. It is very impor tan t  that the 
time constants ~'m for  ionic cur ren t  and ton for cor responding  gating cur ren t  are 
practically the same. 

A good fit o f  the Ca cu r ren t  to m 2 kinetics is well suppor ted  by the voltage 
d e p e n d e n c e  of  the gat ing-charge distribution curve which coincides with the m 
voltage d e p e n d e n c e  (Fig. 2). Such cor respohdence  seems to be peculiar since 
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FIGURE 1. (A) Time-course of  the Ca inward current  activation. Upper  curve: 
scheme). Tempera tu re :  6.5~ Holding potential:  - 4 0  mV. Test  potential ,  Tm and 
gating current  (Ca inward current  was blocked by 2 mM external  Cd++). Both 
curves are obtained by the algebraic summation of  the responses to 50 positive and 
50 negative test pulses of  the same ampli tude.  Lower curve: Net Ca inward current  
(the result of  digital subtraction of  the middle curve from the upper  curve). 
Holding potential:  - 4 0  mV. Test potential: +25 mV. 27 mM Ca in the external 
Na-free solution. Tempera tu re :  6.5~ Calibrations are shown at the left of  the 
upper  curve. (B) Ca inward current  superposit ion of  observations and model (m 2 
scheme). Tempera tu re :  6.5~ Holding potential: - 4 0  mV. Test potential,  rm, and 
gating current  to, values are shown near  the corresponding curves. All the curves 
are normalized to demonstra te  a good quality of" approximat ion at small values of  
m =. Each digitalized current  trace coincides with its approximat ion.  

the  m 3 s c h e m e  which  is f o r m a l l y  g o o d  for  N a  c h a n n e l s  ac t iva t ion  kinet ics  is no t  
s u p p o r t e d  by the  vo l t age  d e p e n d e n c e  o f  g a t i n g - c h a r g e  d i s t r i b u t i o n  (Meves ,  
1974). O n e  c a n n o t  e x c l u d e  t h a t  it m a y  be  pa r t i a l ly  d u e  to  t h e  espec ia l ly  slow 
inac t i va t i on  o f  Ca  c u r r e n t  which  d o e s  n o t  i n t e r f e r e  in p rac t i ce  wi th  t he  ac t iva t ion  
p roces s .  F u r t h e r  d e t a i l e d  i nves t i ga t i on  o f  Ca  c h a n n e l s  m a y  o p e n  new c o m p l e x i -  
t ies o f  t h e i r  b e h a v i o r  as wi th  N a  c h a n n e l s  (Bezani l l a  a n d  A r m s t r o n g ,  1977; 
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FIGURE 2. Voltage dependence of m= and gating charges distribution (m 2 
scheme). Curves are normalized. 

A r m s t r o n g  and Bezanil la,  1977), but  for  now the m 2 scheme seems to be an 
adequa t e  work ing  hypothes is .  

P. G. KOSTYUK 
O. A. KRISHTAL 
V.  I .  PIDOPLICHKO 

YU. A .  SHAKHOVALOV 

Bogomole tz  Ins t i tu te  of  Physiology 
Kiev 24, 252601 GSP 
USSR 
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Reply to the Letter on the Kinetics o f  

Calcium Inward Current Activation 

Dear Sir: 
T h e  innovative me thod  repor ted  by Kostyuk et al. (1975) was the starting 

point  for  ou r  own technical efforts.  Th e i r  technique proved too difficult for  us, 
however ,  and we were forced to adopt  a method  quite d i f ferent  and less 
demand ing ,  to us at least, based on a suction pipette (Lee et al., 1977, 1978). 
Recently, Kostyuk et al. (1978) used a type of  suction pipette on neuroblas toma 
cells, and we have applied the suction pipette me thod  to dispersed individual 
hear t  muscle cells (Lee et al., 1979) so that the suction pipette technique may 
have broad  application. T h e  letter of  Kostyuk et al. (1979) refers  to ou r  paper  
(Akaike et al., 1978 b ) in  which we noted that G ca was propor t ional  to a variable 
which obeys a f i rs t-order  equation.  We also pointed out  that using the second 
power  fitted the changes in G ca just  as well and the letter of  Kostyuk et al. (1979) 
seems to conf i rm this fur ther .  T h e  situation might be even more  complicated 
because it is known that the kinetics of  the K (Cole and Moore,  1960) and Na 
(Keynes and Rojas, 1974; Neumcke  et al., 1976) systems in axon depend  upon  
the holding potential.  

Resolution o f  G ca kinetics by Kostyuk et al. requires the subtraction of  an 
asymmetry  cur ren t  they call a gating current .  In o rde r  to separate the asymme- 
try cur ren t ,  Ica was suppressed with Cd 2+. Two relatively large currents  are 
then subtracted and p roduce  the very small initial I ca shown in their  Fig. 1 A. If  
Cd 2+ has an effect  on the asymmetry  cur ren t ,  even a small effect ,  the apparen t  
initial course  of  I ca would be al tered.  T h e  t ime-course  of  the asymmetry  
currents  shown in the middle trace of  Fig. 1 A (Kostyuk et al., 1979) requires 
some comment .  Relaxation of  the asymmetry  cur ren t  appears  to be more than 
a single exponent ia l  process, as is the case in axon (Armstrong and Bezanilla, 
1977). Unlike axon,  however ,  the beginning o f  the decline is less steep than later 
stages (their Fig. 1 A). This could lead to difficulties in estimating ~" .... and the 
relationships among  ton, rm and voltage may be more  complicated than the one 
shown in their  Fig. 1 B. This has tu rned  out  to be the case in axon (Neumcke et 
al., 1976; Keynes, 1978). T h e  asymmetry currents  o f  Kostyuk et al. are also very 
large for gating currents .  From Fig. 1 A and in tormat ion  about  the unit Ca 
conductance  ( -  10-13S) (Krishtal and Pidoplichko, 1977; Akaike et al., 1978 a; 
Kostyuk, 1978), it can be calculated that the gating particles that activate each Ca 
channel  have a net charge equivalent to that of  60-100 electrons.  This should be 
compared  with the value of  six electronic charges per  Na channel  arr ived at by 
considerat ion of  ei ther  the dependence  of  sodium conductance on voltage 
(Hodgkin  and Huxley 1952) or a calculation based upon  charge movement  
dur ing  Na gating and Na channel  density (Armstrong and Bezanilla, 1973). In 
fact, f rom the dependence  of  Ca conductance on voltage (Fig. 2, letter of  
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Kostyuk et al.; Akaike et al., 1978 b), one  can calculate a value o f  only two to six 
electronic charges  per  Ca channel .  T h e  normal ized  m00 - V or  Q - V curves in 
Fig. 2 of  the letter o f  Kostyuk et al. do not show these large discrepancies  in 
magn i tude .  A n o t h e r  possibility for  the large size of  the so-called Ca gat ing 
cur ren t s  might  be that  Ca t r anspor t  is ca r r i e r -media ted .  Howeve r ,  the power  
density spectra  for  stochastic f luctuations in G ca have a Lorentz ian  f o r m  which 
is inconsistent  with t r anspor t  "noise" and  is characterist ic o f  channel  noise 
(Akaike et al., 1978 a; Szabo, 1977; Kolb and  Lafiger ,  1978). T h e  good fit 
be tween the curves in Fig. 2 and the poor  fit for  equivalent  curves for  the Na 
system in axon  may be due  to r a the r  slow inactivation o f / c a  as Kostyuk et al., 
suggest ,  but  correct ion for  Na inactivation still does not  el iminate the discrep- 
ancies for  the Na system in axon (Neumcke  et al., 1976). We do agree  with 
Kostyuk et al. that  the a s y m m e t r y  cur ren ts  they have descr ibed are likely to 
p rove  quite compl ica ted.  

A. M. BROWN 
K. S. LEE 
N. AKAIKE 

D e p a r t m e n t  of  Physiology and  Biophysics 
Universi ty of  Texas  Medical Branch  
Galveston,  Texas  77550 

Received for publication 16 October 1978. 

R E F E R E N C E S  

AKAIKE, N., H. M. FISHMAN, K. S. LEE, L. E. MOORE, and A. M. BROWN. 1978 a. The 
units of calcium conduction in Helix neurones. Nature (Lond.). 274:379-381. 

A~AIKr, N., K. S. LEE, and A. M. BROWN. 1978 b. The calcium current of Helix neuron. 
J. Gen. Physiol. 71:509-531. 

ARMSTRONG, C., and F. BEZANILLA. 1973. Currents related to movement of the gating 
particles of the sodium channels. Nature (Lond.). 242:459-461. 

ARMSTRONG, C., and F. BEZANILLA. 1977. Inactivation of the sodium channel. II. Gating 
current experiments.J. Gen. Physiol. 70:567-590. 

COLE, K. S., and J. W. MOORE. 1960. Potassium ion current in the squid giant axon: 
dynamic characteristics. Biophys. J. 1:1-14. 

HODGKIN, A. L., and A. F. HUXLEY. 1952. A quantitative description of membrane 
current and its application to conduction and excitation in nerve. J. Physiol. (Lond.). 
117:500-544. 

KEYNES, R. D. 1978. lonic gating mechanisms in squid giant axon. Sixth International 
Biophysics Congress. 29. (Abstr.). 

KEVNES R. D., and E. ROjAS. 1974. Kinetics and steady-state properties of the charged 
system controlling sodium conductance in the squid giant axon.J. Physiol. (Lond.). 239: 
393-434. 

KOLB, H-A., and P. LAiSGER. 1978. Spectral analysis of current noise generated by 
carrier-mediated ion transport.J.  Membr. Biol. 41:167-187. 

KOSTYVK, P. G. 1978. Calcium channels in the nerve cell membrane. Sixth International 
Biophysics Congress. 30. (Abstr.) 



680 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  73 �9 1979  

KOSTYUK, P. G., O. A. KRISHTAL, and V. I. PIDOPLICHKO. 1975. Effect of internal 
fluoride and phosphate on membrane currents dur ing  intracellular dialysis of nerve 
cells. Nature (Lond.). 257:691-693. 

KOSTVUK, P. G., O. A. KmSHTAL, V. I. PIDOPUCHKO, and Yu. A. SRAICHOVALOV. 1979. 
Kinetics of calcium inward current  activation. J. Gen. Physiol. 73:675-677. 

KosTYUK, P. G., O. A. KRISHTAL, V. I. P1DOPL1CHKO, and N. S. VESELONSKY. 1978. lonic 
currents in the neuroblastoma cell membrane.  Neuroscience. 3:327-332. 

KRISHTAL, O. A., and V. 1. PmOPLXCHKO. 1977. Analysis of current  fluctuations across 
the small area of the nerve cell membrane.  Neurophysiology (Kiev). 9:644-646. 

LEE, K. S., N. AKAIKE, and A. M. BROWN. 1977. Trypsin inhibits the action of 
tetrodotoxin on neurones.  Nature (Lond.). 265:751-753. 

LEE, K. S., N. AKAmE, and A. M. BROWN. 1978. Properties of internally perfused 
voltage-clamped, isolated nerve cell bodies.J. Gen. Physiol. 71:489-507. 

LEE, K. S., T. A. WErKS, R. L. KAO, N. AKAIKE, and A. M. BROWN. 1979. Sodium 
current  in single heart muscle cells. Nature (Lond.). In press. 

NrUMCKE, B., W. NONNrR, and R. ST3,MPrLI. 1976. Asymmetrical displacement current  
and its relation with the activation of sodium current  in the membrane of frog 
myelinated nerve. Pfluegers Arch. Eur. J. Physiol. 36,$:193-203. 

SZABO, G. 1977. Electrical characteristics of ion transport in lipid bilayer membranes. 
Ann. N. Y. Acad. Sci. 303:266-280. 


