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C a l c i u m  eff lux in g iant  a x o n s  

I t  is known tha t  Ca 2+ affects the permeabil i ty  of  cell membranes  to ions and 
to water ;  it seems though,  tha t  the permeabil i ty  of  nerve membrane  to Ca 2+ itself 
is little understood,  in spite of the fact tha t  the problem has received some consider- 
able attentionS,% I t  is claimed in the present paper tha t  the permeabil i ty  of  the axon 
membrane  to Ca -°+ is m a n y  orders of magni tude  higher than has been previously 
thought .  

Giant axons from the squid Dosidicus gigas were used. Previous experiments 3 
showed tha t  their permeabil i ty  to monovalent  cations is the same as for Loligo. The 
axons were mounted  in a chamber  divided into three compar tments  separated by  
air gaps. The central  par t  of the fiber lying in the middle compar tment  was internally 
loaded by  means of  a microinjection (effected as in ref. 4) with a tracer amount  of  
~5Ca2+ (about 4" IOS counts/min per cm of fiber), dissolved in o.6 M potassium gluta- 
mate  at pH  7.2, to which a "p inch"  of chlorphenol red was previously added. The 
amount  of carrier in this solution was such tha t  an increase in intracellular Ca 2+ 
concentrat ion of at most  o.oi mM was expected. The excitabili ty was checked during 
the microinjection with external  st imulation and recording, using a pulse frequency 
of I sec-L When  the experiment was well advanced,  a second test of act ivi ty  was 
applied, s t imulat ing for 3o min at 5o sec -1. All axons employed here responded to 
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Fig .  I.  E f l t u x  o f  4sCa2+ as  a f u n c t i o n  o f  t i m e .  C o m p a r t m e n t  i r e p r e s e n t s  f ree ,  i o n i c  c a l c i u m  
w i t h i n  t h e  a x o n  a n d  c o m p a r t m e n t  2 r e p r e s e n t s  t h e  b o u n d  c a l c i u m ,  x r e p r e s e n t s  t h e  a m o u n t  o f  
f r ee  ion ic  4~Ca2+ w i t h i n  1 a n d  y r e p r e s e n t s  t h e  a m o u n t  o f  b o u n d  4sCa2+ w i t h i n  2. A m i c r o i n j e c t i o n  
w a s  e f l ' ec ted  i n  i a t  t i m e  t - -  o, m a k i n g  x - -  x 0. I m m e d i a t e l y  a f t e r ,  klsx, i.e. t h e  e f f lux  o f  4aCa2+, 
w a s  m e a s u r e d  in  t h e  e x t e r n a l  s ea  w a t e r  w h i c h  w a s  c o l l e c t e d  e v e r y  5 r a in .  T h e  p o i n t s  r e p r e s e n t  
t h e  e x p e r i m e n t a l  r e s u l t s .  T h e  d a s h e d  l ine  w a s  o b t a i n e d  f r o m  a n  a n a l o g  c o m p u t e r  i n t o  w h i c h  t h e  
d i f f e r e n t i a l  e q u a t i o n s  a n d  t h e  h's c a l c u l a t e d  f r o m  t h i s  e x p e r i m e n t  w e r e  fed .  N o  a l l o w a n c e  w a s  
m a d e  in  t h e  m o d e l  f o r  d i f f u s i o n  w i t h i n  t h e  a x o n .  
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this test and also to a final test of a 5-min stimulation period at IOO sec -1. Imme- 
diately after the microinjection (no more than 15 sec elapsed), the external artificial 
sea water 5 from each of the three compartments of the chamber was removed every 
5 min and replaced by an equivalent volume. Solutions from each compartment were 
collected separately but only the central part was used to determine the temporal 
course of 45Ca2+ efflux. The lateral ones allowed us to exclude the possibility of con- 
tamination from the opening of the axon where the capillary tube with 4~Ca2+ 
solution was introduced. At the end of the experiment, the axon was dissolved in 
HNO3 in order to determine the internal radioactivity. 

The results of eleven experiments show consistently the same general picture : 
that  is to say, two very different exponentials, a very fast one and a very slow one 
(see Fig. I). The slow exponential seems to be in agreement with previous results 1. 
Indeed, the latter gave a rate constant of the order of 7" IO-4 min-1 while in the 
present work the average rate constant for the slow exponential was about 
2"IO -4 rain 1. The fast process was, however, missed by previous investigators 
because they allowed too much time to elapse between the microinjection and the 
beginning of re-collection of samples (15 rain in the work of HODGKIN AND KEYNES), 
and also because the sampling interval was too long (30 min). It  is clear that under 
those conditions the fast exponential would either not appear or would be only 
slightly manifested in a rise in the value of the first point, which is exactly what 
H O D G K I N  A N D  K E Y N E S  obtained. 

The interpretation of the present results was made in terms of a compartmental 
analysis which is schematized in the insert of Fig. I and which accounts for the 
known properties of Ca 2+ within the axoplasm. 

A preliminary inspection showed that k21 was much smaller than either k12 
or kla, which allowed us to simplify the solution of the differential equation system 
proposed in Fig. I. The approximate function obtained is: 

R a t e  o f  *sCa2+ eff lux = kxsx = hlsx 0 . e - ( e l s  + ~12) t + k21y 

T A B L E  I 

RATE CONSTANTS AND PERMEABILITY 

Expt .  kls k12 
No. (rain -1 (rain -1 

x ±o ~) x ro  1) 

I 1.8 1.2 
2 3.8 1.7 
3 0.6 o . t  
4 2.7 2.1 
5 2. 5 1.8 
6 2. 4 0.8 
7 2.5 2.4 
8 4.7 0.7 
9 2.0 2.3 

i o  3.2 1.6 
i i  4.1 1.2 

A v e r a g e  2.8 1.4 
S . D .  ± 1 . o  -t-o.7 

h21 A x o n  P 
( m i n  -1 diameter (cm/sec 
X lO 4 ) (ram) X lO 5 ) 

2. 3 0 . 8 5 0  0 .6  
2.2 0 . 8 0 0  1. 3 
I . I  1.o5o o. 3 
1. 5 o.925 I.O 
2.0 0.925 I .o 
2.0 0.94 ° 0.9 
1.3 I .ooo I.O 
1.6 0 .800 1.6 
1. 3 I.OOO 0.8 
1. 5 0 .900 1.2 
1.9 0 .950  1.6 

1. 7 I,O 

± 0 . 4  ~ o . 4  
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where the  k's, x and y are exp la ined  in Fig.  I.  In  this  sys tem,  y becomes cons tan t  
af ter  abou t  3o to 4o min and is much  larger  than  x. Hencefor th  k21 was es tab l i shed  
from the cons tan t  flux which was ob ta ined  af ter  a long t ime had  elapsed and  the  in te rna l  
r a d i o a c t i v i t y  which was de t ec t ed  at  the  end of the  exper iment .  Whi le  the  slope of the  
fast  exponen t i a l  gave k~3 + k~2, the  ex t r apo l a t i on  to zero t ime to ob ta in  k~ax o was 
difficalt  because  the  posi t ion of the  zero is uncer ta in .  Analog  c o m p u t a t i o n  based  on 
the dif ferent ia l  equa t ions  of Fig.  i and  t en t a t i ve  k's showed tha t  abou t  70% of the 
t racer  was a l r eady  bound  IO min af ter  the  microinject ion.  Accordingly ,  a more 
reasonable  kia was ob ta ined  from the second po in t  of the  curve (which was usual ly  
the  highest)  and  an x which was assumed to be o.3x 0. I t  seems clear t ha t  the  pe rmea-  
b i l i t y  to Ca 2~ is descr ibed b y  k13 and not  b y  k21 which had  been used by  previous  
authors .  This  is why  no changes in 4aCa2+ efflux have  been de tec ted  wi th  s t imula t ion  
or the  presence of  pump- inh ib i t o r s  a l though such changes were expected .  The P ' s  
t a b u l a t e d  in Table  I cor respond to the  pe rmea b i l i t y  coefficient defined b y  JACOBS 
and  were ca lcu la ted  f rom the k13's, according  to P = kla d/4, where d is the dia-  
me te r  of the  fiber 6. 

F r o m  these resul ts  it  appears  t ha t  the  pe rme a b i l i t y  of the  axona l  m e m b r a n e  
to  Ca 2+ as defined here is a t  least  20 to 30 t imes  larger  t han  the p e r m e a b i l i t y  to 
m onova l en t  ca t ions  defined in the  same w a y  3. 
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