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The effect of external and internal K + on Nao~-dependent Ca 2+ efflux was studied in dialyzed squid axons 
under constant membrane potential. With axons clamped at their resting potentials, external K + (up to 70 
mM) has no effect on Na+-Ca 2+ exchange. Removal of Ki + causes a marked inhibition in the Nao÷-depe n- 
dent Ca 2+ efflux component. Internal K + activates the Na+-Ca 2+ exchange with low affinity ( K t / 2  = 90 
mM). Activation by K /  is similar in the presence or in the absence of Na~,  thus ruling out a displacement of 
Na~- from its inhibitory site. Axons dialyzed with ATP also show a dependency of Ca z+ efflux on K~-. The 
present results demonstrate that K~ is an important cofactor (partially required) for the proper functioning 
of the forward Na+-Ca 2+ exchange. 

Introduction 

In squid axons, the outward movement  of Ca 2+ 
is accomplished by two separate mechanisms: the 
C a  2+ pump (high affinity-low capacity) and the 
N a + - C a  2+ exchange (low affinity-high capacity) 
[1]. In injected axons, there is evidence that neither 
external K + nor membrane potential have any 
effect on the ATP-dependent  uncoupled Ca 2 + ef- 
flux (forward Ca 2+ pump) [2]. However, in di- 
alyzed squid axons, internal K + is an important  
cofactor for full activation of the C a  2+ pump 
(DiPolo, R. and Beaug6, L.A., unpublished data). 
This effect parallels the stimulation by K + of the 
ATP-dependent  Ca 2+ uptake in: membrane  
vesicles from squid nerve fibers [3], sarcoplasmic 
reticulum [4], human red blood cells [5], isolated 
cardiac plasma membranes [6] and synaptic plasma 
membranes [7]. 

For the case of the antiporter Na+ -C a  2+ ex- 

Abbreviations: EGTA, ethyleneglycol bis(fl-aminoethyl ether)- 
N, N'-tetraacetic acid. 

change, the role of K + has been somewhat con- 
troversial. Blaustein [8] reported that Na+-depen-  
dent Ca 2+ efflux in squid axons is little affected 
by K+,  and Slaughter et al. [9] found no effect of 
K + (up to 10 raM) on the levels of Ca 2+ accu- 
mulated by the Na+-Ca  2+ exchange in cardiac 
sarcolemma vesicles. Nevertheless, in these studies, 
K + appears to activate a Ca2+-Ca/+ mode of 
exchange. On the other hand, it has been recently 
reported that K + strongly activated the Na+-Ca  z+ 
exchange in cardiac mitochondria [10] and syn- 
aptic plasma membranes [7]. Although an explana- 
tion for the stimulatory effect of K + is that K + 
combines with the carrier changing the Na+-Ca  2+ 
exchange activity, the presence of charge transfer 
during Na+-Ca  2+ exchange could be modified by 
the permeable K +, thus leading to indirect K + 
effects. 

The possibility of simultaneously controlling the 
internal medium by dialysis and the membrane 
potential through voltage clamp makes the squid 
axon an ideal preparation to study further the 
effect of K+.  

0005-2736/84/$03.00 © 1984 Elsevier Science Publishers B.V. 
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Fig. 1. Diagram of the experimental chamber. For these experi- 
ments, plastic dialysis capillaries of 150 #m outer diameter 
were used. A current wire (platinized platinum iridium 20% of 
30 gin) was introduced into the dialysis capillary and this was 
stirred longitudinally through the whole length of the axon. The 
voltage electrode (glass cannula of about 40-60 #m containing 
a floating platinum wire of 25 #m and filled with 0.5 M KCI) 
was stirred through the other end of the axon and its tip 
positioned in the center of the dialysis chamber. The chamber 
contain all the conventional features necessary for voltage 
clamping and dialysis. 
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Fig. 2. The effect of external and internal K + on the Nao-de- 
pendent Ca efflux. Ordinate: Ca efflux in fmol.cm-2.s - l .  
Abscissa: time in h. The composition of solutions was as 
follows (mM); artificial sea-water (ASW): Na + , 440; K + , 10; 
Ca 2+, 10; Mg 2+, 50; Tris +, 10; CI, 580; EDTA. 0.1 The 
osmolarity was 1000 mosmol/kg and the pH (17.5-18.0 °C) 
7.6. When Nao + and Ca2o + were removed they were replaced by 
Tris ÷ and Mg 2+ , respectively. Dialysis solutions: Na ÷ , 40; 
K ÷ , 310; Mg 2+ , 4; Tris + , 30; CI- ,  82; aspartate, 310; EGTA, 
1; glycine, 330; total osmolarity was 980 mosmol/kg and pH 
(18 o C) 7.3. All chemicals used were reagent grade. Counting 
was performed in a liquid scintillation counter after mixing the 
sea-water samples (4 ml) with 5 ml of scintillator. Unless 
otherwise stated, all concentrations are given in raM. 

Materials and Methods 

T h e  e x p e r i m e n t s  were  p e r f o r m e d  w i t h  l ive 

s p e c i m e n t s  of  L o l i g o  plei ,  t a k e n  f r o m  M o c h i m a  

B a y  ( E d o  Sucre ,  V e n e z u e l a )  a n d  t r a n s p o r t e d  to the  

I n s t i t u t o  V e n e z o l a n o  de  I n v e s t i g a c i o n e s  C i e n t i f i c a s  

in  C a r a c a s .  T h e  e x p e r i m e n t a l  c h a m b e r  for  di-  

a l y z i n g  a n d  v o l t a g e  c l a m p i n g  the  f r e sh ly  d i s s e c t e d  

a x o n s  is d e s c r i b e d  in  Fig.  1. T h e  a r t i f i c ia l  s e a - w a t e r  

a n d  d ia lys i s  s o l u t i o n  c o m p o s i t i o n s  a re  g i v e n  in  the  

l e g e n d  of  Fig.  2. A p o i n t  w o r t h  s t r e s s i n g  h e r e  is 

t h a t  u n d e r  t he  c o n d i t i o n s  u s e d  in  t he se  exper i -  

m e n t s ,  m o s t  ( a b o u t  90%)  of  t h e  C a  2+ e f f lux  is 

N a + - d e p e n d e n t  [11]. 

Results 

T h e  e x p e r i m e n t  o f  Fig.  2 s h o w s  t he  e f fec t  o f  

K + a n d  K ~  in a n  a x o n  d i a l y z e d  w i t h  60 /~M 

C a  2+,  40  m M  N a  + a n d  n o  A T P .  T h e  m e m b r a n e  

p o t e n t i a l  was  h e l d  c o n s t a n t  ( - 5 2  m V )  d u r i n g  t he  

e n t i r e  c o u r s e  o f  t he  e x p e r i m e n t .  I n c r e a s i n g  t he  K + 

f r o m  10 to  70 m M  c a u s e s  n o  e f fec t  o n  the  C a  2+ 

ef f lux .  O n  t he  o t h e r  h a n d ,  r e p l a c i n g  K + b y  T r i s  + 

d r o p s  the  e f f lux  o f  C a  2+ b y  a b o u t  70%. S u b s e -  

q u e n t  r e m o v a l  of  al l  t h e  K + c a u s e s  n o  f u r t h e r  

c h a n g e  in  t he  eff lux.  F i n a l l y ,  r e m o v a l  o f  N a  + a n d  

C A2+ d e c r e a s e s  t h e  C a  2+ e f f lux  to a ve ry  low d o 

va lue .  I n  o r d e r  to  d i s c a r d  the  p o s s i b i l i t y  t h a t  t he  

i n h i b i t i o n  o f  t he  C a  2+ e f f lux  b y  K + r e m o v a l  is n o t  

d u e  to  T r i s  +, few e x p e r i m e n t s  we re  p e r f o r m e d  

w i t h  N - m e t h y l - D - g l u c a m i n e  + as  t he  m a j o r  c a t i o n .  

N o  d i f f e r e n c e  in  t he  K + e f fec t  was  f o u n d  w i t h  

T r i s  + or  N - m e t h y l - D - g l u c a m i n e  + s u b s t i t u t i o n .  Fig.  

3 s h o w s  t h a t  t he  i n h i b i t i o n  o f  t he  C a  2+ e f f lux  b y  

t h e  r e m o v a l  o f  K + is a l so  o b s e r v e d  in  the  t o t a l  

a b s e n c e  of  i n t e r n a l  N a  +. I t  c a n  a l so  b e  o b s e r v e d ,  

t h a t  the  a c t i v a t i o n  o f  t he  C a  2 + e f f lux  u p o n  a d d i n g  

50 m M  p o t a s s i u m  to  t he  i n t e r n a l  m e d i u m  is t he  

s a m e  in  t he  a b s e n c e  o r  in  the  p r e s e n c e  o f  40  m M  

i n t e r n a l  N a  + . Fig.  4 s u m m a r i z e s  the  r e su l t s  of  f o u r  

d i f f e r e n t  e x p e r i m e n t s  in  w h i c h  t he  K + a c t i v a t i o n  

o f  t he  N a + - d e p e n d e n t  C a  2+ e f f lux  was  m e a s u r e d  

u s i n g  a n  i n t e r n a l  m e d i u m  c o n t a i n i n g  6 0 / ~ M  C a  2+ , 

40  m M  N a  + a n d  n o  a d d e d  A T P .  A KI/2 of  90 

m M  for  t he  K + e f fec t  i n d i c a t e s  t h a t  K + a c t i v a t e s  

t h e  N a + - d e p e n d e n t  C a  2+ e f f lux  w i t h  l ow  a f f in i ty .  

T o  see  w h e t h e r  the  a c t i v a t i o n  of  t he  C a  2 + e f f lux  

i n d u c e d  b y  i n t e r n a l  K + t akes  p l a c e  a l so  in  t he  
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Fig. 3. The effect of internal K ÷ on the Ca 2+ efflux in an axon 
dialyzed without and with internal Na + . Ordinate: Ca 2+ efflux 
in fmol-cm 2.s-1. Abscissa: time in h. Notice that the stimu- 
lation of the Ca 2+ efflux by the addition of 50 mM K~- is the 
same in the presence and in the absence of Na +. Axon 
diameter 395 Fm. Unless otherwise stated, all concentrations 
are in mM. 
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Fig. 5. The effect of removing K~- on the Ca  2+ efflux in an 
axon dialyzed with 2 mM ATP. Ordinate: Ca 2+ efflux in fmol. 
cm-2-s -]. Abscissa: time in h. For details, see text and the 
legend to Fig. 2. Axon diameter 420 #m. Unless otherwise 
stated, all concentrations are given in mM. 

presence of ATP,  few exper iments  were per fo rmed  

with 2 m M  A T P  in the dialysis medium.  The result 

of  such an exper iment  is shown in Fig. 5. In the 

absence of A T P  and in the presence of  40 m M  

N a  + and 0.68 # M  Ca 2÷, Ca 2÷ efflux reaches a 

s teady value of about  90 f m o l - c m - 2 ,  s-1.  Addi -  

t ion of A T P  causes an increase in the C a  2 ÷ efflux 

to 240 fmo l .  cm - 2 .  s -1, and the removal  of  K~- 

drops  the efflux to 110 f m o l - c m  - 2 .  s - ] .  Finally,  

the removal  of  Nao  + and Ca2o ÷ decreases the eff lux 

to about  60 fmol • c m - 2 .  s - ] .  Since the magni tude  
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Fig. 4. Na+-dependent Ca 2+ efflux in dialyzed axons contain- 
ing 40 mM Na~', 60/~M Ca 2+ as a function of the intracellular 
K + concentration. The symbols represent different axons. Each 
point correspond to the steady-state Ca 2 + efflux value attained 
at a given K ~-. 

of  the Nao+-dependent Ca 2+ efflux componen t  in 

the presence of  A T P  and in the absence of  K~- is 

smaller  than that in the absence of  A T P  and in the 

presence of  K ~ ,  it can be inferred than the Nao  +- 

dependen t  Ca 2 ÷ efflux observed in the presence of  

A T P  must  also be act ivated by internal  potasium. 

Conclusions 

The  results presented in this work shows that  in 

squid axons, K ÷ f rom the cytoplasmic  side strongly 

activates the Nao+-dependent Ca 2÷ efflux. The  ef- 

fect of K ÷ is asymmetric ,  since external  K + up to 

70 m M  does not  affect the Ca 2+ efflux. The  ex- 

per iments  (Figs. 2 and 3) show that the require- 

ment  for internal  K ÷ is only part ial  since, even in 

the comple te  absence of this ion, it is possible to 

induce a sizable Nao+-dependent Ca 2÷ efflux. It is 

clear that  the act ivat ion by potass ium cannot  be 

explained as a d isp lacement  of the inhibi t ion by 

internal  N a  ÷ , since a similar act ivat ion is observed 

in the absence of Na~-. Since under  physiological  
condi t ions  the N a + - C a  2÷ exchange will be fully 

act ivated by K ÷ , one cannot  regard this ion as a 

true regulator.  However ,  when s tudying the behav-  

ior of  the carrier under  physiological  condit ions,  

this effect must  clearly be taken into account.  
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