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A B S T R A C T A model is developed which requires the binding of  4 Na + to a 
carr ier  before a Ca binding site is induced on the opposite side o f  the membrane.  
Upon binding Ca, this carr ier  translocates Na and Ca. The  existence of  partially 
Na-loaded but nonmobile forms for the carrier  (NaX, Na~X, NaaX) suffices to 
explain both the activating and the inhibitory effects of  Na on the Ca t ranspor t  
reaction. Analytical expressions for Ca efflux and influx in terms of  [Na]o, [Na]l, 
[Ca]0, [Ca]l, and Em are developed for the Na/Ca exchange system at equilibrium; 
these provide for a quantitative description of  Ca fluxes. Under  nonequil ibrium 
conditions, appropr ia te  modifications of  the flux equations can be developed.  
These show a dependence  of  Ca efflux on [Ca]o and of  Ca influx on [Ca]l. The  
large effect of  internal ATP on Ca efflux and influx in squid axons, with no 
change in net Ca flux, can be unders tood on the single assumption that ATP 
changes the affinity of  the carr ier  for Na at both faces of  the membrane  without 
providing an energy input  to the t ransport  reaction. 

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

T h e  e x p e r i m e n t a l  i n f o r m a t i o n  p r e s e n t e d  in two r e c e n t  p a p e r s  ( R e q u e n a  et  al . ,  
1977; B r in l ey  et  al . ,  1977) m a k e s  it poss ib le  to p r o p o s e  s o m e  r a t h e r  d e f i n i t e  
m e c h a n i s m s  by which  Ca e n t r y  a n d  exi t  t ake  p lace  in t he  squ id  g i an t  a x o n .  I n  
d e v e l o p i n g  an  u n d e r s t a n d i n g  o f  such  m e c h a n i s m s ,  one  m u s t  n o t e  the  i m p r e s s i v e  
a m o u n t  o f  e x p e r i m e n t a l  i n f o r m a t i o n  s h o w i n g  tha t  i f  t he  N a  g r a d i e n t  across  the  
cell m e m b r a n e  is l a rge  a n d  i n w a r d l y  d i r e c t e d ,  to ta l  a x o n a l  Ca is smal l  a n d  
i o n i z e d  Ca low, whi le  i f  t h e  g r a d i e n t  is r e v e r s e d ,  o r  o u t w a r d l y  d i r e c t e d ,  to ta l  
a x o n a l  Ca is h igh  a n d  Cai ++ h igh .  By c o n t r a s t ,  i f  t he  c o n c e n t r a t i o n  o f  A T P  is 
ve ry  smal l ,  Cai is u n a f f e c t e d  a n d  an  a x o n  can  r e c o v e r  f r o m  an  i m p o s e d  Ca l oad  
in t he  v i r tua l  a b s e n c e  o f  A T P ,  r e q u i r i n g  on ly  an  i n w a r d  N a  + g r a d i e n t .  T h e  
i dea  tha t  the  sou rce  o f  e n e r g y  for  a c t i v a t e d  Ca ++ e x t r u s i o n  is the  i n w a r d  
g r a d i e n t  o f  N a  + was o r i g i n a t e d  by R e u t e r  a n d  Seitz (1968). 

T h e  o b s e r v a t i o n s  do  n o t  p r o v e  tha t  a N a : C a  e x c h a n g e  m e c h a n i s m  is the  sole 
basis  for  the  r e g u l a t i o n  o f  a x o n a l  Ca,  n o r  d o  t hey  r e q u i r e  t ha t  a s ingle  N a : C a  
e x c h a n g e  m e c h a n i s m  be  the  on ly  e x p l a n a t i o n  o f  such  e x p e r i m e n t a l  f i nd ings .  
A n  analys is  o f  e x p e r i m e n t a l  d a t a ,  h o w e v e r ,  shows tha t  it is poss ib le  to fit all  
e x p e r i m e n t a l  o b s e r v a t i o n s  in to  a s ingle  c a r r i e r  m e c h a n i s m  tha t  e x c h a n g e s  N a  
fo r  Ca across  the  m e m b r a n e .  

I n  t he  to ta l  e n e r g y  e c o n o m y  o f  an  a x o n ,  Ca f luxes  c o n t r i b u t e  re la t ive ly  
in s ign i f i can t ly  s ince  a b o u t  40 pmol /cm2s  o f  N a  e n t e r  vs. a b o u t  40 fmol /cmes  fo r  
Ca,  o r  1 o n e - t h o u s a n d t h  as m u c h .  I f  t h e r e  we re  no  c h a n n e l s  o r  o t h e r  m e c h a -  

TUE JOtn~NAL OF GENERAL PHYSIOLOGY • VOLUME 70, 1977 • pages 681-695 681 



6 8 2  T H E  J O U R N A L  OF G E N E R A L  P H Y S I O L O G Y  ' V O L U M E  7 0  • 1 9 7 7  

nisms in the membrane  leading to a Ca leak, then the Na/Ca exchange 
mechanism would use the Na gradient  to extrude Ca and the Ca gradient to 
extrude Na in equal amounts .  With a finite Ca leak, some Ca enters via this 
pathway and hence more Na must enter  to extrude this Ca than that leaving 
the fiber in exchange for Ca. This extra entering Na will constitute a small 
extra load on the Na p u m p ,  which is an ATP-dependen t  mechanism; hence the 
extent of  a Ca leak determines the indirect dependence  o f  Ca homeostasis on 
ATP.  

The Nature of the Carrier 

Any model for translocating Ca ++ must provide for its active transport .  
There fore ,  the mechanism must include coupling to a source o f  energy.  This 
model proposes to utilize the electrochemical gradient  of  Na + for the source of  
free energy.  The  sole membrane  consti tuent in the model  is the Na+/Ca +÷ 
carrier. There fore ,  the carrier must provide a coupling of  the electrochemical 
Na + gradient  to the movement  of  Ca ++. This requires the carrier to bind and 
move simultaneously 4 Na + inward and 1 Ca ++ outward,  under  the usual 
electrochemical gradients o f  these ions in axons. 

While the original suggestion of  Reuter  and Seitz (1968) was that 2 Na + were 
moved inward per Ca ++ ext ruded,  a more  detailed examination of  conditions 
in squid axons (Mullins, 1976) showed that (a) the [Ca] gradient  across the 
membrane  is 105, and (b) Ca fluxes are sensitive to membrane  potential. More 
recently (Requena et al., 1977), it has been found that 180 mM Na o is as 
effective as 450 mM Na o in maintaining a physiological [Ca]t. These findings 
suggest that Na/Ca exchange is not electroneutral  and that the Na/Ca exchange 
mechanism cannot  exploit a Na gradient  when Nao is in excess of  - 1 8 0  raM. 

What is p roposed  to account  for the foregoing is a system where the binding 
of  4 Na to a carrier induces a Ca binding site on the opposite side o f  the 
membrane .  Such an induced Ca site could have an extremely high affinity for 
Ca, one that would disappear  upon  the dissociation o f  Na from the carrier.  
The  a r rangement  proposed  is shown in Fig. 1. This allows Na + to be in 
the rmodynamic  equilibrium with the Na binding sites of  the carrier while Ca 
binding is a function o f  whether  or not the Na sites are fully occupied. 
Translocation requires that both the Na and Ca binding sites be fully occupied. 

outside 

" 'No "N° +Co +* No" No 
+ 4 NO + 

inside 
FIGURE 1. This shows the sequence of Na binding to the carrier, the induction 
of a Ca binding site (2), the translocation (4), and the dissociation of Ca (6). As 
drawn, the scheme represents Ca efflux; by interchanging the labels "outside" and 
"inside," it represents Ca influx. 
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Reactions of the Carrier 

T h e  equations involved are shown below: 

k7 
Na,~oYiCa ~ ~ Na4XiYoCa 

k-7 
k-6 +1' k6 k-6 ,],1' k6 

Cai + Na~foYi Na4XiYo + Cao 
k-5 J,l' k5 k-5 +1' k5 

Na~;o Na~fi 
k-4 ~,'~ k4 k-4 ~,~ k4 

Nao + N a ~ o  Na:u~l + Nai 
k-4 ,[,]' k4 k-4 J,l' k4 

Nao + NazXo N a ~ l  + Nai 
k-4 ~,1' k4 k-4 ~,1' k4 

Nao + NaXo" NaXt + Nai 
k-4 ~1' k4 k-4 ~J' k4 

Nao Nai 
+ + 

ks 
Xo ~ ~ Xi. k-s 
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I f  one reads this d i ag ram f rom the lower left upward ,  it describes a sequence 
of  reactions leading to the eff lux of  Ca; read ing  f r o m  the lower r ight  u p w a r d  
describes reactions leading to the influx of  Ca. In  this scheme X is the Na 
b inding  site and  Y is the induced  Ca binding site, p roduced  in step ks. T h e  
translocation step is k7, and  ks allows totally un loaded  carriers to of fe r  Na 
b ind ing  sites on ei ther  side o f  the m e m b r a n e .  T h e  assumpt ion  o f  four  Na 
binding steps is dictated both by ene rgy  considerat ions and  by the sensitivity o f  
Ca fluxes to m e m b r a n e  potential .  A free m o v e m e n t  o f  X across the m e m b r a n e  
is necessary to account  for  net fluxes o f  Ca via the carr ier  system. 

Na:Ca Ion Exchange 

T h e r e  are four  Na binding reactions leading to the fo rmat ion  o f  the carr ier  
complex  N a ~ o .  For any assumed equi l ibr ium constant  for Na b ind ing  to the 
carr ier ,  there  will be a popula t ion o f  carriers  with less than 4 Na bound  to t hem 
and the fract ion o f  the total car r ier  popula t ion in the NaaX o or  Na4Xl state will 
d e p e n d  on the [Na] on each side of  the m e m b r a n e .  With physiological values 
of  Na o and  Nai there  will be a large d i f fe rence  between the n u m b e r  of  carr iers  
on each side of  the m e m b r a n e  capable  o f  binding Ca and  the n u m b e r  that  have 
less that  4 Na bound  to t hem (making them stationary).  T h e  evidence f rom 
aequor in  expe r imen t s  is that  an intact squid axon with normal  ATP,  Cai is 
no rmal  when [Na]o is 180 mM. Such an axon can be expec ted  to have an [Na]l 
o f  about  40 mM. O the r  exper imen t s  (Brinley et al., 1975; Blaustein and Russell, 
1975) with dialyzed squid axons suggest  that  in the absence o f  ATP,  a [Na]l o f  
30 mM reduces  Ca eff lux to about  half  that  found  when [Na]l -- 0. This  could 
mean  that  at an [Na]l o f  30 mM, the n u m b e r  of  carriers  in some nonmobi le  
fo rm of  combinat ion  with Na ( N a X . . .  N a ~ )  is such that  the carr ier  popula t ion  
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available for  Ca eff lux is ha l f  o f  that  available when [Na]j = 0. Note  that  a 
carr ier  with less than 4 Na is a poisoned carr ier  in the sense that  it cannot  carry  
Ca; it is also wor th  not ing that Na,X o and  NaaXt are also nonmobi le  forms  of  
the carr ier  in the absence o f  Cal and  Cao, respectively. 

Carrier Loading 

T o  under s t and  this somewhat  complex  kinetic scheme,  it is convenient  to start 
by examin ing  the behavior  of  the carr ier  in the absence o f  Ca in the system. A 
fu r the r  simplification is to confine Na to only one m e m b r a n e  face; u n d e r  these 
circumstances if  K is the equi l ibr ium constant  for  the fo rmat ion  o f  NaX, and  
(K/[Na]o) is deno ted  by j ,  while XT is the total carr ier ,  then  the various fo rms  of  
the carr ier  are given by: l 

[Na~X7] = 1/(1 + j  + j2  + j a  +j4), (1) 

[NaX] = 1/(1 + j  + j -1  + j -2  + j -a ) ,  (2) 

[NazX] = 1/(1 + j  +32 + j -1  +j -2) ,  (3) 

[NanX] = 1/(1 + j  +3  ~ +3 ~ + J - 0 ,  (4) 

[X] = 1/(1 + j-~ + j-* + j-3 + j-4), (4a) 

[X]T = IX] + [NaX] + [NazX] + [Nav~] + [Na~¢]. (5) 

Hence  the total concentra t ion  o f  car r ie r  can be divided into a free carr ier ,  [X], 
nonmobi le  forms,  [NaX] . . . [NanX], and a Ca b inding  fo rm,  [Na~¢] that  can 
translocate when it becomes Na,XY and binds Ca. A plot o f  how these fractions 
o f  the carr ier  popula t ion  vary with [Na] is shown in Fig. 2. A K o f  140 mM has 
been selected somewhat  arbitrari ly for  the reaction o f  the carr ier  with Na. This  
value has the p rope r ty  of  making  the apparent K1/2 for  the rise o f  [Na~i;] lie at a 
value of  Na = 200 mM as c o m p a r e d  with the value o f  [Na4X] at Na = 450 mM,  
and this is between the exper imenta l ly  observed values o f  160 mM (Blaustein et 
al., 1974) and  300 mM (Baker  and  McNaughton ,  1976) for  the activation o f  Ca 
eff lux by [Na]o. I f  Na at a concentra t ion  o f  40 mM is in t roduced  on the inside 
o f  the m e m b r a n e ,  while the [Na]o is f ixed at 450 mM, a compet i t ion  for  carr ier  
will be set up  at both faces of  the m e m b r a n e .  It  is impor t an t  to note f rom Fig. 2 
that with an [Na]t o f  40 mM, virtually none  of  the complexed  carr ier  at the 
inner  surface is in a mobile,  Ca-carrying fo rm,  but  a substantial  f ract ion is in a 
complexed  but  nonmobi le  form;  these nonmobi le  forms  at the inside of  the 
m e m b r a n e  can only be obta ined f r o m  the total carr ier  populat.ion by reduc ing  
[NaaXo]; hence [Na]i is inhibitory to Ca efflux. 

Translocation 

Assuming that  car r ier  loading has been  effected on both sides of  the m e m b r a n e ,  
one has NaaXoYiCa and CaYoXiNa4 as the translocating forms.  I f  there  were no 
m e m b r a n e  potential ,  these loaded carr iers  should move with equal velocities; 
with a m e m b r a n e  potential ,  the inward m o v e m e n t  o f  two net charges  (Na 
moving inward) is favored by the m e m b r a n e  field. 

x For  s implic i ty ,  [Na4X] is a s s u m e d  eq u a l  to [Na4XY], the  ac tua l  Ca b i n d i n g  f o r m .  
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T h e  carr ier ,  when  fully loaded ,  has f o u r  positive cha rges  on  one  side o f  the  
m e m b r a n e  a nd  two positive cha rges  on  the o t h e r ,  o r  a total o f  six positive 
charges .  This  is no t  great ly  d i f f e r e n t  f r o m  the Na /K  p u m p  which is genera l ly  
c o n s i d e r e d  to b ind  3 Na  + on  one  side o f  the  m e m b r a n e  a n d  2 K + on  the  o t h e r  
fo r  a total o f  five positive charges  pe r  t rans locat ion .  

Kinetics 

T h e  kinetic s cheme  fo r  Na /Ca  t r a n s p o r t  mus t  also c o n f o r m  with the a s s u m p t i o n  
that  the  sole sou rce  o f  e n e r g y  for  Ca t r a n s p o r t  is the  Na  e lec t rochemica l  
g rad ien t ;  hence  the  behav io r  o f  the  Na /Ca  t r a n s p o r t  sys tem mus t  be such  tha t  
at equ i l ib r ium 

rzF(E~a - E) - zF(Eca - E) = 0, (6) 

w h e r e  r = c o u p l i n g  rat io Na /Ca ,  and  E is m e m b r a n e  potent ia l .  I f  one  assumes  
tha t  r = 4, this express ion  can be readi ly  t r a n s f o r m e d  to 

[Ca]o _ [Na]~ 
[Ca]l [Na]~ exp  - 2 E F / R T .  (7) 

[Corr,er] 
1.0 

, [ x ]  • I , , , , I , , , , 

0 I00 ;:'00 300 400 [Na] mM 

FmURE 2. This shows the concentration of  carrier in the free form [X], in the 
form [Na4X] which can carry Ca when it becomes Na4XY, and in nonmobile 
forms, as a function of  [Na] on a single face of  the membrane. 

This  equa t ion  implies tha t  fo r  f lux ba lance  

m ea = ko[Ca]l[Na]~ = m ca = k~Ca]0[Na~, (8) 

w h e r e  mo a nd  mi are  e f f lux  a n d  inf lux,  and  ko and  k~ a re  cons tan ts  tha t  inc lude  
the  t e r m  in m e m b r a n e  potent ia l .  

T h e  kinetic s cheme  shown  ear l ier  (Reactions of the Carrier) can be descr ibed  by 
the  fo l lowing sets o f  equa t ions ,  fo r  the  system at equi l ibr ium.  

For  Na  b i n d i n g  

k4[Na]l[X]l = k_4[NaX]l 
k4[Na1[NaX]~ = k_4[Na~X]~ 

k4[Na]~[Na2X]~ = k_4[NanX]l 
k4[Na]l[Na3X]l = k-4[Na4X], 

k4[Na]o[X]o = k_4[NaX]o 
k4[Na]o[NaX]o = k-4[Na2X]o 

k4[Na]o[Na2X]o = k-4[Na3X]o 
k4[Na]o[NazX]o = k-4[Na4X]o. 
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For induction and Ca binding 

ks[NagX]i = k-5[Na4XiYo] 
ko[ Na4XiYo][ Ca]o = k-6[ Na4XiYoCa] 

For translocation 

kr[Na4XoY~Ca] = k_7[Na, X~YoCa] 

From the above, it follows that 

[Na4XoYlCa]- k6 k5 (kk_44)4 k-6 k-5 [Na]4 [Ca]l[X]°' 

[Na4X/YoCa] -k6  k5 (k~4)4[Na]4[Ca]o[X]i" 
k-6 k-5 

It is also clear that 
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k5[Na4X]o = k_5[ Na4XoYl] 
kn[ Na4 XoY~][ Ca]l = k-6[ Na4 XoYiCa]. 

k,[X]o = k_s[X]i. 

(9) 

(10) 

m TM = kr[Na4XoY~Ca], (11) 

m.C, a = k_r[Na4XiYoCa], (12) 

hence f rom Eq. (7), (9), and (10) 

kr 
- exp - 2 E F / R T .  (13) 

k-r 

T o  obtain the unidirectional  fluxes one  can def ine 

([X]o)r = [X]o + [NaX]o + [Na~X]o + [NaaX]o (14) 

+ [Na4X]o + [Na4XoY~] + [Na,XoYiCa], 

with 

([x]o)~ + ( [x]0~ = ([X])T, 

and 

(15) 

(16) [X]o = Ix]l ,  

then with no = (k4/k-4)[Na]o and ni = (k4/k-4)[Na]i 

([x])T - .  (17) 
[x]o = ksk5 k4 ' 

3 3 , ' k'(n4°+n~)+ k_~-_(~-~ ([Na]~Ca]l + [Na~[Ca]o) 2 + n o + n ~ + n Z o + n ~  + n o + n i  + n o + n l  +4_5 

Eq. (17) is equivalent to Eq. (4a) if 0 = [CaJo = [Ca]l = [Na]l since n = 1/j and 
f rom Eq. (9), (10), and (17) 

k7 k--~-~_ \k---- d [Na]~[Ca]~([X])T 
m~a = (18) 

2 + no + n~ + nZo + n~ + n3o + nt a + n4o + n 4 + (no 4 + n~) + ([Na]~Ca]l + [Nail[Ca]o) 
- ~ - e ~ - s  \ k - t /  

k_r k-6k-5 \ k-d [Na]~[Ca]o([X])T 
?t~lC a = ( 1 9 )  ~-5 k6ks k4 4 

2 + ,,o + ,~ + ,~o + , #  + ,,30 + ,*~ + . :  + ,,~ + _ (.'o + ,,~) + ~ ~_, /  ([ya~Ca], + [ Na]t[ Ca]o) 
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Eq. (7) and (18) describe all equilibrium states for the scheme shown earlier. 
In experiments  on intact axons [Na]o and [Ca]0 can be adjusted experimentally.  
T h e n  m ca, [Nail, and [Call can be measured to test the simultaneous validity of  
Eq. (7) and (18). However ,  most o f  the available data are f rom dialyzed axons 
in which [Nail and [Ca]l can be adjusted experimentally.  In such experiments  
there is a net flux of  Ca, and steady-state equations are needed in place o f  Eq. 
(18). These equations are more  general  in that they contain the equilibrium 
states for which mo ca = m ca. 

Properties of the Flux Equations 

It is useful to note that for Ca efflux the equation has a term in the numera to r  
([Na]o)4[Ca]l; if this p roduc t  is held constant,  while also holding constant [Na]l 
and [Ca]o, it is possible to vary [Na]o and [Ca]l widely while still keeping the 
system at equilibrium (where the equation is valid). Fig. 3 shows a plot o f  the 
equilibrium [Ca]l vs. [Na]o for a constant  product .  For values o f  [Ca]t less than 
50 nM ([Na]o 200-450 mM) Ca efflux is linear with concentrat ion because the 
absolute value of  the terms in the denomina tor  involving [Na] and [Ca] are 
small compared  with the terms in n. 

[Ca]i nM 

I 000  

800 

600 

400 

200 

! 
| 
! 

t \ 

. 

([Na ]o ~ [ca]i= 6.3x I04 mM 5 

I 
300 

! 

400 I00 200  

[Na]omi 
FIGURE 3. This is a plot of [Ca]t vs. [Na]o for the relation 

[Ca]l = [Ca]°[Na]i~ exp 2EF/RT 
[Na]~ 

(solid line), with the [Nail[Call product as indicated on the curve, and for the case 
where the cation (C +) used as a diluent for Nao is ~ as effective as Na. Dashed line 
is 

[Ca]t = [Ca°][Na]4 exp 2EF/RT 
([Na]o + 0.1(450 - [Na]o))4 

[Nail = 40 raM, [Ca]o = 3 mM, E = -60mV. 
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In this range of  [Na]o Eq. (18) is approx imated  by 

m~ a = k, k-6 k-5 [Ca]t[X]T, (l 8 a) 

i.e.[NaoXoY~] ~ [X)r and the efflux rate is limited by the rate o f  binding [Ca]~. 
Under  these conditions,  with [Na]o and [Ca]l in the physiological range,  the 
efflux varies with [Ca]l only. In particular,  the eff lux is insensitive to changes in 
[Ca]o. This is in ag reement  with exper iment  when [Ca]t is 30 to 50 nM (Brinley 
et al., 1975). 

Making the membrane  potential  zero would decrease Ca eff lux 11-fold, and 
increase Ca influx by a similar amount ;  since Ca eff lux is close to l inear with 
Cai in the physiological range,  Ca~ would rise 122-fold to achieve a steady state. 
This is in agreement  with the findings o f  Requena et al. (1977) that depolariza- 
tion increases the steady-state Ca~. 

I f  Nat is made equal to Nal and the membrane  potential  abolished, which is 
equivalent to making the energy in the Na gradient  zero, then the flux ratio 
(Ca influx/Ca efflux) = [Ca]o/[Ca]t, a result required  by the rmodynamic  consid- 
erations. 

Nonequi l ibr ium Conditions 

Many of  the Ca flux data in the l i terature have been obtained unde r  conditions 
where,  for  example ,  [Nail is zero. T h e  equations presen ted  earlier cannot  be 
applied to such conditions but  it is possible to develop steady-state (with respect 
to carrier),  in contrast  to equil ibrium, equations for such conditions. On the 
assumption that [Nab is low, much o f  the t ranspor t  reaction for Ca eff lux is: 

4Nao + Xo + Cai --* 4Nai +Cao  + Xl 

Xl ~ Xo. 

Under  the conditions outl ined above [X]i cannot  equal [X]o since a gradient  in X 
across the membrane  must exist to sustain the Ca eff lux reaction. T h e  reaction 
above requires that the net flux o f  Na4XoY~Ca be equal to the net flux of  X and 
there fore  

ka[Na,XoY~Ca] - k-T[Na~Y~YoCa] = -ks[X]o  + k_s[X]t. 

I f  we let ao = 1 + no + n~o + n~o + n4o + (ks/k-5)n4o and ai a similar summat ion in 
nt, while/3 = l~kskl/k_ek_sk4_4, and if it is assumed that the net flux in the steady 
state does not disturb the equilibrium binding reactions on each side of  the 
membrane ,  then f rom Eq. (9) and (10) and the expression above 

[X]l k~/3[Na]~[Ca]t + ks (20) 
[X]o k_,/3[Na~[Ca]o + k-s'  

and 

X T  
Xo = (21) IX],( 

ao +/3[Na]~[Ca], + [ ~ o  at + fl[Na]~[Ca]o) 
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In Eq. (21) the t e rm Xl/Xo can be evaluated f rom Eq. (20) and  in the special 
case that the transition Xl ~ Xo is rate limiting in the t ranspor t  react ion,  the 
terms ks, k-s will be small compared  with the o ther  terms in Eq. (20), hence 

[X]t kl[Na]o4[Ca]l 
[X]o - k_7[Na]~[Ca]o" (22) 

This  approximat ion  cannot  be used if [Na]l or  [Ca]o --* 0. From the substitutions 
that led to Eq. (18) one  has 

[Na~Ca]l[XT] 

me°a=kT[3 ( k ~ )  [Na]~[ea]l (oti+ O[Na]~Ca]o) (23) 
ao + ~Na]~[Ca]l + [Na~[Ca]0 

T h e  symmetry  o f  this equat ion can bet ter  be shown by rea r rang ing  

m ca = k,g [Na]0~Ca]t[X]T[Na]~Ca]o (23 a) 

(ao + fl[Na]~[Ca]0[Na]~Ca]o + (kk~7) [Na~[Ca]l(ai +/3[Na]~[Ca]o) 

Eq. (23) is applicable to exper imenta l  conditions where [Ca]t is high (micro- 
molar) and [Na]l is low. Under  these circumstances,  Ca eff lux is large and is 
r educed  if Cao is made low. T h e  effect  is usually called Ca:Ca exchange  but  it is 
clearly an expected mode  o f  behavior  of  the Na/Ca carr ier  as Eq. (23) shows. In 
a recent  paper ,  Blaustein (1977) has clearly def ined the optimal conditions for  
this Cao-dependent  Ca eff lux as follows: [Li]o 450 mM, [Ca]l > 1 /~M. In this 
med ium Ca eff lux is several-fold greater  than it is in Na seawater and Ca eff lux 
is largely abolished by the removal  o f  Cao. T h e  dashed line in Fig. 3 was drawn 
on the basis that Li ÷ had 0.1 effectiveness in combining with X as did Na ÷. 
Thus  the [Li]o4[Ca]l p roduc t  for  the conditions specified by Blaustein are 
virtually identical with an [Na]4o[Ca]l p roduc t  where Nao is 200 mM and Cai is 30 
nM. T h e  fluxes are larger  in Li than in Na seawater because ao is much  smaller 
in Li; Ca eff lux is sensitive to Cao as specified in Eq. (23). A conclusion one  
draws f rom these sorts o f  exper iments  is that the (Na-Ca) products  on e i ther  
side o f  the membrane  can never  be zero since Li, and presumably o ther  
cations, have some ability to act like Na, and Blaustein has provided good 
evidence that K + can act like Na inside the axon since replacing K + with T M A  + 
reduces  the Li-mediated Ca efflux.  

An equat ion similar to Eq. (23) can be developed for Ca influx.  This  too has 
an explicit dependence  o f  Ca influx on [Call. 

It has been suggested above that ions used as Na substitutes have some ability 
to act like Na, and it also seems likely that Mg ++, present  on both sides o f  the 
membrane  in millimolar or greater  concentrat ions,  has some finite ability to 
substitute for  Ca so that truly Ca-free conditions do not occur.  

Equilibrium Constants 

It should be recognized at the outset  that exper imenta l  measurements  o f  Ca 
fluxes have been carr ied out  largely u n d e r  conditions far f rom equilibrium. 
Hence  any apparen t  affinity constants o f  the carr ier  for  Na or  Ca extracted 
f rom such measurements  must be viewed with considerable caution. As an 
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example ,  if Cai is made  100 /.~M (a sa turat ing value) and Nao is varied,  Ca 
eff lux declines with decreases in Nao along a curve similar to that  for Na4X 
shown in Fig. 2. I f  on the o ther  hand  Cai is made  50 nM, there  is no effect  on 
Ca eff lux o f  substituting Li + for  Na + in the seawater  (Brinley et al., 1975). T h e  
di f ference  in these two exper imen ta l  f indings can be resolved by not ing that  at 
a Cai o f  100 tzM the Na:Ca exchange  system is very far f r o m  equil ibr ium and  
that  the rate-l imiting step in the reaction is most probably  the delivery of  
Na4XoYl for react ion with Cal. At a Cai o f  50 nM, the exchange  react ion is 
ra ther  close to equi l ibr ium and a reasonable  inference is that  it is not the rate 
o f  delivery of  Na4XoYI, but  r a the r  the rate of  a t t achment  o f  Ca~ to the carr ier ,  
that  is rate limiting. I f  one assumes that  Li~ allows a slow delivery o f  Li~oYt to 
bind Ca, then it is clear that  at low Ca~ there  will be no d i f ference  in Ca eff lux 
whether  Li + or Na + is present  outside.  

T h e  equi l ibr ium constants involving Na + are (k4/k_4)4(ks/k_s). At high Cai it is 
easy to extract  a value for  (k4/k_4) of  1/140 mM -I as has been done  for  Fig. 2. 
By plott ing activation curves for Ca eff lux vs. Na o at various values for  kJk-5 it 
is possible to conclude that  satisfactory fits can be obta ined  with values in the 
range  0.1-1.0. A value of  0.1 has been  used arbitrari ly for  many  trial computa -  
tions. 

T h e  calcium equi l ibr ium constants are (kJk_n)(kT/k-7). Again,  these are 
phenomenolog ica l  and  no more  easily separable  than  k4, ks. I f  Nao is held at 450 
mM and Nai at 45 mM (values a p p r o x i m a t i n g  a normal  axon's  [Na] gradient)  
and  [Ca]~ ~s varied f rom pe r haps  10 nM to 100,000 nM, one  can assume that  
Nao is a sa turat ing [Na] and  that  the a p p a r e n t  K1/2 for  the Ca eff lux curve 
represents  (k6/k-8)kT. Theore t ica l  considerat ions p resen ted  earl ier  suggest that  
kr = 11.05 x and  k_r = x / l l .05  so that  a value for  (kdk-6) can be extracted.  This  
lies in the range  1-10 p.M kca or kJk-6 = 1,000-100 mM -1 (Brinley et al., 1975; 
Blaustein and  Russell, 1975). 

A final equi l ibr ium constant  is kJk=8. Values for  bo th  ks and  k-8 are necessary 
to solve nonequi l ibr ium equations u n d e r  Ca-free condit ions but,  a l though we 
have assumed ks~k-8 = 1, this hardly  helps with quanti tat ive solutions. One  
could a rgue  that  the translocation o f  X is the same as that  o f  Na4XYCa if 
allowance is made  for  X being uncharged .  This  assumpt ion  would allow kT/k-7 
= 122 and ks/k-s = 1 with kr = l l .05x and ks = lx. Unfor tuna te ly ,  it is also 
possible that  X has a fo rmal  charge  so that  Xo/Xl is not  1 u n d e r  equi l ibr ium 
conditions but  is dis t r ibuted unequal ly  on the two sides o f  the m e m b r a n e  by 
virtue of  its charge.  Such an a r r a n g e m e n t  would not invalidate the t he rmody-  
namic a rgumen t s  since the carr ier  would still t ranslocate 2 + charges inward per  
cycle; it would,  however ,  substantially affect  the kinetics. 

In spite o f  the considerable uncertaint ies ,  I have used the values for constants 
cited above to show that with [Call high,  [Na]o activates Ca eff lux along an S- 
shaped  curve with a K1/~ of  - 2 0 0  mM and Cai vs. Ca eff lux is a simple 
hyperbola  with a Ka/2 of  1-10 /xM Ca~. T h e  r e f inemen t  of  these constants is a 
p rob lem o f  considerable complexi ty  that will require  both  fu r the r  data  and  
app rop r i a t e  c o m p u t e r  techniques.  

I f  [Call, [Ca]o, and  [Na]l are held constant  then [Na]o activates Ca eff lux 
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along an S-shaped curve,  according to Eq. (23a). Th e  K1t2 depends  upon  the 
magnitudes o f  [Call, [Ca]o, and [Na]l. 

I f  [Ca]o, [Na]o, and [Nail are held constant then mo ca increases hyperbolically 
with increases in [Call, including an initial linear dependence  in the nanomolar  
range.  Again, the Kl/z depends  upon the magni tude o f  the fixed concentrat ions 
of  [Na]l, [Na]o, and [Ca]o. 

These  observations are in accord with exper iments .  However ,  if [Na]o, [Ca]o, 
and [Ca]i are held constant then  Ca eff lux increases along an S-shaped curve as 
[Nail increases, as expec ted  f rom the symmetry  of  Eq. (23a). This  conflicts with 
observations made at a [Ca]o o f  8 mM (Brinley et al., 1975). Re-examinat ion of  
Eq. (20) in the denomina to r  shows that with the value o f  fl/cited earlier (2.6 × 
10 -s mM -5) and of  K-7 (x/ l l .05)  then for Cao = 3 mM and Nal = 40 mM, the 
value o f  the denomina to r  is 0.048x compared  with an assumed value for  K-s of  
lx. Even at 80 mM Na, the value is 0.77 so that the approximat ion  o f  Eq. (22) is 
invalid for  low [Nail. 

The Effect of A T P  on Ca Fluxes 

In principle,  ATP  could affect Ca fluxes by: (a) increasing the affinity of  the 
carr ier  for Ca; (b) increasing the affinity o f  the carr ier  for  Na; (c) increasing the 
rate o f  the translocation step; (d) activating a Ca p u m p  separate f rom the 
Na:Ca exchange mechanism; (e) increasing [X].r; or by some combinat ion of  
effects on each o f  propert ies  (a)-(e). 

While an increase in the affinity o f  the carr ier  for  Ca easily explains 
exper imenta l  results showing that A T P  increases Ca eff lux,  such a postulate 
ignores exper imenta l  findings showing that: (a) A TP  has little effect  on Ca 
eff lux if [Nail is zero (DiPolo, 1976); and (b) the effect  o f  A TP  on Ca eff lux at 
constant Nai is much grea ter  when Cat is low than when it is high but  far f rom 
saturation (DiPolo, 1974, 1977). 

Increasing the rate of  the translocation step once the carr ier  is loaded with 
Ca and Na, as an exp'lanation, suffers f rom the difficulty listed above, as does 
increasing [X],r: it does not  account  for  the lack of  effect  of  A TP  on Ca eff lux 
in the absence o f  Nat, and it fails to explain the virtual lack o f  effect  o f  A TP  on 
Ca eff lux if Cat is high. A separate A T P - d e p e n d e n t  Ca p u m p  would seem to be 
unnecessary since the findings o f  Requena et al. (1977) are that [Call in an 
intact axon is not  changed when apyrase has des t royed internal  A TP  and that 
such axons can recover  f rom imposed Ca loads. T h e  implications o f  this 
f inding are that the Na gradient  alone is capable of  ex t rud ing  Ca and 
maintaining a normal  Cat and that an ATP-opera ted  Ca p u m p  is simply not 
necessary for Ca homeostasis.  

A Cao-dependent  Na eff lux is not  observed in axons dialyzed free o f  A T P  
(Brinley et al., 1975) so that one  infers that Ca influx as well as Ca eff lux is 
ATP  dependen t .  T h e  findings with respect  to ATP can be related to the carr ier  
mechanism developed above as follows. Because o f  the need  for  the carr ier  to 
bind 4 Na before  it can develop a Ca binding site, at physiological [Na]j some o f  
the carr ier  can be expected to be in inactive forms such as NaXt . . .  N a ~ t ;  an 
improvement  in Na affinity will increase the fraction o f  the carr ier  than can 
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exist in a Ca-carrying form at any given [Na], and thus facilitate Ca fluxes. 
To  test the idea that a change in affinity of  the carrier for Na can explain the 

effects of  ATP on Ca fluxes, Fig. 4 reproduces  the curve shown in Fig. 2 for 
[Na4X] as a function o f  [Na] with a K of  140 raM, together  with a new curve 
with a K for Na of  30 mM. The  curves are a reasonable representat ion o f  the 
data of  Baker and McNaughton  (1976) for the activating effects of  NaG on Ca 
efflux in squid axons with and without ATP.  Additional points  of  interest are 
that at a [Na] o f  40 mM (appropriate  to a physiological Nat), the concentrat ion 
o f  carrier with an induced Ca ++ binding site is vanishingly small when K m =  140 
mM (absence of  ATP),  while it has a value o f  0.3 at a Km of  30 mM (presence of  
ATP). These changes ought  to relate to changes in Ca influx and hence to 
explain its ATP  dependence .  For the K = 30 mM curve, over a substantial 
range o f  [Na], the rise o f  [Na4X] is proport ional  to [Nail, in agreement  with the 

"[No4X ] 1,0 K =30raM 

= OjmM 0.5 

100 ZOO :500 400 [No] mM 

FIGURE 4. This shows the effect produced on [Na4X] by a change in K from 140 
mM to 30 raM, for the reaction of Na + with X. 

dependence  of  Ca influx on [Nail shown by Baker et al. (1969). Ano the r  
feature of  the K = 30 mM curve is that [Na4X] is virtually saturated at [Na] = 
180 mM, a f inding in agreement  with the results o f  Requena et al. (1977) that 
[Ca]t is the same in an intact axon with ATP  whether  [Na]o is 180 mM or 450 raM. 

With respect to Ca efflux, one may note the following: with [Na]0 -- 450 mM 
there is very little difference in [Na~Yo] whether  K = 30 mM or 140 mM. This 
agrees with experimental  findings that in the absence o f  Nat, Ca efflux is 
independent  o f  ATP.  The  t ranspor t  reaction is: 4 Na + Xo ~ Na~SoYt --~ 
Na4XoYtCa --) Na4XiYoCa ~ XI + 4 Nai + Cao --~ Xo, with Xl diffusing to Xo. I f  
Nat is greater than zero, Xt reacts with Nat to form substantial amounts  of  
nonmobile carrier and this depletes the available [Xo] and hence reduces Ca 
efflux. An alteration o f  the binding constant,  K, f rom 140 mM to 30 mM 
greatly increases [Na,Xt] at the expense of  NaX . . .  N a ~  and hence provides 
an alternative path for the re turn  of  carrier, viz., Na~tYoCa --* Nafl~o + Cat 
4 Na + Xo. This prevents the depletion of  [Xo]. 

A test o f  Eq. (18) using K = 30 mM shows that Ca efflux is increased about  
fourfold by the change in equilibrium constant. This comes about  because the 
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value o f  (k4/k_4) 4 increases more  than the co r re spond ing  values for  n. It  is 
possible that  (ks/k-5) also increases, but  given the lack o f  really precise in fo rma-  
tion on Ca fluxes in the presence  of  A T P  as a funct ion o f  Cao, Cai, Nao, Nal, it 
is possible to conclude that  an ad jus tment  solely in the b inding  constant  for  Na 
will explain the effects o f  A T P  on both Ca influx and eff lux.  

Ano t he r  effect  o f  A T P  is that  it decreases the inhibitory effect  that  [Na]i has 
on Ca eff lux.  This  requires  that  KNa increase,  r a the r  than  decrease as has been  
a rgued  above.  A resolut ion o f  this a p p a r e n t  contradic t ion is possible if  it is 
assumed that  in the presence  o f  A T P  we have not  a single value for  k4/k-4, but  
r a the r  four  d i f fe ren t  b ind ing  constants  for  Na,  some o f  which are smaller  and  
some la rger  than  the value assumed earlier .  

The Isolated Squid Axon 

T h e  foregoing  discussion has dealt  largely with the highly artificial situation 
where  Ca fluxes in an axon can take place solely via Na:Ca exchange .  Actually, 
when an axon is s t imulated,  some Ca enters  via the channels  used to convey 
Na + inward and  it is likely that  the m e m b r a n e  has some finite permeabi l i ty  to 
Ca apar t  f rom ca r r i e r -med ia ted  processes.  In  addi t ion,  an isolated squid axon 
has a substantially lower m e m b r a n e  potential  than that  measu red  in the axon in 
the squid mant le  so that  it is reasonable  to infer  that the processes involved in 
isolating an axon induce an addit ional  m e m b r a n e  leak of  Ca as well as o ther  
ions. 

T h e  evidence f r o m  aequor in  studies (DiPolo et al., 1976) is that  an isolated 
squid axon can have a [Ca]t o f  30 nM in 3 mM Ca(Na) seawater;  the level o f  Ca 
eff lux in such an axon is 30-40 fmol/cm2s. Virtually all of  this eff lux must  be 
Na:Ca t r anspor t  since passive Ca eff lux is vanishingly small. In f lux  must  
balance eff lux since [Ca]l is in a steady state, but  some Ca influx is passive, 
noncar r i e r -med ia ted .  

Since [Na]o, [Na]l, [Ca]o, and  Em are  all fixed by the homeosta t ic  mechanisms  
of  the squid, the equi l ibr ium value for [Ca]l is fixed, in the absence of  a Ca 
leak, and  is 1.5 nM. Since this is one- twent ie th  o f  the measured  [Ca]l, it suggests 
e i ther  that  (a) too large a coupl ing ratio Na:Ca has been  assumed;  or  (b) the Ca 
leak is the major  factor  in Ca influx when [Na]o is normal .  Two  pieces o f  
expe r imen ta l  in fo rmat ion  suggest  that  Ca influx is mainly leak: (a) Baker  and  
McNaugh ton  (1976) find that  Ca influx f rom Na seawater  is l inear with [Ca]o 
f rom mic romola r  to h u n d r e d s  o f  mil l imolar,  a result  not  characteristic o f  a 
ca r r ie r -media ted  process; and  (b) Requena  et al. (1977)have  shown that  Ca 
influx f rom 37 mM Ca seawater  is unaf fec ted  by removal  o f  A T P  f rom an axon 
while Ca influx p roduced  by lowering [Na]o is much  inhibited. 

I f  we take 1.5 nM as the equilibrium value of  [Ca]l, the co r r e spond ing  value 
for  Ca eff lux is 1.5 fmol/cm2s. T h e  measured  Ca influx is 40 fmol/cm2s so that  
[Ca]l will rise until f lux balance occurs.  One  concludes the re fo re  that  in an 
isolated squid axon ,  the Na/Ca carr ier  flux ratio Ca eff lux/Ca influx is o f  the 
o rde r  of  20. 

Substantial [Ca]l homeostasis  is possible over  a range  o f  [Na]o f rom 180-450 
mM because (a) [Ca]l is much  h igher  than  its equil ibrium value, and  (b) carr ier-  
media ted  Ca influx is small c o m p a r e d  to leakage Ca influx. 
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The foregoing considerations argue strongly for the 4:1 coupling ratio that 
has been assumed since it is not the equilibrium value of  [ C a l l  that is impor tant  
but how much this value is per tu rbed  to obtain a steady state. 

In the presence o f  a passive inward "leak" of  Ca ++ the properties o f  the Na/ 
Ca carrier mechanism are artificially modified. Under  such circumstances the 
best tests of  the carrier mechanism can be made in the absence o f  external 
Ca ++ , eliminating the passive influx. 

T h e n  Eq. (20) becomes: 

[X]i ka/3[Na]~[Ca], + ks 
[X]o - k-s ' (20a) 

and Eq. (23a) becomes: 

k_8[Na]~[Ca]t[X)r 
m ca = k,O k-8[ao +/3[Na]~[Ca]l] + oq[kT/3[Na]~[Ca]t + k,]" (23 b) 

It is satisfactory to note that this equation is consistent with the dependence  
of  mo ca on [Na]o, [Nail, and [Ca]i repor ted  by Blaustein et al. (1974) for tests 

made  in Ca-free seawater. 

C O N C L U S I O N S  

While there is little doubt  that a muhivalent  binding of  Na to a carrier is a 
necessary condition for the induction o f  a Ca binding site, it is also possible 
that, once induced,  the Ca binding site persists until all Na has dissociated f rom 
the carrier. This type o f  a r r angement  is not explicitly discussed because its 
quantitative description is difficult. It would make the Na:Ca carrier insensitive 
to the Ca gradient  in the sense that this gradient  could drive the carrier 
directly. Curiously, there is little experimental  informat ion that supports  the 
notion that the Ca gradient  can drive the carrier. Ca efflux is not decreased by 
increasing [Ca]o. 

A second point is that the muhivalent  nature of  the Na binding sites suggests 
that these are provided by the dissociation of  a proton in exchange for Na. In 
turn,  this would make Ca t ranspor t  both highly sensitive to pH and capable of" 
t ransport ing H +. 
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