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Using an in vi~o system which con~s~ of an axolemma-fich verde  fraction prepared from squid refin~ 
nerve fiber~ an Na+-Ca 2+ exchange process has been characte~zed and appears idenfic~ with that reposed 
in squid ~ant axon. Th~ exchange is absolute~ dependent on the establ~hment of an Na ÷ grad~nt, shows 
monov~ent and div~ent cation specifi~ty and ~ highly sen~tive to monen~n, A23187 and v~inomy~n but 
not to ouab~n, di~toxigeni~ vanadate, penty~nete~azol~ te~odotoxin or te~aethylammonium. Fu~he~ 
mor~ it was found that the exchange process ~ enhanced by the addition of ATP. This ATP-promoted 
aspects of Na+-Ca 2+ exchange shares many ~milar c h a r a c t e ~ s  with Na+-Ca 2+ ATP hydrolys~ and may 
indicate a common mechan~m for both activities ~a a protein phosphorylation-dephosphorylation evenL 

I n ~ n  

The ~ant  axons of squids have been used to 
obtain v~uable d a ~  regarding the phy~olo~c~  
properties of exotable membrane for many years. 
One function of the axonic membrane is to m~n-  
tain a ~w in~acellular level of ionized c~dum.  In 
the case of the squid ~ant  axon, this v~ue has 
been determined to be on the order of 20-100 nM 
[1-6]. ~nce  the body f l~d of squids cont~n ap- 
prox. 4 mM c ~ d u m  [7], there e~sts a c ~ d u m  
concentration gradient greater than 105-f~d across 
the axo~c membran~ The m~n~nance  of this 
~ e c t r o c h e m ~  gradient is f i t ~  to lhe norm~ 
function of these axons. Neve~hdes~ c ~ d u m  is 
known to diffuse into the axon ~a  pas~ve trans- 
port and influx during exaltation through various 
channd and exchange mechanisms [8,9]. There- 
fore, there must be a mechanism(~ by which Ca z+ 

* To whom co~espondence should be addre~ed. 
Abbrefiafions: A2318~ c~dum ionophore ~ahmydn). 

is activdy ex~uded ~om the axon. 
A m~or  c ~ d u m  extru~on mechanism known 

to exist in squid ~ant  axons is the Na%Ca 2+ 
exchange sys~m ori~nally reported by Baker et 
~, [10,11]. In this sy~em, 3 or 4 mole equiv~en~ 
of Na + o u t ' d e  is apparently exchanged for 1 mole 
equiv~ent of Ca 2+ inside [11-13]. Preliminary 
cMculafions [13,14] indicate that the gradient en- 
ergy provided by 3 to 4 mole equiv~en~ of Na + is 
suffident to extrude Ca 2+ from the axon. 

On the other hand, there is some question as to 
a possible role of ATP in this proces~ Baker and 
Gfi~ch [15] showed that reduction of in~acdlular 
ATP by apyrase, an ATP-hydroly~ng enzym~ 
greatly reduced Na%dependent extrusion of Ca z+ 
~om squid axons. Blau~on [14] detailed the Na ÷- 
Ca 2+ exchange sy~em in squid ~ant  axons and 
found that ATP increases the affinity of both 
caldum and sodium ions at the i n , d e  (Ca~÷) and 
o u t , d e  surfaces (Na~) of the axolemm~ respec- 
t ivd~  Other ~milar findings have been reposed 
in barnacle muscle fibers [16], dog heart sarco- 
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~mma [171 and c~f  heart sarcolemma [18]. 
Because of the difficulties encountered with 

intact squid giant axons in controlling ATP con- 
centration~ pa~iculady at low concenUafion (e.g., 
microm~ar  ranges and bdow) [19,9], and the 
prob~ms a~oda ted  with obt~ning an uncon- 
taminated axolemma fraction from this prepara- 
tion [20], we have adopted an in ~t ro  sys~m 
which consists of an axolemm~rich vefide frac- 
tion prepared from the squid retin~ nerve fibers 
[21-25]. Using this preparation, we pre~ou~y re- 
p o r e d  the e~s~nce  of a number of ATP hydro- 
l y i n g  sy~ems which were activa~d by addition of 
various inorganic ions. In particdar,  we char- 
acterized a ouab~n-insenfitive N a ~ C a  ~+ ATP hy- 
drolyfis in which Na + (Li÷), C ~  + and K + ions 
se~ctivdy stimulated hydrolysis of micromolar 
concenuations of ATP to ADP and inorganic 
phosphate [24,25]. Fu~hermore, it was shown that 
this ATP hydrolysis apparently occurred ~a  a 
protein phosphorylation-dephosphorylation pro- 
cess which was highly dependent on c ~ d u m  con- 
cen~ation [23]. We have now determined the ex- 
istence of a N a ~ C a  2+ exchange process in refin~ 
nerve fibers of squid that appears idenfic~ to th~  
repor~d in the squid ~an t  axon. This N a ~ C ~  ÷ 
exchange process Mso has many c h a r a c ~ r i ~ s  
fim~ar to those reposed  by us for N a ~ C a  z+ ATP 
hydrolysis (i.e., p r e f i o u ~  ( N a ÷ +  Ca~+kATPase 
actifity, [25]) and we now repo~ the result .  
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M ~ e d ~ s  and M ~ h ~ s  

Isola~on and purificaaon of reonal nerve mem- 
branes. Squid~ Lo~go pealei, were captured and 
kept alive by the Marine Biological Laboratory, 
Woods Ho~, MA, during the summer months of 
1981-198~ Retinal axons were dissected out in 
750 mM sucrose and stored at - 2 0 ° C  as previ- 
ously described by Matsumura and Clark [23]. An 
axolemma-rich preparation from these retinal 
axons was prepared ufing the original method of 
Fisher et al. [26] and Marcus et al. [20] as mod- 
ified by Matsumura and Clark [25]. 

Determination of Na +-Ca ~ + exchange in re~nal 
nerve membranes. Calcium influx and efflux ex- 
periments were carried out using the rapid filtra- 
tion method devdoped by Gill et al. [27]. Physio- 
logical buffer solution were prepared exactly as 
outfined by B l a u ~ n  [14] except Hepes was re- 
placed with 30 mM Tfis base. 

For calcium influx experiments, a portion of 
the axolemma ve~cle preparation was taken up 
into an appropriate standard solution (usually 
NaCI pre-equilibrium, Table I) so that a 10 ~1 
aliquot would contain approx. 31 ~g pro ton  as 
determined by the method of Lowry et al. [28]. 
V e s t , s  were pre-equilibrated for 2 h at 4°C. A 10 
~1 aliquot was added to 160 ~1 of a potas~um 
depolari~ng solution (i.e., Ca-loading solution) 
which contained 0.01 mM CaCI~ and 0.3 ~Ci of 

T A B L E  I 

S T A N D A R D  S O L U T I O N S  F O R  N a C C ~  ÷ E X C H A N G E  

In a d ~ t i o n  to  the  c o m p o n e m s  f i s ~ d  b d o w ,  ~1 s ~ u t i o n s  c o n t a i n e d  2 m M  K C N ,  & l  m M  o u a b ~  ~ 7  # g / m l  o l i g o m ~ i n ,  150 m M  

~ u c o s e  a n d  30 m M  Tfis  b a s ~  ~ a n d ~ d  so lu t ions  were  ~ d  to v ~ u m e  ~ d o u s e  ~ s ~ d ,  d ~ o ~ z e d  wa te r  a n d  ~ e  p H  of  each  

a ~ u s ~ d  to 7.8 w i ~  m f l ~ c  a d d  a t  2 0 ° C .  

S ~ u f i o n  C o m p o s i t i o n  ( m m ~ / l )  

N a ~  KCI Cho l ine  ~ C a O  2 E G T A  

c ~ o d d e  

P r ~ e q u i h b r a t i o n  425 10 . . . .  

C a - l o a d i n g  - 435 - - 0 ~ 1  - 

N a w e f f l u x  (425 to 0) 10 (0 to 425)  - - 0.5 

L i ~ e f f l u x  - 10 - 425 - 0.5 

C a ~ e f f l u x  10 415 - 10 0.5 

Lio  + C a ~ e f f l u x  - 10 - 415 10 0.5 
C h o l i n e  10 425 - 0.5 
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~CaCI 2 (spedfic acfi~ty for ~CaC12 was 0.2 
Ci /mmol)  unless otherwise stated in text. CMdum 
influx continued for a spedfied amount of time 
(usually 5 min) at 20°C. 

A 120 ~1 aliquot was added to 8 ml of a 
non-effluxing solution 0.e., choline solution) at 
20°C for 2 min. Zero-time con~ol tubes were 
included to verify the integrity of verities by 
cho~ne solution. The entire suspenfion was 
vacuum fiRered on pr~washed 0.45 ~m cellulose 
acetate filters (Mfl~pore Corp., Bedford, MA 
01730) and rinsed once with 10 ml ~ c o l d  choline 
solutiom The washed fil~rs were removed from 
thdr  holders and di~olved in hquid sdntiHation 
fluid. The amount of ~Ca  2+ remNning on the 
filter was determined by liquid scintillation means. 
All filters were corrected for background radiation 
which remNned on filters that recdved no verities. 

For cNdum efflux experiments, vesicles were 
loaded with ~CaCI~ exactly as for cNoum uptake 
experimen~ except that upon comp~tion of load- 
in N a 120 ~1 aliquot was placed into 8 ml of an 
appropfia~ efflux solution. Cation-specific efflux 
(usuM~ 2 min) was determined as the difference 
b~ween the ~ C a  2+ remNning on fil~rs (a~er 
background co~ecfion) ~om samp~s effluxed 
~gainst (holine solution (i.e., non-efflu~ng) venus 
samp~s effluxed agNn~ Na# ,  Li~, or Ca~efflux 
solutions (see Tab~ III). 

D~erminaaon of Na +-Ca 2+ A T P  hydro@sis. 
M~rosomM vesicles were prepared and pre- 
equilibrated with NaC1 exactly as for N a ~ C a  2+ 
exchange experiment.  To determine Na%Ca ~+ 
ATP hydroly~s during cMdum uptake, a 10 ~1 
Miquot of verities (31 ~g proton)  was added to 
160 ~1 of Ca-loading solution which contNned 0.l 
mM Tri~ATP fortified with 0.9 ~Ci of ~ a ( t r i -  
ethylammonium) [y-~ZP] ATP at a spedfic acti~ty 
of 60 mCi/mmol.  Conuol  tubes had choline chlo- 
ride pr~equilibrated ve~des to correct for non 
N a ~ C a  ~+ stimulated ATP hydrolysis. Incubation 
was continued for 5 min with constant aNtafion at 
20°C. ATP hydrolyfis was stopped by addition of 
50 ~1 of ~ c o l d  trichloroacetic add (10% w/v)  
and p h o n g  the reaction vessd into an ice bath. A 
mixture of bo¼ne serum Mbumin (1.0 mg) and 
KH2PO 4 (1.35 mg) in 0.1 ml of distil~d wa~r was 
added and the mixture equifibra~d for 5.0 min. 
The preopi ta~  was colle~ed by centrifugation 

(3000 × g for 3 min) and the supernatant trans- 
ferred to a dean test tube. Activ~ed charcoN (100 
mN was added and the s~ution vo~exed. EN an ~  
~ .2  ml) was u ~ d  to rinse ~ e  sides of the tube and 
the mixm~ centrifuged (3000 × g for 3 min). A 
0.5 ml a~quot wNch contmned morgamc [~2~ ~ 
was taken for f iq~d s d n ~ h t i o n  determination of 
ra&oacti~ff .  

To determine N a ~ C ~  + ATP hydr~yfis during 
c ~ d u m  ~flux, ~e~des w~e  p r ~ e q ~ h b ~ d  wi~  
NaC1 and ~aded wi~  cMdum as above but in the 
absence of ATP. A 120 ~1 ahquot was added to 8 
ml of an appropria~ efflux s~ufion (usuN~ 
Na~efflux sMution) wNch contained 0.1 mM 
Tfi~ATP fortified wi~  [ ~ 3 ~ A T P  as above. At 
• e end of ~ e  2 min efflux period, ATP hydr~yfis  
was stopped by ad~fion of 2.5 ml of ~ c ~ d  
tricNoroacefic add  (10% w / ~ .  To correct for non 
N a ~ C ~  + sfimMa~d ATP hydr~yfis,  con~ol 
veNdes were effluxed agNnst chM~e s~ufiom 
The ~ork-up for the determination of [ 3 2 ~  was 
e x a ~  as described above for ATP hydrMyfis 
during cMdum uptake experiment.  

In all experiments where ATP was m~zed,  10 
~M vanadate and 10 ~M ~ N ~ g e ~ n  was added 
in ad~t ion to 2 mM KCN, 0.1 mM ouabNn and 
0.7 ~g /ml  ofigomydn m elimina~ ATP hydr~y~s 
by mi~chondrial  and adenofine t r i p h o s p h ~ e  
con~mination. 

C h e m ~ a &  T r i ~ a d e n o ~ n e  5~ t r iphospha~  
(ATP, A0270L ouabNm ofigomydn, A23187 
&al imydnL sodium vanada~,  ~ o m ~ g e N n ,  
LaCI~, t ~ r o d ~ o ~ m  ~ a c ~ n ~  pentylen~mra- 
zole, v M m o m y d m  m o n e n ~ m  t e t r a e ~ y N m -  
moNum, and KCN w~e  p u ~ h a ~ d  ~om S~ma 
ChemicM Compan~ St. Lores, MO. T ~ r N t f i e ~ -  
ammo~um)  [ ~  ATP and ~CaC12 w~e  ob- 
tNned ~om New EnNand Nudea~ Boston, MA. 
All other compounds were of the h ~ h ~ t  puriW 
avNlab~ from comm~dM sources. 

R e s ~  

D~erm~a~on of Na +-Ca 2+ exchange found m ret- 
inal nerve f ibe~ 

In order to establ~h the sodium dependency of 
45Ca uptake, vesicles prepared from ax~emma of 
r~inM nerve were pr~equifibra~d in various solu- 
tions as detailed in TabM II. The Mvd of 45Ca 



TABLE II 

EFFECTS OF PRE-EQUILIBRATION TREATMENTS ON 
~ C a  UPTAKE 

Membrane veeries p ~ p ~ e d  from sq~d retin~ nerve fibers 
were ~suspended into p ~ q ~ b r ~ n  s~ufions ~ d  and 
with ~e  ad~fions as fi~ed brow. The amount of ~ C a  uptake 
mm NaC1 pr~equi l~r~ed veeries was set to be equ~ to 100% 
~ad. In these experiments, the mean ~SCa ~ad  was 521 ± 16 
(S.~) p m ~  C ~ + / m g  protei~ The percentages w~ch are re- 
po~ed represent ~ e  means of at ~ast t hee  experiments of two 
rephcates each ± S.~ 

Pre-equilibration Percent of control 
solution ~ Ca ~ad  

425 mM NaCI 100 
425 mM NaCI+~01 mM ~ o d o t o ~ n  112±5~ 
425 mM NaCI + 0.1 mM monen~n 0~ 
425 mM NaC1 + ~1 mM vanada~ 98 ± 3~ 
425 mM KCI 16 ± 7~ 
425 mM choline chloride 9 ± 5.0 

uptake was highly dependent on NaC1 pre- 
equilibration. Verities pre~qufl ibra~d in ~ther 
KC1 or choline chloride solutions did not take up 
~ C a  2+ to any appredab~  ~ v d  during a 5 min 
load period. Addition of 0.1 mM monenfim a 
sodium ionophore, resul~d in a comple~ loss of 
45Ca uptake into NaC1 pre-equilibrated verities. 
This indicates that the ~Ca  ~+ rem~ning on the 
cdlulose acetate filters a~er washing is due to 
~ C a  uptake into the i n , r i o t  of verities and is not 
due to surface binding to the vefide or to ~apping 
of c ~ d u m  ions in the membrane m~f ix  ~sdL In 
addition to KCN, ouab~n and o~gomydn which 
were included in all standard solution and showed 
no in~r~rence  with Na÷-dependent ~ C a  uptake 
at the concentrations employed (data not shown), 
sodium vanadate (0.1 mM produced no fignificant 
effect on Na%dependent ~ C a  uptake. Vanad~e 
is a well-e~ablished inhibitor of ( N a ÷ +  K + b  
ATPase [29], sodium pump [3~ and C~Cst imu-  
lated ATPase activity a~oda ted  with the en- 
zymat~ mechanism for the uncoupled c ~ d u m  
pump in red blood cells [31]. F~lure of vanadate 
to produce fimi~r ~vds  of inhibition estabfishes 
that the Na~dependent  ~Ca  uptake in squid 
retinal axo~mma is an entity d i~ in~  from these 
ATP-driven pumps. Additionall~ Na%dependent 
4~Ca uptake was not inhibi~d by addition of 0.01 
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mM te~odotoxin, a p o i n t  sodium channd 
blocker. 

Na+-Ca 2+ exchange~ characterized in various 
other exd tab~  tissues show a high degree of 
specifidty in ion replacements [14,27]. Fig. 1 shows 
the effect on ~ C a  uptake into NaC1 pre-equi- 
fibrated verities of various monovMent cations 
which were added to Ca-loading solutiom In the 
presence of extern~ K +, ~ C a  uptake was rapid, 
reaching h ~ f  the equilibrium v~ue in approx. 1.0 
min. Addition of Rb ÷, NH~ or choline resuRed in 
a ~ower rate of Ca 2÷ accumulation but still ~-  
lowed substanti~ aSCa uptake to take place. ~Ca  
uptake in the presence of Li + or Na + was greatly 
reduced and ex~rnM Na ÷ resul~d in very htfl~ if 
any, ~ C a  uptake. In ~milar experiment ,  ex~rn~  
div~ent cations were ev~uated and the resul~ 
repor~d in Fig. 2. For Na-dependent ~ C a  uptake, 
the ranking in saturating the uptake process was 
Ca 2+ > Sr ~+ ~ Ba 2+ > Mn ~+. Mg ~+ did not inter- 
fere with 45 Ca uptake at any of the concentrations 
examined. In fact, at concentrations grea~r than 
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-Log Concen~afion (M) 
~g. 2. Ef~ct of ex~rnM ~vMent cations on ~Ca uptake in~ 
NaCI pre-eqmlib~tes vefide~ C~loa&ng s~ution (TaMe I) 
was mo&fied by incmafing the concen~ations of MgC12 (~), 
MnCIz (~L BaClz ~) ,  ~C12 (*) and CaCI2 (©) ~ m~cmed 
in the figur~ The mean ~Ca load under c o n ~  con~fio~ 
(i.e., Ca-loa&ng sohifioM was 532±8 (S.E.) prom C ~ + / ~ g  
woteim 

10 -5 M, Mg 2+ produced a slight sfimuNtion of 
Na÷-dependent ~ C  uptake. 

Another unique feature of Na+-Ca :+ exchange 
is its rever~bi~ty which has been reposed  both in 
perfused squid giant axons ~ Z Z 3 N  and in syn- 
aptosomN and sarcolemmN veeries [27,341. To 
determine whether this aspect was e~dent  in reti- 
nM axolemmal preparations, NaC1 pre-equi- 
fibrated veeries were loaded with ~ C a  :+ and el- 
fluxed agNn~ various solution~ The resul~ ~e- 
ported in TaMe III  suppo~ the conlenfion that 
Na-dependent ~ C a  uptake can be reversed and 
that ~ C a  z+ is effluxed in a manner dependent on 
the externM Na + gradient. Failure cf choline to 
invoke ~ C a  efflux shows the importance of hav- 
ing a pe rmeab~ cation to serve as a counter ion in 
this efflux mechanism. Ex~rnN Ca z+ (10 mM) 
was Mso shown to evoke ~gnificant ~ C a  efflux 
when compared to an externM solution Choline 

TABLE II! 

EFFECT OF EXTERNAL CATIONS ON ~Ca EFFLUX 

The percent of total ~Ca load which was lo~ during a 2 rain 
efflux period was de~rmined as the difference b~ween the 
amount of radioactivity rem~hing on the fil~r a~er effiux in 
the presence of various cations compared to the amount of 
radioacfi~ty rem~ning a~er a zero-time efflux period in the 
presence of 425 mM choline (this vMue was set equM to 100% 
~Ca load). The mean ~Ca load for these experimen~ was 
437±52 (~E.) pmol CaZ+/mg protdm The reposed per- 
centages represent the means±S.E, of at ~ast three expefi- 
men~ of two repficates each. 

Ex~rnM s~ufions Percent of ~ Ca ~ad lost 
per 2 min 

ChNme ~8 ± 3.0 
NaCeffiux 81.6 ± 9.2 
Li o + Ca~dflux 59.1 ± 7.4 
~ ~effiux 22.1 ± 5.4 
Ca~efflux 27.2 ± 4.1 

c o n ~ .  I n ~ r ~ t i n ~  the combination of C ~  + 
and Li + s t i m ~ e d  ~ C a  efflux above an ad~ tNe  
v~ue  obt~ned when veeries are effluxed a g ~ n ~  
C ~  + and Li+, in&~duM~.  T h e ~  ~sults  are ~on- 
~stent with a C ~ % C ~  + exchange m sq~d  ~an t  
axons which is s t i m d ~ e d  by Li + ~ 3 ~ 1 ~ .  

By these procedures, membrane veeries r a ~ y  
a c c u m d ~ e d  C ~  + o n ~  when p r ~ e q ~ f i b r ~ e d  w i ~  
NaC1. Once ~aded  with C ~  +, veeries effluxed it 
~ a Na~dependen t  mann~ .  Thus o n ~  when a 
concentration gradient of Na + e ~ e d  ~ d  C ~  + 
flux occu~ reflecting a N a ~ C ~ +  m e & a ~ d  ex- 
change. 

Effea of A T P  on Na +-Ca :+ exchange 
One of the most in . res t ing  aspec~ of N a % C ~  + 

exchange is its apparent enhancement by ATP 
~53&1~17] .  ATP increases the affinity of the 
exchange for both C ~  + and Na + which is sugges- 
tive of a catMyfic r ~ e  for ATP rather than as an 
energy source [14. In flew of this, it is now 
realized that the N a ~ C a  2+ exchanger has a high 
affinity for Ca 2+ and is of m ~ o r  functionN impo~ 
tance in the regulation of inuaneurN flee Ca 2+ 
~ v d s  ~ 2 Z 3 N .  

As seen in Fig. 3, addition of ATP resul~d in 
enhanced Na%dependent  ~ C a  uptake into ret in~ 
nerve veeries. Although the overM1 ~ v ~  of ~ C a  
uptake was greatly increased as free C ~  + con- 
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~ C a  u p ~ k e  ~ t o  a x ~ e m m a  verities ~ ~ e  presence ( +  A T ~  
• ) and absence (No A T E  ©) of &l m M  T f i ~ A T E  C ~ d u m  
concen~afions were e ~ a ~ h e d  at n o m ~  v~ues  based on a 
CaEGTA ~ a ~ f i ~  constant v~ue  of 7.6.10 6 M -1 ~ .  Ap- 
prox. 7 ~ of ~CaC12 was added to each buffered s a m ~ e  
~ n g  a spedfic a c f i ~  range for ~ C a  2+ of & 2 - 2 ~  C i / m m ~  
C~ ÷. 

centration increased, the ATP-promoted aspect of 
~ C a  uptake was p r o p o r t i o n ~  more pronounced 
at lower Ca 2÷ concentrations (e.~, less than 1.0 
#M). ~milarl~ veeries pre~ously loaded with 
~ C a  2÷ in the presence of ATP were found to 
efflux their Ca 2+ load ag~n~  Na ÷ concentrations 
much more effidenfly than veeries loaded in the 
absence of ATP (Fig. 4). These resul~ correspond 
well with observations of Blauston [1~ in squid 
~ant  axons and supports the contention that Na ÷- 
Ca 2 ÷ exchange is enhanced by A T E  

It has been pre~oufly reported by us [23-25] 
that veeries from refin~ nerve have a high ~ v d  of 
ATP hydroly~ng acti~ty as judged by [32p]~ 
~beration from [~-~P]ATE A portion of this 
acti~ty, ~rmed N a ~ C a  2+ ATP h y d r o l y ~  was 
characterized as ouab~nAnsen~tNe and sdec- 

me IOC 
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~ ~ 

~ 5~ 

~ 25 

O ~  

I ~ l  I l 
0 100 ~ 0  300 4 ~  

External sodom concentration (mM) 
Fig. 4. Effect of e~ern~ so~um concentration (Nao) on ~Ca 
dflux from vefide pre~oaded with c~dum (10- 5 M CaEGTA) 
in the presence (+ATE ~) and absence (No ATK ©) of 0.1 
mM Tfi~ATE The amount of ~C~ + rem~ng on filters ~ 
sam~es effluxed ag~n~ cholin~cont~ng s~ufion (Le. 
choline s~ufion) was set equ~ to 100% ~Ca ~ad. When 
so~um c o n c e n ~ n  was reduced bdow 425 mM, it was 
rep~ced by choline on a eq~mdar ba~s. 

t ivdy s t imda~d  by Na ÷ (Li÷~ C ~  ÷ and K ÷ ions. 
To study the possibifi~ of ATP hydr~ys~ ~ the 
mecha~sm of ATP-promo~d N a ~ C ~  ÷ ex- 
chang~ the hydro~fis of [ ~ A T P  was de- 
termined under ~enticM experiment~ con~tions 
as for N a ~ C ~  ÷ exchange and co -p~ t~d  with the 
ATP-promo~d aspect of N a ~ C ~  ÷ exchange (Fig. 
5). Interference with ATPases was prevented by 
the ad~t ion of ~ t o ~ g e n i n ,  ~ o m y d n  and 
vanadate [18]. Under these con~tion~ there e~sts 
a good co,clar ion b~ween the levd of ATP-pro- 
mated N a ~ C ~  + exchange and N a ~ C ~  + ATP 
hydr~yfis at ~wer C ~  + concen~afions up to 1.0 
~M. At deva~d  C ~  + concen~ation~ t~s  c o ~ d ~  
tion is ~st  with N a ~ C ~  + ATP hydr~yfis ~crea~ 
~ g  to a ~gher  ~ v d  of act i f i~  than ATP-pro- 
mated Na ~ C ~  + exchange. 

In experiments w~ch examined the co~dat ion  
b~ween these two actifities during Na~depen-  
dent C ~  + efflux, both ATP-promo~d N a ~ C ~  + 
exchange and Na ~ C ~  + ATP hydr~yfis  produced 
fimilar saturation curves ag~n~  ex~rn~  Na + 
concentrations. Under these condition~ both 
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Fig. 5. Comparison of the effect of c~dum concen~ation on 
ATP-promoted Na+-Ca ~+ exchange (~) and Na+-Ca 2÷ ATP 
hydr~ys~ (~). ATP-promo~d Na%Ca z÷ exchange is reposed 
as the ~f~rence in 45Ca uptake into NaCI pre-equilibra~d 
veeries in the presence and absence of 0.1 mM ATP. Na÷-Ca 2+ 
ATP hydrolysis was c~cul~ed as the difference b~ween the 
inorga~c [3~p]~ formed during a 5 min c~dum ~ading 
period when 0.1 mM [y-~P]ATP was incuba~d with NaC1 
pr~eq~l~ra~d ve~cles minus the amount of inorga~c [~P]~ 
formed when [~-~P]ATP was incuba~d in the presence of 
veeries pr~eq~fibr~ed in a s~ufion where NaCI was replaced 
by ch~ine chloride (425 mM ch~ine c~ofid~. C~dum con- 
c e n ~ n s  were estab~shed at nominM v~ues vased on a 
CaEGTA ~abifi~ constant v~ue of 7.6.10 6 M ~ [46]. In 
addition to KCN, ouab~n and ~ o m y d ~  the s~utions used 
in these experiments ~so cont~ned 10 ~M vanad~e and 10 
~M di~to~genin. 

r eached  m a ~ m ~  levels of  a c t i ~  at 100 m M  

NaC1 ( F i ~  6). 
F u ~ h e r  c o m p a r i s o n s  of  A T P - p r o m o ~ d  N a  +- 

C ~  + e x c h a n g e  and  N a ~ C ~  + A T P  h y d r ~ y s ~  were  

m a d e  u s ~ g  agents  w ~ c h  se lec t ive ly  m o ~ f y  var i -  

ous  ion  f luxes  and  the resul ts  are  r e p o r ~ d  in 

T a b l e  IV. As  j u d g e d  by  its ~0  v ~ u e s ,  m o n e n f i n ,  a 

N a  + i o n o p h o r e  w ~ c h  ~ s f i p ~  N a  + g r a ~ e n t s ,  

was  p a r t ~ a r l y  i n ~ t o r y  to b o ~  A T P - p r o m o t e d  

N a ~ C ~  + e x c h a n g e  and  N a ~ C ~  + A T P  h y d r ~  

sis. Because  N a ~ C ~  + e x c h a n g e  is abso lu t e ly  de-  

p e n d e n t  on  the  e ~ e n c e  of  a N a  + g r a ~ e n L  t ~ s  

p a r ~ l d  s e n f i t i ~  of  b o t h  s y ~ e m s  to m o n e n s ~  

s u p p o ~ s  the p o s f i ~ f i f f  of  A T P  h y d r ~ y f i s  ~ the 

m e c h a ~ s m  of  A T P - p r o m o ~ d  N a ~ C ~  + ex- 
change .  T h e  Ca  2+ i o n o p h o r ~  A23187,  was  ~ s o  

qu i t e  ~ r y  to A T P - p r o m o ~ d  N a ~ C ~  + ex- 

c h a n g e  bu t  was a p p r o ~ m ~ d y  1 0 ~ f ~ d  ~ s s  in-  

h ib i to ry  to N a ~ C ~  + A T P  h y d r ~ y f i s .  Like 

m o n e n f i m  the  a d ~ t i o n  o f  v ~ o m y ~  a K + 
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F~. 6. Comparison of the ef~ct of e~ern~ sodium concentra- 
tion on ATP-promoted Na~Ca ~+ exchange (U) and Na~Ca 2+ 
ATP hydr~ys~ (~). ATP-promo~d Na~Ca 2+ exchange was 
plot~d as the dif~rence b~ween the precent of tot~ ~Ca  load 
effluxed in the p~sence and absence of 0.1 mM Tris-ATP ~om 
axolemma verities pre-eq~libra~d in NaC1 and ~aded with 
~Ca  2+ (10 5 M CaEGTA). The amount o f ~ C a  2+ ~mmning 
on fil~rs in samp~s effluxed for 2~ min against cho~ne 
solution was set equ~ to 100% ~Ca load. Na~Ca ~+ ATP 
hydrolysis was determined as the difference between the amount 
of inorga~c [~P]~ produced from 0.1 mM [ y - ~ A T P  when 
verities pre-loaded with Ca 2÷ (10 -5 M CaEGTA) were el- 
fluxed for 2.0 min ag~nst Na~efflux s~ut~n minus the 
amount of inorga~c [~P]~ former when verities were el- 
fluxed ag~n~ ch~ine s~ufio~ When sodium concen~afion 
was reduced be~w 425 mM, it was ~placed by ch~ine on an 
eqmmolar basis. In addit~n to KCN, ouab~n and oligomydm 
the s~ut~ns used in those expefimen~ also contained 10 ~M 
vanadate and 10 ~M di~to~genin. 

i o n o p h o r e ,  r e s u h e d  in very  f imi la r  l e v d s  of  inhib i -  

t ion  of  b o t h  act ivi t ies .  

N e i t h e r  ac t iv i ty  was a f fec ted  by  the a d d i t i o n  of  

t i t h e r  the N a  ÷ c h a n n d  b lockeL  t e t rodo tox in ,  o r  

by  the  K ÷ c h a n n d  b lockeL  t e ~ a e t h y l a m m o n i u m .  

T e t r a c a i n e  was i nh ib i t o ry  to b o t h  bu t  on ly  at h igh  

c o n c e n g a t i o n s  and  p r o b a b l y  r e f l e c ~  its e f fec t  on  

f ipid m o d u l a t i o n  ra the r  t han  a d i rec t  i n t e r ac t ion  

wi th  Ca  2+ t r anspo r t  s y ~ e m s  [38]. Both  act ivi t ies  

were  senf i t ive  to La  3+ at f imf la r  concen t r a t i ons .  

La  3+ is k n o w n  to rep lace  Ca  2+ in m a n y  ~ a n s p o ~  

and  b i n d i n g  sys tems  [11,39] and  has  been  r epo r t ed  

[27] to be  a p o t e n t  i nh ib i t o r  o f  N a + - C a  2+ ex- 

c h a n g e  in s y n a p t o s o m a l  m e m b r a n e  vesicles  ( K  i = 2 
~ M ) .  T h e  dec rease  in senf i f iv i ty  to La  3+ in ou r  

p r e p a r a t i o n  e h h e r  ind ica tes  a vast  d i f f e rence  in 

ou r  b io log ica l  ma te r i a l s  or  ind ica tes  that  the 

A T P - p r o m o t e d  aspec t  of  N a ÷ - C a  2+ e x c h a n g e  in- 



T A B L E  IV 

D R U G  C O N C E N T R A T I O N  R E Q U I R E D  F O R  H A L F  

M A X I M U M  I N H I B I T I O N  ( ~ 0 )  O F  A T ~ P R O M O T E D  

N a ~ C ~  + E X C H A N G E  A N D  N a ~ C ~  + A T P  H Y D R O L Y -  

SIS 

The  ~ o  v M u ~  w ~ e  o b t a i n e d  ~ o m  Mg d o s ~ p r o ~ t  a c f i ~  

c u ~  a n d  ~ e  vMues r e p o s e d  represen t  m e a n  ~ f i m a ~ d  vMues 

~ o m  three  e x p e r i m e m s  of  two  r ephca t e s  each.  C o n c e n u a f i o n  

v a l u ~  r a n g e d  f rom 10 - 8  ~ 10 - 3  M. A T P - p m m ~ e d  N a % C ~  + 

e x c h a n g e  a c t i ~  a n d  N a ~ C ~  ÷ A T P  h y d r ~ y M s  were  mea -  

su red  as desc r ibed  in ~ g .  5. A 2 3 1 8 Z  c M d u m  ~ n o p h o r e  

~ a l i m y d ~ ;  LaCI3 ,  M n ~ a n u m  chMr id~  

D ~ g  ~ 0  (M) 

A T ~ w o m o t e d  N a ~ C ~  + A T P  

N a ~ C ~  + ~ c h a n ~  h y d r o i d s  

M o n e n ~ n  7 . 5 . 1 0  6 0 .8 -10  6 

A 2 3 1 8 7  2 . 5 . 1 0  6 3 D . 1 0  4 

V M M o m y d n  7 . 5 . 1 0 -  5 5D- 1 0 -  5 

T e U o d o ~ n  > 1 0 -  5 > 1 0 - 5  

T e U a ~ h ~ a m m o ~ u m  > 1 0 -  3 > 10 3 

T ~ r a c M n e  6 . 0 - 1 0 -  4 8 . 5 - 1 0 -  4 

LaC13 2 . 0 . 1 0 -  3 7 . 5 . 1 0 -  4 

P e n t y l e n ~ e t r a z o ~  > 1 0 -  3 > 1 0 -  3 

V a n a d ~ e  > 1 0  3 > 1 0  4 

O u a b M n  > 10 - 3  > 10 - 3  

D i ~ f i g e ~ n  > 10 - 4  > 10 - 4  

O l i g o m y c i n  > 10 - 4  > 10 4 

C y a m d e  > 1 0 -  3 > 10 - 3 

teracts with L ~  + quite differently than the non- 
promoted form. PentyMne~trazol~ a CNS ~imu- 
lant /convulsant  which causes Ca 2+ dependent 
~ectricM bu~t ing act i~ty in gan~ionic nerve c~ls 
[40] had no effect on ~ther  sys~ms. 

SeverM agents reported to be inhibito~ of 
adeno~ne triphosphatases or other ATP-depen- 
dent processes [17] were not found to be spedfic 
for ~ther  ATP-promo~d  Na+-Ca 2+ exchange or 
N a ~ C a  2+ ATP hydrolyMs. Vanadat~ ouabMn and 
di~toxigenin were Ml without effect on ~ther  
act i~ty  at concen~ations far in excess of that 
necessary to produce thor  inhibitory effect on 
ATP-dependent processes. Simi~rly, high con- 
cent radons  of the mffochondfiM inhibitoL 
ol igomydn and cyanide were without ef~ct  on 
~ther  act i~ty examined. 

C o n d u ~ o n  

There ~ no doubt as to the fundamental impo~ 
tance of Ca ~+ homeo~a~s  in exd t ab~  tissues such 
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as nerve and muscle. Envy  of e x ~ r n ~  C ~  + 
through ~ a s m a  m e m b r a n ~  of s f i m d a ~ d  calls 
underl i~ Me impo~ance of ~ a c e l l ~ a r  free C ~  + 
concentration on b i ~ o ~ c ~  processes such as Me 
secretion of neur~ v a n s m R m ~  and ho rmone ,  
muscle con~action~ p ~ m e a ~ h f f  of m e m b r a n ~  
to ions, and conduction of de~ficM i m p d ~ s  
~1,L9]. The ~ o ~ c ~  ramifications w~ch  occur 
upon C ~  + envy  during a f in~e nerve ~ h a r g e  
impose at least two nec~sary re~riction on C ~  + 
~ g ~ a t i o n  ~ e x d ~ b ~  ~eHs. First, ~ a c ~ r  
~st ing Ca z+ concengations must be m ~ n t ~ n e d  at 
e x c e e ~ n ~ y  ~ w  levds for Me cell to de~ct  a C ~  + 
~ g n ~  produced during b ~ d e c t r i c ~  a ~ i ~ .  Sec- 
ond~,  Ca z+ envy  must be ~ g ~ y  interfaced with 
C ~  + ex~u~on or ~ q u ~ t ~ t i o n  sys~ms in o r d ~  
~ m ~ n t ~ n  C ~  + homeo~a~s  [8,9]. 

At least four mecha~sms w~ch  extrude or 
~ q u ~ r  Ca z + in nerve c~ls have been implica~d 
in the c o n ~  of ~ U a c e l l d ~  C ~  + concen~afion; 
~ a s m a  membran~ endoplasmic ~ t i~u~m,  in- 
~asynaptic veeries and mi~chondr ia  [37]. Be~des 
Me ~ m o v ~  of C ~  + from calls ~ a  the ~ m a  
membran~  lhe ~ m ~ n g  M~e  mecha~sms ~ p ~ -  
sent sequestration processes w~ch  are temporary 
and of f i~te  c a p a d t ~  Thus, Me ~ t i m a ~  ~ m o v ~  
of c~osolic C ~  + and m ~ n ~ n a n c e  of C ~  + 
homeo~afis  ~ m ~ n s  a functions of the ~ m a  
membran~  

There is a m ~ e  efidence supporting the c o e ~  
tence of two C ~  ÷ flux mecha~sms  (i.e., (ATP + 
MgZ+kdependent C ~  + pump and ~ v ~ f i ~ e  Na +- 
C ~  + exchang~ o p ~ g  ~ neurM p l ~ m a  mem- 
branes O Z 2 Z 3 ~  and there is no qu~t ion  as to the 
impo~ance of N a C C ~  ÷ exchange ~ m ~ n t ~ n g  
the C ~  + gradient  in squid giant axons 
~ l A ~ l L 4 ~ 1 ~ 4 5 , 1 ~ .  The justification lhat N a ~  
C ~  + exchange was the m ~ o r  Ca z+ extruding 
mecha~sm of sq~d  ~ a n t  axons came ~om M ~ -  
fins [13] and Baker [~ and is suppor~d  by two 
r d a ~ d  fin~ngs. Fffst, the N a % C ~  + exchanger ~ 
synaptolemma is now known ~ have a ~ 
~ g h - a f f i ~  component for C ~  + with a K m of 
approx. 0.5 ~M w ~ c h  is o ~ y  slightly ~ss than the 
v~ue  for the coe~sting ATP-dependem Ca :+ 
pump [37]. Because of t~s,  it was s u g g ~ d  Mat 
Me Ca ~ + pump primarily functions in the m ~ n ~ -  
nance of ~ w  ~ g  ~ v d s  of cy~solic C ~  + r a M ~  
than in the ~ m o v ~  of larger levds of Ca: + w~ch  
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result during bioe~ctric~ acti~ty, a function much 
more su~ed for the N a ~ C a  2+ exchanger with its 
higher capa~ty and slightly reduced affinity for 
Ca 2÷. Second, Na+-Ca ~+ exchange appears to be 
promo~d by ATP. As suggested by B l a u ~ n  [1~, 
ATP apparently increased the affinity of the ex- 
change for both Na + and Ca ~ +, thereby produ~ng 
a more efficient counte~ranspo~ of these ions in 
squid ~ant  axons. Ufing a rdated sys~m, R~nfib 
et ~. [17] reposed a fimilar enhancement with 
ATP of Na+-Ca z+ exchange in sarcolemm~ 
vesicles ~om dog heart. Overall enhancement was 
approx. 4-fold at 1.0 ~M ATP and did not in- 
crease at higher ATP concentrations indicating a 
high ATP affinity for this process. RecenO~ they 
have detailed this phenomenon and found the 
regulation of Na+-Ca 2+ exchange to be a cyclic 
process in which a p ro ton  kinase activates the 
exchanger in a phosphorylation s~p and a phos- 
phatase deactivates it in a dephosphorylation step. 
The regulation of the two enzymes is made pos~- 
ble by thor  different affinity for Ca 2+. In the 
presence of c~modulin, the K m of  Ca  2+ in the 
activation process was 0.8 ~M and in the deactiva- 
tion process was about 1.5 ~M [18]. As a result of 
these studies in mammalian musd~  much of the 
basic mechanism for N a ~ C a  2+ exchange as been 
d u d d a ~ d  and can serve as a modal for other 
sy~ems. 

In the present work ufing retin~ axolemm~ 
vefide~ we report an in ~ o  N a ~ C a  ~+ exchange 
activity that is fimHar in many respects to the 
N a ~ C a  ~+ exchange reposed  in peffused squid 
Want axons. This exchange is absolutely depen- 
dent on the estabfishment of a Na + gradient, 
shows monov~ent  and div~ent cation spedfi~ty,  
and is highly senfitive to monensin, A23187 and 
v~ inomydn  but not to ouab~n, di~to~genin,  
vanadat~ pentylenet~razole, ~ o d o t o x i n  or t~  
~aethyhmmonium. Furthermor~ the exchange is 
p romo~d by ATP. 

The estabfishment of an in ~ o  N a ~ C a  2+ 
exchange ufing c d l u h r  ~agmen~ of the squid 
nervous sy~em ~ impo~ant in severn ways. First, 
the question of the role of ATP may be addressed 
in more detail in such a preparation. Second, the 
pre~se concentration of key ions (e.g., Ca ~+) can 
be estabfished and thor  effect on binding proteins 
such as c~moduhn examined. Third, this prepara- 

fion is highly suitable for future investigations 
including the ~olation, purification, and recon- 
stitution of exchange component .  

As for the r~ationship b~ween the ATP-pro- 
moted aspect of Na+-Ca ~+ exchange and Na+Ca 2+ 
ATP hydroly~s measured in this preparation, we 
were able to point out a number of ~miNfities 
existing between them, part~ularly thNr paralld 
sen~ti~ty to monen~n and ~milar affinities for 
Na +. It is Nso of interest that the apparent K m of 
Ca 2+ cMculamd for the ATP-promoted aspect of 
Na%Ca ~+ exchange is approx. 0.5-0.8 ~M. This 
vNue is comparable to the h N b m a ~ m N  vNue of 
0.8 ~M Ca ~+ cMculated for the activation process 
of the Na+-Ca 2+ exchange in heart sarc~emma 
which is mediated by a protNn kinase and 
deactivated by a phosphatase [18]. Much work is 
necessary to answer the questions whether these 
two acti~ties in squid retinN axons are indeed 
idenficN and whether a p ro ton  kinas~pho~ 
phatase in f rac t ion  plays a part in the ATP hy- 
droly~s reaction. Notwithstanding, the current 
work does estabhsh the e~s~nce  of an ATP-pro- 
moted Na+-Ca ~+ exchange which exhibits many 
characteristics that are identicM to the exchange in 
the squid Nant axon. Knowing that nature seldom 
wa~es in this manne~ such a sys~m is lik~y to 
have some function in regulating the ionic en- 
vironment in these axons, if not ¼a Na%Ca 2+ 
exchanNng. 
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