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Two mechanisms of passive Ca 2+ transport, Na+-Ca 2+ exchange and Ca2+-Ca 2+ exchange, were studied 
using highly-purified dog heart sarcolemmal vesicles. About 80% of the Ca 2+ accumulated by Na+-Ca 2+ 
exchange or CaZ+-Ca 24 exchange could be released as free Ca 24, while up to 20% was probably bound. 
Na+-Ca 2÷ exchange was simultaneous, coupled countertransport of  Na + and Ca 2+. The movement of anions 
during Na+-Ca 24 exchange did not limit the initial rate of Na+-Ca 2+ exchange. Na+-Ca 2+ exchange was 
electrogenic, with a reversal potential of about - 105 inV. The apparent flux ratio of Na÷-Ca 2+ exchange was 
4 Na ÷ : 1 Ca 24. Coupled cation countertransport by the Na+-Ca z+ exchange mechanism required a monova- 
lent cation gradient with the following sequence of ion activation: Na 4 >> Li 4 >  Cs 4 >  K 4 >  Rb 4. In contrast 
to Na+-Ca 2+ exchange, Ca2+-Ca 24 exchange did not require a monovalent cation gradient, but required the 
presence of Ca 24 plus a monovalent cation on both sides of  the vesicle membrane. The sequence of ion 
activation of CaZ+-Ca2+ exchange was: K+>> Rb+>  N a + >  Li + >  Cs +. Na + inhibited Ca2+-Ca 2+ exchange 
when CaZ+-Ca 24 exchange was supported by another monovalent cation. Both Na+-Ca 24 exchange and 
Ca2+-Ca 2+ exchange were inhibited, but with different sensitivities, by external MgCI2, quinidine, or 
verapamil. 

Introduction 

In excitable tissues, a low intracellular free-Ca 2 + 
concentration is maintained by passive and active 
transport. Two passive Ca 2÷ transport mecha- 
nisms, Na+-Ca 2+ exchange and C a 2 + - C a  24 ex- 

c h a n g e ,  have been reported in intact squid axons 
[1-5], in isolated sarcolemmal vesicles from mam- 
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malian hearts [6-10], and in nerve or brain syn- 
aptosomes [ 1 l, 12]. 

Na÷-Ca 2+ exchange is countertransport of Na  + 
and Ca 2+ driven by a gradient of Na  +. In contrast, 
Ca2+-Ca 2+ exchange requires the presence of a 
monovalent cation on both sides of the membrane,  
but not a concentration gradient, and it is ex- 
change of internal Ca 2+ for external Ca 2+. 

One group of investigators have proposed that 
N a  + / / C a  2 + exchange and Ca 2 +-Ca 2 + exchange were 
mediated by the same carrier mechanism in the 
squid axon [5]. The main supporting observations 
were: ( l)  both exchanges had the same affinity for 
C a  2÷, (2) both exchanges were inhibited by Sr  2÷ 

or Mn 2+, and (3) the Ca 2+ fluxes did not sum 
under conditions which were simultaneously opti- 
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mal for Na+-Ca 2÷ exchange and Ca2+-Ca 2÷ ex- 
change. 

In this study, we first confirmed the presence of 
both Na÷-Ca 2÷ exchange and Ca/+-Ca 2÷ exchange 
in our preparation of highly-purified dog heart 
sarcolemmal vesicles. We then resolved the type of 
transport mechanism which is Na+-Ca 2÷ ex- 
change, and the stoichiometry of Na+-Ca 2÷ ex- 
change, in the heart sarcolemma. Then, to clarify 
the issue of whether or not Na+-Ca 2÷ exchange 
and Ca2+-Ca 2+ exchange are mediated by a com- 
mon carrier mechanism, we compared the ion 
selectivity of Na+-Ca 2+ exchange with that of 
Ca 2 +-Ca 2 + exchange and determined the effects of 
several modifiers of both Ca 2 ÷ transport activities 
on the same sarcolemmal preparations. 

This work was submitted in partial fulfillment 
of the requirements of Rush University for the 
degree of Doctor of Philosophy for R.F.L. 

Materials 

All chemicals used in these experiments were 
the highest grade available. Uniformly-labelled 
[ 3 H]ouabain, S6RbC1, and 45 CaC12 were obtained 
from Amersham. ATP was obtained from East- 
man. Verapamil was obtained from Knoll Phar- 
maceutical, Whippany, NJ. Quinidine sulfate was 
obtained from Sigma. 

Methods 

Vesicle preparation 
For all experiments, tightly-sealed sarcolemmal 

vesicles were prepared from frozen heart ventricles 
of mongrel dogs. 

Thawed ventricular tissue was homogenized in 
3 vol. of 0.3 M sucrose, 20 mM Tris-HC1 (pH 7.4), 
and 0.5 mM Tris-EDTA. The crude homogenate 
was filtered through two layers of gauze. The 
filtrate was resuspended in two volumes of the 
same sucrose solution, then centrifuged for 10 min 
at 8500 × g at 4°C. The supernatant was collected 
and layered over a 22% (w/v)  sucrose solution 
containing 0.3 M KCI, 0.1 M Tris-HCl, and 50 
mM Na4P207 (pH 7.4), and then centrifuged at 
96000 × g for 90 min and at 4°C in a Beckman 
T-30 rotor. The sarcolemmal membrane at the 
interface of the two sucrose solutions was collected 
and washed with three volumes of 160 mM KC1 

plus 20 mM Mops/Tris-HC1 (pH 7.4) by re- 
suspension and centrifugation at 96 000 × g for 30 
min at 4°C. The sediment enriched in sarcolemmal 
vesicles was resuspended in an appropriate volume 
of 160 mM KC1 plus 20 mM Mops/Tris-HC1 to 
give a protein concentration of 3-6 mg/ml  and 
was stored at 4°C until used. The vesicle prepara- 
tions were stable for about 3 weeks, and vesicles 
less than 2 weeks old were used for all experi- 
ments. The discontinuous sucrose density gradient 
was divided into five fractions (fractions 1-5, in 
Table I) which were collected separately and as- 
sayed for marker enzyme activities. 

Intravesicular ion and volume measurements 
The intravesicular volume was estimated in 

several sarcolemmal vesicle preparations by mea- 
suring the distribution volumes of [3H]H20 and of 
[3H]inulin. In these measurements, the inulin con- 
centration was 20 mM. Inulin binding to the 
vesicles was minimal at this concentration. Either 
[3H]H20 (and 20 mM unlabelled inulin) or 20 
mM [3H]inulin (30000-50000 dpm of either) was 
added to duplicate vesicle samples (0.2 ml). These 
were stirred and incubated for 15 min at 23°C and 
then centrifuged for 30 min at about 35 000 × g at 
4°C in a Sorvall SS-34 rotor. The counts were 
corrected for quenching, and the distribution 
volumes of [3H]H20 and [3H]inulin were calcu- 
lated from the dilution of the [3H]H20 dpm and 
[3H]inulin dpm after incubation. Intravesicular 
volume was calculated as the difference between 
the [3H]H20.distribution space (total water space) 
and the [3H]inulin distribution (or extravesicular) 
space. 

Sodium and potassium were measured by flame 
photometry. Calcium was measured by atomic ab- 
sorption spectroscopy. Vesicle samples were dis- 
solved with 25% (v/v)  concentrated HC1 prior to 
ion content measurements. Ion content of vesicles 
and of reaction mixtures was measured after ap- 
propriate dilutions with the commercial diluents 
(flame photometry) or with double glass-distilled 
water (atomic absorption spectroscopy). Intraves- 
icular Na ÷, K ÷, and Ca 2+ concentrations were 
then calculated in these preparations. 

Loading the vesicles 
The sarcolemmal vesicles were loaded with the 



ions of choice (e.g., NaC1, RbC1, KC1, LiC1, CsC1, 
Tris-HC1, NaSCN, KSCN), or with a combination 
of ions by first sedimenting an appropriate amount 
of sarcolemmal membrane from the 160 mM KC1 
suspension by centrifugation at 35 000 × g for 30 
min at 4°C in a Sorvall SS-34 rotor, and then 
resuspending the vesicles in 15-20 ml of 160 mM 
of the salt solution plus 20 mM Mops/Tris-HC1 
(pH 7.4). One hour incubation was sufficient to 
load the vesicles with either Na + or K ÷, although 
for some experiments an overnight incubation was 
used. 

45Cae + uptake measurements 

We used two different methods to measure 
45Ca2+ uptake depending on whether we wanted 
to measure the initial rate (45Ca2+ uptake in 3 s) 
or the time-course of 45Ca2+ uptake (up to 4 min). 
For  the latter, 0.15 ml of sarcolemmal vesicles 
(3-6 mg protein/ml)  were added to 2.85 ml of an 
isotonic reaction solution containing 45CaClz 
(about 15 000 cpm/nmol  aScaZ+), under constant 
stirring at 37°C. At the desired times (e.g., every 
15 s for 4 rain), a sample was removed from the 
reaction mixture, rapidly filtered through a What- 
man G F / C  glass fiber filter, and immediately 
washed with 25 ml of ice-cold 160 mM KC1 + 5 
mM LaC13 + 20 mM Mops/Tris-HC1 (pH 7.4). 
The radioactivity was then counted with a Beck- 
man scintillation spectrophotometer. 

The initial rate of 45Ca2+ uptake was measured 
by adding 0.05 ml sarcolemmal vesicles to 0.95 ml 
of an isotonic, stirred reaction mixture containing 
the 45 CaC12.45 Ca 2 + uptake was stopped typically 
at 3 s (although 45CaZ+ uptake was linear up to 
about 5 s) by adding 10 ml of ice-cold 160 mM 
KCI + 5 mM LaC13 + 20 mM Mops/Tris-HC1, 
rapidly filtering the mixture, and then washing the 
filter with an additional 10 ml of the stopping 
solution. La 3 ÷ is an inhibitor of Ca 2 ÷ binding and 
Ca 2+ uptake by excitable tissues [18,19]. The 
zero-time measurement was obtained by adding 
0.05 ml of the vesicles to 0.9 ml of the reaction 
mixture containing 5 mM LaC13, then adding 0.05 
ml of 45CAC12. As above, 10 ml of the ice-cold 
stopping solution was immediately added to this 
mixture, and the mixture was filtered and washed. 
In every experiment 45 Ca 2 + diffusion, independent 
of Na ÷ and Ca2+-binding, was distinguished from 
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45Ca2+ uptake due to Na+-Ca 2+ exchange by mea- 
suring the 45Ca2+ movement into the vesicles in 
absence of a monovalent cation gradient. This 
value was subtracted from the total Ca 2 + uptake to 
calculate net Na+-Ca 2+ exchange. 

To measure Ca2+-Ca 2+ exchange, the vesicles 
had to be loaded with Ca 2+. For this purpose, 
CaC12 (1 mM) was included in the incubation 
mixture containing 160 mM of the monovalent 
cation of choice when CaZ+-loading was required 
for Ca2+-Ca2+ exchange measurements. In- 
cubation periods of at least 48 h at 4°C were best 
for Ca2+-loading. Vesicles were sedimented at 
35 000 x g at 4°C, and resuspended in a smaller 
volume of the loading solution, this time without 
Ca 2+, (optimally, to a final protein concentration 
of 3-6 mg/ml).  An appropriate volume of either 
0.1 M or 0.25 M Tris-EGTA was added to this 
vesicle suspension to a final concentration of 5 
mM to remove extravesicular Ca 2+. These 
Ca2+-loaded vesicles were washed two times at 
4°C with 20 ml of the monovalent cations that 
have been present in the loading solution, but 
without CaCI 2. 

Valinomycin treatment o f  the vesicles 
In some experiments, sarcolemmal vesicles were 

incubated with 10 #g of valinomycin per mg pro- 
tein before and during 45Ca 2+ uptake measure- 
ments. The valinomycin was dissolved in acetone 
and an equal volume of acetone was added to 
control vesicles and reaction mixtures. A 15-min 
incubation of vesicles with valinomycin at 37°C 
was adequate for insertion of the valinomycin into 
the vesicle membranes as demonstrated by linear 
86Rb+ uptake as the 86Rb concentration was in- 
creased (not shown). 

Chemical and marker  enzyme assays 
Protein concentrations were measured using the 

method of Miller [13]. The total activities (/~mol 
substrate split per g tissue) and the specific activi- 
ties (/~mol substrate split per h per mg protein) of 
several marker enzymes were assayed in each 
membrane fraction. 

Succinate dehydrogenase activity was measured 
by the method of Bonner [14]. 

Glucose-6-phosphatase was assayed by measur- 
ing the release of inorganic phosphate at 37°C in 
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50 mM citrate buffer (pH 6.5) from 40 mM glu- 
cose 6-phosphate [26]. 

We assayed 5'-nucleotidase by measuring the 
release of inorganic phosphate from 3 mM AMP 
in the presence of I0 mM MgC12 in 75 mM 
Tris-HC1 (pH 7.5) at 37°C [27]. 

(Na++ K+)-ATPase, was measured by the 
method of Hegyvary et al. [15]. The activity of 
(Na ++ K +)-ATPase is the difference between the 
amount of inorganic phosphate released at pH 7.5 
from 3 mM ATP in a medium of 100 mM NaCI, 
20 mM KC1, and 4 mM MgCI2, and the amount 
of inorganic phosphate released in the presence of 
4 mM MgC12 and 1 mM ouabain. Mitochondrial 
ATPases were inhibited by the addition of 5 mM 
N a N  3 and the Ca2+-chelator, Tris-EGTA, was 
added to both media, in order to optimally reveal 
(Na ÷ + K+)-ATPase activity. 

Ca2+-ATPase activity was assayed by measur- 
ing the release of inorganic phosphate from 2 mM 
Tris-ATP in the presence of 30 mM Tris-HC1 (pH 
7.3), 100 mM KC1, 2 mM MgC12, and 50 /~M 
CaCI z, either in the presence of 5 mM NaN 3 (an 
assay for the azide-insensitive sarcoplasmic reticu- 
lum Ca2+-ATPase), or in the absence of 5 mM 
NaN 3 (an assay for mitochondrial and sarco- 
lemmal Ca 2 +-ATPases) [ 16]. 

[3H]Ouabain binding to sarcolemmal mem- 
branes was measured by the method of Matsui 
and Schwartz [ 17]. 

Adenine nucleotides were measured by precipi- 
tating an appropriate amount of membranes with 
5% trichloroacetic acid (w/v),  sedimenting the pre- 
cipitate, and then measuring the absorbance of a 
1 : 1000 dilution of the supernatant at 260 nM. 

R e s u l t s  

Composition of the membranes in our vesicle pre- 
parations 

We used a combination of differential and 
sucrose step-gradient ultracentrifugation to isolate 
several subcellular membrane fractions from frozen 
dog heart ventricles (Table I). The membranes of 
fraction 2, contained a specific activity of sarco- 
lemmal (Na++ K+)-ATPase which was enriched 
greater than 100-fold over the (Na++ K+)-ATPase 
of the homogenate. In fraction 2, there was no 

azide-insensitive sarcoplasmic reticulum Ca 2+- 
ATPase activity, and only minimal activities of the 
following marker enzymes: mitochondrial azide- 
sensitive Ca2+-ATPase, and succinate dehydro- 
genase, microsomal glucose-6-phosphatase, and 
endoplasmic reticulum 5'-nucleotidase. These find- 
ings, along with the distribution of marker en- 
zymes in the other fractions suggested that frac- 
tion 2 was enriched primarily with sarcolemmal 
membranes. This fraction also had the highest 
initial rate of Na+-Ca 2+ exchange, so we used this 
fraction in our experiments. There was less than 50 
nmol adenine nucleotides per mg protein in a 
typical fraction 2. 

When the heart tissue was homogenized in iso- 
tonic sucrose in the absence, or at low concentra- 
tions of chelators (0.5 mM EDTA), tightly-sealed 
vesicles were formed. We checked our prepara- 
tions for vesicle tightness by measuring the distri- 
bution of [3H]H20 and [3H]inulin in them. 
[3H]H20 is known to distribute freely throughout 
the whole water space, while [3 H]inulin is excluded 
from the intracellular space. The intravesicular 
volume could be estimated from the difference 
between the [3H]H20 and [3H]inulin space. The 
intravesicular volume was 100-195 #1 per mg pro- 
tein. 

Na +-Ca: + exchange 
We measured 45Ca2+ uptake into Na+-loaded 

and K+-loaded (not shown) sarcolemmal vesicles. 
Our findings confirm results of earlier experiments 
[6,8]. Vesicles accumulated about 6-times more 
45Ca2+ in the presence of an outward-directed 
Na ÷ gradient than in the absence of an Na ÷ 
gradient. 45CaZ+ uptake in the presence of an Na + 
gradient was linear up to about 5 s and reached a 
maximum around 90 s. 45Ca2+ uptake by Na +- 
loaded vesicles in isotonic Na ÷ did not change 
much with time. Na+-Ca 2+ exchange was always 
the difference between the 45Ca2+ uptake in the 
presence of an Na + gradient and 45Ca2+ uptake in 
the absence of an Na ÷ gradient. LaC13 (2.5 mM) 
inhibited 45Ca2+ uptake in the presence of an Na + 
gradient. 

Na+-Ca 2+ exchange has been described as 
saturable Ca 2 transport process, but saturation 
kinetics alone could not distinguish Ca2+-binding 
from real Ca 2 + uptake. We used two approaches to 
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demonstrate true C a  2 + accumulation by Na+-Ca 2 + 

exchange (or Ca2+-Ca 2+ exchange), as opposed 
Ca 2 + binding. 

First: we reversed the direction of the Na ÷ 
gradient during Na+-Ca 2+ exchange (Fig. 1) to see 
what fraction of the accumulated Ca 2+ could be 
released. Na+-loaded vesicles in the presence of an 
Na  ÷ gradient accumulated about 4-times as much 
45Ca2+ in one minute as in the absence of an Na  + 
gradient. At this time, the direction of the Na  ÷ 
gradient during Na+-Ca 2+ exchange was reversed 
by adding external Na ÷. The vesicles lost about 
80% of the accumulated Ca 2 + in 30 s. The amount  
of 45Ca2+ remaining in these vesicles after Na + 
gradient reversal was about the same amount as 
was measured in vesicles in the absence of an Na ÷ 
gradient. 

Second: we disrupted the vesicles during Na ÷- 
Ca 2+ exchange (or C a  2 + - C a  2 + exchange) by deter- 
gent lysis or by osmotic shock with distilled water 
(not shown). Again, about 80% of the accumulated 
Ca 2÷ was lost, but this time it was after the 

Inside/Outside 

J ~,~Extra No + Outside 

+/Na ~ 

o zo 4o o o 1oo =20 

T#ne ('Seconds) 

Fig. 1. Reversal of 45Ca2+ movement across sarcolemmal 
vesicles by reversing the Na + gradient. Dog heart sarcolemmal 
vesicles were loaded with 60 m M  NaCI/IO0 mM  KCI as 
described in Methods. 45Ca 2+ uptake at 37°C and pH 7.4 was 
initiated by adding 0.15 ml of vesicles to 2.85 ml of one of the 
following reaction mixtures: 60 mM  NaCI /100  mM  KCI /50  
/~M 45CAC12 (O), or 160 m M  KC1/50 # M  45CAC12 (O). At the 
t imes indicated on the graph, 0.6-ml samples were filtered, 
washed, and the radioactivity counted. At 60 s, an equal 
volume of 180 raM NaC1/50/~M 45CAC12 was added to some 
reaction mixtures (O), reversing the Na + gradient, and the 
,*5 Ca 2 + in these vesicles was measured at the times indicated• 

integrity of the vesicles was disrupted. The amount 
of 45Ca2+ remaining after disruption of the vesicles 
was the same amount as was measured in vesicles 
in the absence of an Na + gradient (or in the 
absence of Ca 2+-Ca 2 ÷ exchange). 

Ion movements across excitable membranes are 
often accompanied by, or are associated with other 
bioelectric membrane events. We wanted to ex- 
plore the possibility that Na+-Ca 2+ exchange, also, 
was influenced by the membrane potential, in 
which case, Na+-Ca 2+ exchange would be electro- 
genic. 

We first determined whether or not the move- 
ment of a negative charge along with the positive 
charge of Na  ÷ or Ca 2 + was rate-limiting. We mea- 
sured the initial rate of Na+-Ca 2+ exchange using 
either sodium and potassium salts of a lipid-per- 
meable anion, thiocyanate, or sodium and potas- 
sium salts of the less lipid-permeable anion, chlo- 
ride. The initial rate was 37 + 5 nmol 45Ca2+/mg 
per min in both cases, for this vesicle preparation. 

Early experiments with internally-dialyzed squid 
axons [20] or with sarcolemmal vesicles [6,9,21] 
indicated that Na+-Ca 2+ exchange was electro- 
genic, and therefore, influenced by the membrane 
potential. Since it is not possible to measure or 
control the membrane potential in a vesicle pre- 
paration with microelectrodes, we used an indirect 
approach to measure the effect of the membrane 
potential on Na+-Ca 2 + exchange. 

Membranes become permeable primarily to K + 
when valinomycin inserts across the lipid bilayer. 
Threfore, the equilibrium potential across a 
valinomycin-treated membrane becomes a func- 
tion of the ratio of internal and external K + 
concentrations. We varied internal and external 
K + concentrations, and used Tris-HCl to balance 
tonicity. The equilibrium potentials of the 
valinomycin-treated vesicles were calculated from 
the Nernst equation: 

• K _ _ _ ~  + _ _  2.3R.T , [ ]out 
EK+= z.F ,Og,o [K+] in  (1) 

The physical constants R, T, and F have their 
usual meanings, and z, the charge per ion is + 1 
for K ÷. The initial rate of Na+-Ca 2+ exchange 
increased roughly exponentially as the membrane 
was depolarized (Fig. 2). The intercept of the N a  ÷- 
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Fig. 2. Dependence of the initial rate of Na +-Ca 2 + exchange on 
membrane potential. Valinomycin-treated (10/~g/mg protein) 
sarcolernmal vesicles were loaded with either 159 mM NaCI/I  
mM KCI or 150 mM NaCI/10 mM KCI as described in 
Methods. The initial rate of Na +-Ca 2 + exchange was measured 
in one of the following reaction mixtures (all contained 50 jaM 
45CAC12): 150 mM KCI/10 mM Tris-HCl, 100 mM KCI/60 
mM Tris-HCl, 50 mM KC1/ l l0  mM Tris-HCl, 10 mM 
KC1/150 mM Tris-HC1, 2.5 mM KC1/157.5 mM Tris-HCl, or 
l mM KCl/159 mM Tris-HCl. The Ca 2+ leak was measured 
using valinomycin-treated vesicles loaded with 10 mM KCl/150 
mM Tris-HC1 or 1 mM KC1/159 mM Tris-HCl and the above 
KC1/Tris-HCI plus 45CAC12 solutions. The equilibrium poten- 
tials were calculated from the Nernst equation: E r = 61.6. 
log([K]out/[K] in)- The curve drawn through the open circles is 
a single exponential fit to the data using a computer program. 
The r 2 for this curve was 0.9550. 

Ca 2+ exchange curve at the line for 45Ca2+ uptake 
in the absence of an Na + gradient is the reversal 
potential for Na+-Ca 2+ exchange. From the data 
on the figure, the reversal potential of Na+-Ca 2+ 
exchange is - 105 mV. 

There is a second way to determine not only the 
reversal potential, but also the apparent stoichiom- 
etry of Na+-Ca 2+ exchange. Na+-Ca 2+ exchange 
can be macroscopically defined by the reaction: 

xNa+n+ y 2+ + 2+ Caou t ~ x Naou t + y Cain 

in which x is the number of sodium ions trans- 
ported for y number of calcium ions. At equi- 
librium, the Na+-Ca 2+ exchange reaction in terms 
of electrochemical energy is: 
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( xRTln a~q~,?. + xFVi,)+ ( yRTln aca2o~ + 2 yFVout) = 

(xRTlnaNaL+ xFVo,,)+(yRTlnaca~+ +2yFVi.  ) (2) 

The physical constants R, T, and F have their 
usual meanings, Vin and Vou t are the voltages at 
the inside and outside of the membrane, respec- 
tively, and x and y are defined above. The con- 
centrations of Na t and Ca 2+ can be substituted 
for the activities (aNa+ , aca2÷) in Equation 2, if the 
ions are truly dissolved in solution or if the frac- 
tion dissolved in solution is known. If the mem- 
brane potential, EM, is Vin-  Vout, and the con- 
centrations of Na + and Ca 2+ are substituted for 
the respective activities, then Equation 2 can be 
rearranged to: 

R ' T  • ( ln(  [Na+ ]i. x [C a2+ ]o~, = EM(3 ) 
( 2 y - x ) F  ~ [ [Na+]out  + ln  [Ca2+]in 

At equilibrium, there is no net current and E M is 
then the reversal potential for Na +-Ca 2 ÷ exchange. 
The reversal potential of Na+-Ca 2+ exchange is a 
function of both the internal and external Na + 
and Ca 2÷ concentrations and the Na + :Ca 2+ flux 
ratio (x :  y). We estimated two reversal potentials 
for the flux ratios of 3 N a ÷ : l  Ca 2+ and 
4 Na ÷ : 1 Ca 2÷ by measuring internal and external 
Na ÷ and Ca 2÷ concentrations. Internal Na t and 
Ca 2÷ concentrations were 150 mM and 54 ~tM, 
respectively, and the external Na t and Ca 2÷ con- 
centrations were 10 mM and 50/~M, respectively. 
The calculated reversal potential for a flux ratio of 
3 N a ÷ : l  Ca 2÷ was - 2 1 5  mV, while the calcu- 
lated reversal potential for a flux ratio of 
4 Na t : 1 Ca 2÷ was - 139 mV. The calculated re- 
versal potential for a flux ratio of 4 Na t : 1 Ca 2÷, 
therefore, was in better agreement with the mea- 
sured reversal potential in Fig. 2. 

Most investigators have suggested that Na +- 
Ca 2÷ exchange occurs via a carrier mechanism, 
rather than a channel mechanism. We examined 
this issue next by measuring the saturation kinetics 
and substrate affinities of this transport process. 

First, we measured the saturation kinetics of an 
internal Nat-binding site by loading the vesicles 
with increasing concentrations of Na t , and then 
measuring the initial rate of Na÷-Ca 2+ exchange at 
one external 45CAC12 concentration. We con- 
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firmed that initial rate of Na+-Ca 2+ exchange by 
native and valinomycin-treated (not shown) 
sarcolemmal vesicles increased as the internal Na ÷ 
concentration was raised. The K m for Na  + in our 
preparations were: 75 mM for native sarcolemmal 
vesicles and 60 mM for valinomycin-treated 
sarcolemmal vesicles. These values are similar to 
those reported by Pitts [7]. 

We then varied the external 4 5 C a 2 +  concentra- 
tion and measured the initial rate of Na+-Ca 2÷ 
exchange by vesicles loaded with a saturating in- 
ternal Na ÷ concentrations ( >  150 mM). The initial 
rate of ,Na+-Ca 2+ exchange by native sarcolemmal 
vesicles and valinomycin-treated sarcolemmal 
vesicles (not shown) increased as the external 
45CAC12 concentration increased. The g m for Ca 2÷ 
was about 34 /~M for native and valinomycin- 
treated sarcolemmal vesicles. 

Coupled ion translocation across membranes 
can occur in either a simultaneous or a sequential 
manner. The kinetic scheme which fits a transport 
mechanism can be resolved by measuring the 
saturation kinetics of both substrates at the inter- 
nal and external surfaces of the membrane [22]. 
There is good evidence that Na+-Ca 2÷ exchange is 
simultaneous countertransport of Na  ÷ and Ca 2÷ in 
the squid axon [5], so we approached this issue to 
see if Na÷-Ca 2+ exchange was also simultaneous 
countertransport  in the heart. We measured the 
affinity of Na  + - C a  2 + exchange for external 45 Ca 2 + 
( K m  for Ca 2÷) at internal Na  ÷ concentrations 
which were not saturating (25 and 50 mM) and at 
a saturating concentration of Na  ÷ (160 mM). The 
g m for external Ca 2÷ did not depend on the 
internal Na  ÷ concentration and remained 30 /~M 
(Fig. 3). 

C a  2 +-Ca  2 + exchange 
C a 2 + - C a  2+ exchange has been described along 

with Na+-Ca 2÷ exchange in the squid axon [5]. We 
have also found Na+-Ca 2÷ exchange and Ca 2÷- 
Ca 2+ exchange activities to be enriched simulta- 
neously during our preparations of sarcolemmal 
membrane vesicles. Our preliminary experiments 
showed that vesicles loaded with a monovalent 
cation plus Ca 2÷ accumulated more 45Ca2+ from 
an isotonic reaction mixture containing that 
monovalent cation and 50 /~M 45CaC12 than 
vesicles loaded only with the monovalent cation. 
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Fig. 3. Affinity of N a + / C a  2+ exchange for external Ca 2+ at 
two intravesicular Na  + concentrations. Sarcolemmal vesicles 
were loaded with either 25 m M  NaCI/135  mM Tris-HCl (O)  
or 160 m M  NaC1 (O), and the initial rate of Na+-Ca 2+ ex- 
change was  m e a s u r e d  as descr ibed  in Methods at the following 
external 45CaC12 concentrations: 20, 30, and 40 #M. 

Vesicles loaded with sucrose plus C a  2+ did not 
accumulate 45Ca2+ from an isotonic sucrose plus 
45CAC12 reaction mixture. Ca2+-Ca 2+ exchange 
was, by definition, the 45Ca2+ uptake by vesicles 
loaded with a monovalent cation plus Ca 2 ÷ minus 
the 45Ca2 + uptake by vesicles loaded only with the 
monovalent cation. It is important to note that 
during Ca2+-Ca 2+ exchange, there is no monova- 
lent cation gradient (which is required for Na  +- 
Ca 2+ exchange), but the same monovalent cation 
is added to both sides of the vesicle in the same 
concentration. 

We measured the time-course of Ca2+-Ca 2+ ex- 
change by vesicles loaded with Ca 2+ plus one of 
the following monovalent cations: K +, Rb +, N a ÷, 
Cs +, and Li+. The greatest enhancement of Ca 2 +- 
Ca 2+ exchange was in the presence of K + (not 
shown). Rb +, Na  +, Cs +, and Li + were not as 
effective as K + in enhancing Ca2+-Ca 2+ exchange. 

To characterize the kinetics of CaZ+-Ca 2+ ex- 
change, we measured the initial rate of Ca 2 +-Ca 2 + 
exchange in the presence of K + on both sides of 
the membrane at increasing external 45Ca2+ con- 
centrations. The initial rate of Ca2+-Ca 2+ ex- 
change increased as the external 45Ca2 + concentra- 



tion was raised (not shown). The K m for Ca 2÷ was 
34/~M. 

We obtained the kinetic constants, K m values 
for Na ÷ and Ca 2÷, for Na+-Ca 2+ exchange and 
Ca2+-Ca 2÷ exchange from experiments with the 
same sarcolemmal preparation. The g m for Ca 2÷ 
was the same (34 /~M) for Ca2+-Ca 2+ exchange 
and Na+-Ca 2÷ exchange for native or valinomy- 
cin-treated vesicles. 

Monovalent cation selectivities of  Na+-Ca 2+ ex- 
change and Ca e +-Ca 2 + exchange in the same ves- 

icle preparations 
Since Na+-Ca 2+ exchange and Ca2+-Ca 2÷ ex- 

change depended on the presence of some mono- 
valent cations, we examined the effects of different 
monovalent cations on the initial rates of Na +-Ca 2 ÷ 
exchange and Ca2÷-Ca 2+ exchange on the same 
preparation. Our experiments showed that the 
order of effectiveness of monovalent cations in 
enhancing the initial rate of 45Ca 2+ uptake was 
different for Na+-Ca 2÷ exchange and Ca2+-Ca 2÷ 
exchange (Table II). For Na+-Ca 2+ exchange, an 
Na + gradient was the most effective monovalent 
cation gradient in driving 45Ca2+ uptake. Li ÷ was 
a weak substitute for Na ÷, but Cs ÷ and K ÷ gradi- 
ents supported less than 2% of the maximal initial 
rate of 45Ca  2+ uptake. A Rb + gradient did not 
drive any 45Ca 2+ uptake. When vesicles contained 
internal Ca 2 ÷ and in the absence of a monovalent 
cation gradient, K ÷ maximally enhanced Ca 2+- 
Ca 2+ exchange. Rb ÷ was a weak substitute for K + 
in Ca2+-Ca 2+ exchange, while Na +, Li +, and Cs ÷ 
had decreasing effects in that order. The maximum 
initial rate for 45Ca2+ uptake was about the same 
for Na+-Ca 2÷ exchange (154 nmol 45Ca2+/mg per 
min) and CaZ+-Ca 2+ exchange (149 nmol 
4 5 C a  2 +/mg per min). Extravesicular NaC1 (25 raM) 
in the Ca2+-Ca 2÷ exchange reaction mixture in- 
hibited 75% of the Ca2+-Ca 2÷ exchange activity 
measured in the absence of any external NaC1 (not 
shown). 

Effects of  modifiers of  Ca 2 + uptake on Na +-Ca 2 + 
exchange and Ca 2 +-Ca 2 + exchange 

To clarify the issue of whether or not Na+-Ca 2÷ 
exchange and Ca2+-Ca2 ÷ exchange were activities 
of the same molecule, we examined the effects of 
modifiers of Na+-Ca 2÷ exchange and Ca2+-Ca 2÷ 
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TABLE II 

THE EFFECTIVENESS OF VARIOUS MONOVALENT 
CATIONS IN ENHANCING Ca 2÷ UPTAKE BY TWO 
TRANSPORT MECHANISMS 

X+-Ca 2+ exchange was the countertransport of a monovalent 
cation and Ca 2+ in the presence of a monovalent cation con- 
centration gradient (e.g. Na+-Ca 2+ exchange). The initial rate 
of X+-Ca 2÷ exchange by vesicles loaded with the listed mono- 
valent cations was measured in a reaction mixture of 160 mM 
KCI/50 /~M 45CAC12 (160 mM Tris-HC1 was used for the 
K+-loaded vesicles), as described in Methods. X+,Ca 2+- 
X+,Ca 2+ exchange was the exchange of internal Ca 2+ for 
external Ca 2+ in the absence of a monovalent cation gradient. 
The initial rate of X+,CaE+-x+,Ca 2+ exchange was measured 
as described in Methods. 

Monovalent 
cations (X ÷) 

Initial rate (nmol 45Ca 2+ per mg per 
rain) 

X + 45Ca2+ X + Ca 2+ X + 45Ca2+ 

exchange exchange 

Na + 154 8 
Li + 35 6 
Cs + 3 1 
Rb + 0 32 
K ÷ 1 149 

exchange activities, Mn 2+ and Mg 2+ [5,10], on 
Na+-Ca 2+ exchange and CaZ+-Ca 2+ exchange in 
the same membrane preparations. We also 
measured the effects of quinidine on Na+-Ca 2+ 
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Fig. 4. Inhibition of Na+-Ca 2+ exchange and Ca2+-Ca 2+ ex- 
change in sarcolemmal vesicles by extravesicular MgCI 2. The 
initial rate of Na+-Ca 2+, exchange and Ca2+-Ca 2+ exchange 
was measured in the absence of MgCI 2, and in the presence of 
the extravesicular MgCI 2 concentrations shown above. Na +- 
Ca 2+ exchange (O), Ca2+-Ca 2÷ exchange (rn). 
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exchange and Ca2+-Ca 2+ exchange. Quinidine 
blocks the voltage-sensitive Na  + channel at low 
concentrations [33-36]. We also measured the ef- 
fects of the Ca 2+ channel blocker, verapamil 
[36,37], on the steady-state level of Na+-Ca 2+ ex- 
change (43Ca2+ uptake after a 90 s incubation). 

Our preliminary results showed that either 
MnC12 or MgC12 at an external concentration of 
10 mM was an effective inhibitor of both Na+-Ca 2+ 
exchange and Ca2+-Ca2+ exchange. We titrated 
Na+-Ca 2+ exchange and Ca2+-Ca 2+ exchange with 
increasing external concentrations of MgC12 
(Fig. 4). The initial rate of Na+-Ca 2÷ exchange 
was inhibited 50% at an external MgCI 2 
concentration of 5 mM, while the initial rate of 
Ca2+-Ca 2+ exchange was inhibited 50% at an ex- 
ternal MgC12 of 1 mM. Maximum inhibition of 
both transport processes by external Mg 2+ (in the 
concentration range of 0.25-15 mM MgC12) was 
about 80%. 

The antiarrhythmic agent, quinidine, exerted 
different effects on Na +-Ca 2 + exchange and Ca 2 +- 
Ca 2+ exchange (Fig. 5). The concentration range 
of quinidine used in these experiments was 5-150 
/~M (the therapeutic concentration of quinidine in 
man is about 10#M). Na+-Ca 2+ exchange was 
enhanced up to 200% by low concentrations of 
external quinidine (10 #M), but was inhibited by 
quinidine concentrations greater than 50 #M. At 
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Fig. 5. Effect of quimdine on Na+-Ca 2+ exchange and Ca 2+- 
Ca 2+ exchange by valinomycin-treated sarcolemmal vesicles. 
The initial rate of Na+-Ca 2+ exchange (O) and Ca2+-Ca 2+ 
exchange (D) by valinomycin-treated (10 #g/mg protein) 
sarcolemmal vesicles was measured as described in Methods, in 
the absence of quinidine and in the presence of 5, 10, 50, and 
150/.tM quinidine. 

150/~M external quinidine, 50% of the Na+-Ca 2÷ 
exchange activity remained. Ca2+-Ca 2+ exchange 
was inhibited by quinidine concentrations greater 
than 5 #M and Ca2+-Ca 2÷ exchange was inhibited 
100% at 150 #M external quinidine. Qualitatively 
similar results were obtained whether we used 
native sarcolemmal vesicles or valinomycin-treated 
vesicles. The steady-state level of Na+-Ca 2÷ ex- 
change activity was decreased up to 65% by 
concentrations of quinidine greater than 0.1 mM, 
and up to 80% by concentrations of verapamil 
greater than 0.1 mM. 

D i s c u s s i o n  

Localization and characterization of Na +-Ca: + ex- 
change and Ca e +-Ca: + exchange 

We were able to isolate the membranes contain- 
ing the passive Ca 2+ transport mechanisms, Na ÷- 
Ca 2+ exchange and Ca2+-Ca 2+ exchange from 
cardiac muscle cells. Na+-Ca 2+ exchange has been 
described previously in the intact squid axon [ 1-5], 
in which it was possible to demonstrate that two 
passive Ca 2+ transport mechanisms were indeed 
located in the cell membrane. Na +-Ca 2 + exchange 
and Ca2+-Ca 2+ exchange have recently been 
demonstrated in broken-cell preparations from the 
heart and it has been proposed that these two 
transport mechanisms reside in the sarcolemmal 
membrane [6,8,10]. 

We have examined the marker enzyme profile 
of several membrane fractions obtained by our 
methods (Table I). We could reasonably conclude 
that Na+-Ca 2 + exchange and Ca 2+-Ca z + exchange 
are activities of transport mechanisms which are 
localized in the sarcolemmal membrane,  since both 
Na+-Ca 2+ exchange and Ca2+-Ca 2+ exchange ac- 
tivities were co-purified in parallel with the activ- 
ity of ( N a + +  K+)-ATPase, a marker enzyme for 
sarcolemmal membranes. 

Na  +-Ca 2 + exchange and Ca 2 +-Ca 2 + exchange 
were passive Ca 2+ transport since both activities 
were present even though the concentration of 
endogenous ATP was too low to support an active 
Ca 2 + pump. 

We have demonstrated that passive Na+-Ca 2+ 
exchange and Ca z +-Ca 2 + exchange have a binding 
and a transport component.  Reversing the direc- 
tion of the Na  + gradient or disruption of the 
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integrity of the vesicles removed 80% of the accu- 
mulated 45Ca2+. Therefore, it appears that about 
20% of Ca 2+ taken up may not be freely-ex- 
changeable across the sarcolemmal membrane. 

Electrogenicity of Na +-Ca e ÷ exchange 
Our results support earlier findings that Na +- 

Ca 2 ÷ exchange in sarcolemmal membranes is cou- 
pled countertransport of Na ÷ and Ca z+ [6], as it is 
in the squid axon [3]. As coupled countertransport, 
Na+-Ca 2÷ exchange displaces the positive electri- 
cal charges associated with Na ÷ and Ca 2÷ in op- 
posite directions across the sarcolemmal mem- 
brane. If the charge associated with the Na ÷ flux is 
greater than the charge associated with the Ca 2÷ 
flux, then Na+-Ca 2÷ exchange would be electro- 
genic. The activity of an electrogenic Na+-Ca 2+ 
exchange mechanism would influence the mem- 
brane potential, and therefore, the excitability of 
the tissue in which it is found. Conversely, the 
electrical potential of the membrane will neces- 
sarily influence the rate of transport if this trans- 
port is electrogenic. 

Na+-Ca 2÷ exchange in the squid axon was 
potential-sensitive [20], and recent reports indi- 
cated that there was net charge movement during 
Na +-Ca 2 ÷ exchange by sarcolemmal vesicles [9,21 ]. 
However, it is possible that during Na+-Ca 2+ ex- 
change, there is also a flux of anions. Restricting 
the flux of anions would then change the activity 
of Na+-Ca 2+ exchange. Previous reports did not 
account for this possibility, although there are 
several known transport mechanisms which couple 
the movement of anions with cations [23]. We 
found that the initial rate of Na+-Ca 2÷ exchange 
was not dependent on the movement of anions 
across the sarcolemma. 

Two groups of investigators have monitored 
indirectly the net charge movement during Na ÷- 
Ca 2 + exchange with lipophilic cations [9,21]. They 
found net movement of the lipophilic cation into 
the vesicle membrane of Na÷-loaded vesicles dur- 
ing Na÷-Ca 2+ exchange. However, we used a dif- 
ferent approach to address the issue of the whether 
or not Na+-Ca 2+ exchange was electrogenic. We 
measured the initial rate of Na+-Ca 2+ exchange at 
several single potentials using valinomycin-treated 
vesicles. Our results were in agreement with the 
qualitative results reported by Reeves and Sutko 

[9] and Caroni et al. [21]. Depolarization of the 
Na÷-loaded vesicle membranes greatly enhanced 
the initial rate of Na÷-Ca 2÷ exchange (Fig. 2). 
This indicates that the net charge movement is 
probably carried by the Na ÷ flux, since making 
the vesicle interior more positive would enhance 
the exit of Na ÷. 

We have also obtained additional information 
about Na+-Ca 2+ exchange from an extrapolation 
of the data in Fig. 2. We found the value for the 
reversal potential of Na+-Ca 2+ exchange ( - 1 0 5  
mV), at which there is no net charge movement by 
Na÷-Ca 2÷ exchange. However, since the potential 
of cardiac cells is always less negative in vivo than 
this potential, this implies that Na÷-Ca 2+ ex- 
change can contribute to the cardiac membrane 
potential. Na÷-Ca 2+ exchange in vivo, however, is 
operating in the opposite direction as in our ves- 
icle preparations, since the Na ÷ gradient in vivo is 
directed towards the cell interior. Ca 2÷ would be 
transported outward by N a ÷ / C a  2+ exchange, as 
proposed by Reuter [24], but the rate of Ca 2÷ 
efflux would decrease as the cell is depolarized. 
Depolarization, then, would impede Ca 2+ trans- 
port out of the cell and repolarization would en- 
hance Ca 2+ transport out of the cell. The Na+-Ca 2÷ 
exchange mechanism can provide the cardiac cell 
with another way of maintaining the low intracel- 
lular free-Ca 2 ÷ concentration. As such, the homeo- 
static activity of electrogenic Na+-Ca 2+ exchange 
would be synchronous with the Ca 2÷ movements 
into the cell through the voltage-sensitive Ca 2+ 
channels during the cardiac action potential. 

The Na + : C a  2 +flux ratio of electrogenic Na + - C a  2 + 

exchange 
Flux  ra t ios  of  3 N a  + : 1 Ca 2÷ and  

4 Na ÷ : 1 Ca 2+ have been proposed for Na+-Ca 2÷ 
exchange by the cardiac sarcolemma [6,26]. Pitts 
proposed a 3 Na ÷ : 1 Ca 2÷ flux ratio from an ex- 
trapolation of rate measurements of Na+-Ca 2+ 
exchange. Mullins and Brinley [20] have measured 
the sensitivity of Na+-Ca 2+ exchange in the squid 
axon to changes in the membrane potential. They 
provided good evidence that Na+-Ca 2÷ exchange 
was more sensitive to a given change in potential 
than would be predicted from a 3 N a ÷ : l  Ca 2+ 
flux ratio and that this sensitivity to a given change 
in membrane potential was dependent on the Na ÷ 
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and Ca 2+ concentrations [20]. To account for his 
data, Mullins [26] derived a kinetic model for 
Na  +-Ca 2 + exchange which required the binding of 
4 Na  + on one side of a carrier for each Ca 2+ 
bound to the other side of the carrier. He has 
extended his model for the mechanism of Na  +- 
Ca 2+ exchange by the squid axon as a model for 
the mechanism of Na+-Ca 2÷ exchange by the 
cardiac sarcolemma [26]. 

We have estimated the Na ÷ : Ca 2÷ flux ratio by 
measuring the reversal potential using the values 
of the initial rate (Fig. 2) and by measuring the 
internal and external ion concentrations, then 
applying the thermodynamic argument of Eqns. 
1-3. The assumption of 4 Na  + : 1 Ca 2+ in Eqn. 3 
yielded a value for the reversal potential of - 139 
mV, which was fairly close to the measured rever- 
sal potential of - 105 mV. Though there are several 
Ca 2+ homeostatic mechanisms in an intact cardiac 
cell, a flux ratio of 4 Na + : 1 Ca 2 + theoretically 
could maintain an intracellular Ca 2 + concentration 
which would be 80-times less than Na+-Ca 2+ ex- 
change operating at a 3 N a + : l  Ca 2+ flux ratio 
[20]. 

The nature of the countertransport of Na + and 
Ca e + during Na +-Ca e + exchange 

Coupled ion translocation across cellular mem- 
branes can occur in either a simultaneous or 
sequential manner. The actual manner of ion 
translocation can be predicted from its saturation 
kinetics [22]. For example, if Na+-Ca 2+ exchange 
is a sequential process, then saturation of an Na  +- 
binding site on the membrane component  on one 
side of the membrane must precede the formation 
of the Ca 2 +-binding site on the opposite side of the 
membrane.  The affinity ( K  m) of the Ca 2 +-binding 
component  at different external Ca x+ concentra- 
tions for sequential Na+-Ca 2+ exchange would be 
dependent on the internal Na + concentration. For 
simultaneous Na+-Ca 2+ exchange, the loading of 
the two cation binding sites on opposite sides of 
the membrane would not determine the maximum 
rate of Na+-Ca 2+ exchange, and the affinity of the 
membrane component  for Ca 2+ at the external 
binding site would not be dependent on the degree 
of saturation of the internal Na+-binding site. 
Using the criteria of Heinz [22], Blaustein [5] has 

described Na +-Ca 2 ÷ exchange as simultaneous Na + 
and Ca 2 ÷ translocation in the squid axon. 

We have found evidence by the criteria of Heinz, 
that Na +-Ca 2 ÷ exchange in the cardiac sarcolemma 
is also simultaneous countertransport of Na ÷ and 
Ca 2 +. The K m for Ca 2 + at the external binding site 
was independent of the internal Na ÷ concentra- 
tion (Fig. 3). The molecular organization of pas- 
sive Na+-Ca 2÷ exchange may be significantly dif- 
ferent from other well-characterized, sequential ac- 
tive transport mechanisms. 

Ion selectivity sequence of Na +-Ca 2 + exchange 
A common finding among investigations of ion 

movements through biological membranes,  natural 
or artificial, is that there are relatively few selectiv- 
ity sequences for the alkali cations, Na ÷, K +, Cs +, 
Li +, and Rb + [27]. 

We have found that the Na+-Ca 2÷ exchange 
mechanism discriminates between the alkali 
cations. The ion sequence for Na+-Ca 2 + exchange 
was Na+>> Li+> Cs+> K+>> Rb ÷. With excep- 
tion of Cs ÷, this cation sequence has been de- 
scribed for other biological ion transport processes 
[231. 

The ion selectivity sequence of Na+-Ca 2+ ex- 
change was similar to the sequence of ion activa- 
tion of ( N a + +  K+)-ATPase [28-30]. The cation 
selectivity sequence of ( N a + +  K+)-ATPase is an 
important factor in determining the asymmetric 
activity of the N a + +  K + pump in vivo. Since the 
Na  ÷ gradient in vivo is always directed towards 
the cell interior, the enhancement of the Na+-Ca 2 + 
exchange mechanism primarily by Na + would 
direct the activities of Na+-Ca 2+ exchange asym- 
metrically across the sarcolemmal membrane. It is 
possible that the major activation of different 
transport mechanisms by a common, single ion is 
an indication of an important physiological regula- 
tory property which determines the orientation of 
the transport mechanisms in vivo. 

The sequence of ion activation of Na+-Ca 2+ 
exchange is very different from the sequence of ion 
activation of Ca2+-ATPase of cardiac membranes 
[16]. It is not likely that this passive mechanism of 
Ca 2÷ transport is an activity of the active Ca 2+ 
pump in the sarcolemma. 



The relationship of Na+-Ca 2+ exchange to 
Ca 2 +-Ca 2 + exchange 

Both Na+-Ca 2+ exchange and Ca2+-Ca 2+ ex- 
change were described together in squid axon [5]. 
Both processes transport freely-exchangeable Ca 2 ÷ 
across the membrane,  and are probably carrier- 
mediated. Blaustein argued that, in the squid giant 
axon, Na+-Ca 2+ exchange and Ca2+-Ca 2+ ex- 
change were mediated by a common exchange 
mechanism. His main criteria were: (1) both ex- 
changes had the same affinity for Ca 2+, (2) both 
exchanges were inhibited by Sr 2+ or Mn 2÷, and (3) 
the Ca 2+ fluxes did not sum under conditions 
which were simultaneously optimal for Na+-Ca 2+ 
exchange and Ca2+-Ca 2+ exchange. The experi- 
ments we have performed provide less convincing 
data that Na÷-Ca 2+ exchange and Ca2+-Ca 2+ ex- 
change are mediated by the same carrier mecha- 
nism in the cardiac sarcolemma. 

The data from this study which support a model 
of a single carrier mechanism for both transport 
processes come from the measurements of the 
steady-state kinetics. Both Na  +-Ca 2 + exchange and 
c a a + - c a  2+ exchange had the same affinity for 
Ca 2+ (34/~M). 

There was evidence, however, which indicates 
that Na+-Ca 2÷ exchange and Ca 2+-Ca 2+ exchange 
may not simply be activities of a single carrier 
mechanism. The mode of Na+-Ca 2÷ exchange is 
clearly different from Ca2+-Ca 2÷ exchange. Na  ÷- 
Ca 2+ exchange requires an Na  + concentration 
gradient, and is coupled, electrogenic counter- 
transport  of Na  ÷ and Ca 2÷. Since it is electrogenic 
countertransport,  Na+-Ca 2+ exchange may con- 
tribute to the membrane potential of the cardiac 
muscle cell, although the actual contribution of 
Na+-Ca 2÷ exchange in vivo has not yet been 
quantitated. In contrast, Ca2+-Ca 2÷ exchange does 
not require a monovalent cation gradient, but does 
require the presence of Ca 2 + plus a specific mono- 
valent cation on both sides of the membrane.  
Therefore, Ca2+-Ca 2+ exchange may be symmetri- 
cal cotransport of a monovalent cation and Ca 2+, 
resulting in an exchange of both Ca 2÷ and K ÷. 
Valinomycin-treatment of the vesicles did not 
change the initial rate of Ca2+-Ca 2÷ exchange. 
Presumably, no cation gradient is built by Ca 2÷- 
Ca 2÷ exchange, so Ca 2+-Ca 2 + exchange is proba- 
bly electroneutral. 
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The order of effectiveness of the monvalent 
cations in enhancing Na+-Ca 2+ exchange and 
Ca2+-Ca 2÷ exchange were also different, though 
the maximal rates of Ca 2÷ movements by each 
process were about the same (Table II). Na+-Ca 2+ 
exchange required an Na  ÷ gradient; for Ca2+-Ca 2÷ 
exchange, there was an absolute requirement for 
the presence of K ÷ on both sides of the mem- 
brane, but not a concentration gradient. External 
Na  ÷ (25 mM) decreased the initial rate of Ca 2÷- 
Ca 2÷ exchange (not shown). If both of these 
processes were catalyzed by a single carrier trans- 
port  mechanism, it is doubtful that the ionic milieu 
in vivo would allow simultaneous activation of 
both processes. The high extracellular Na  ÷ con- 
centration would probably inhibit Ca2÷-Ca 2+ ex- 
change, but would activate Na+-Ca 2+ exchange. 

Finally, both processes were inhibited by Mn 2 +, 
Mg 2÷, or quinidine, but each agent modified the 
activity of Na+-Ca 2÷ exchange differently from 
Ca 2 +-Ca 2 + exchange, indicating that there may be 
different conformations of the same carrier, or 
different carriers for each exchange process. The 
titration curves for the effects of Mg 2÷ (Fig. 4) 
and quinidine (Fig. 5) on both processes clearly 
show that Ca 2 +-Ca 2 ÷ exchange was more sensitive 
to the inhibitory effects of either agent than Na  +- 
Ca 2÷ exchange. Na+-Ca 2+ exchange was enhanced 
by low concentrations of quinidine (5-50 /~M), 
while Ca2+-Ca 2÷ exchange was inhibited up to 
90% in this concentration range. Ca2+-Ca 2÷ ex- 
change was inhibited 50% by 1 mM MgC12, while 
Na+-Ca 2÷ exchange was unaffected at this con- 
centration. The effect of low concentrations of 
quinidine on Na+-Ca 2÷ exchange could possibly 
implicate that Na+-Ca 2+ exchange has a role in 
the mode of action of quinidine on the heart. 
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