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Inhibition of Na+-Ca ~+ exchange processes in canine cardiac sarcolemmal vesicles by several divalent and 
trivalent cations has been investigated. The order of cation effectiveness in inhibiting initial rates of 
Na~-induced Ca 2+ uptake in the presence of 140 mM Na~ and 20 pM Ca2o + is La3+> Nd3+> Tm 3+-  y3+ 
> Cd2+>> Sr2+> Ba 2+-  Mn2+>> Mg 2+. The effectiveness of the divalent ions is related to their ionic 
crystal radius as compared with that of Ca 2+. No such relationship was observed for the trivalent ions, which 
appeared instead to be more effective the larger their radius. Very low concentrations of trivalent ions 
((1-6). I0 -7 M) caused slight stimulation of Ca 2 +-exchange uptake. The trivalent ions also inhibited passive 
and Nao+-induced Ca 2+ efflux from sarcolemmal vesicles, in the same concentration range as that for 
inhibiting uptake. The divalent ions, however, stimulated Ca 2+ efflux, possibly via divalent cation-Ca 2+ 
exchange. These various results suggest that the divalent and trivalent cations interact differently with the 
exchange apparatus in the sarcolemma. 

Introduction 

Since Reeves and Sutko [1] first characterized 
Na÷-Ca 2÷ exchange in isolated cardiac sarco- 
lemmal vesicles, much has been learned about the 
functional properties of this system. The process is 
electrogenic [2,3], being affected by membrane 
potential [4], can occur across the sarcolemma in 
either direction [5,6], and is sensitive to pH [7]. 
Exchange is stimulated by phosphorylation of 
membrane proteins [8] and by mild proteinase 
treatment of the vesicles [9]. Sr 2÷ and Ba 2÷ can 
substitute for Ca 2+ in the exchange process, al- 
though the exchange mechanism appears to have 
lower affinities for these ions [10]. 

* Correspondence should be addressed to: Dr. K.D. Philipson, 
Cardiovascular Research Lab, A3-381 CHS, UCLA, School 
of Medicine, Los Angeles, CA 90024, U.S.A. 

Na+-Ca 2÷ exchange may contribute signifi- 
cantly to Ca 2+ movements across myocardial 
sarcolemma during a heart beat cycle, and the 
exchange mechanism may thus be involved in exci- 
tation-contraction coupling [11]. Parallels have 
been observed between the inhibition, by certain 
divalent and trivalent cations, of processes ob- 
served in intact myocardial tissue, and the dis- 
placement of Ca 2÷ from the sarcolemma by these 
same ions [12,13]. Also, a similar relative effect of 
some of these ions on plateau levels of Ca 2÷ 
uptake into sarcolemmal vesicles via Na+-Ca 2+ 
exchange has been briefly noted [5]. 

A more thorough investigation of the effects of 
several di- and trivalent cations on Na+-Ca 2+ ex- 
change in cardiac sarcolemmal vesicles is reported 
here. All of the cations studied (Ba 2÷, Cd 2÷, La 3+, 
Mg2+, Mn2+, Nd3+, Sr2+, Tin3+, y3+) except 
Mg 2 + were capable, at appropriate concentrations, 
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of completely inhibiting exchange uptake of Ca 2 +. 
Their effects on efflux were complex. The relative 
effectiveness of the various ions in inhibiting Na ÷- 
Ca 2÷ exchange phenomena was different in some 
cases from that previously reported. The divalent 
and trivalent cations appear to interact with the 
exchange apparatus in different ways. Not enough 
information is now available to propose molecular 
details for the interaction or for the operation of 
the exchange mechanism. 

Methods 

Sarcolemmal vesicles were isolated from trim- 
med canine ventricles by published procedures 
[14], and were stored in liquid N 2 in 140 mM KCI 
or 140 mM NaC1 plus 5 mM Tris-maleate buffer 
(pH 7.4 at 37°C) until used. Initial rates of Na~-- 
induced Ca 2÷ uptake were measured, using the 
rapid uptake device and the protocol previously 
described [7], in the presence or absence of inhibi- 
tor ions at the indicated final concentrations. All 
uptake data were obtained with 20/~M CaCI 2 and 
0.36 /~M valinomycin present in the uptake 
medium, and the filtered vesicles were washed 
with ice cold 1 mM EGTA in 140 mM KC1. Ca 2÷ 
uptake (nmol /mg  protein per s) was calculated 
from the counts remaining on the filter, using 
measured specific activities and protein concentra- 
tions. Data on the effects of inhibitors are pre- 
sented as percent inhibition of the uptake ob- 
served in the absence of inhibitor. Each value was 
corrected for non-specific binding and uptake in 
the absence of internal sodium. 

Efflux experiments were performed using 
vesicles preloaded with isotopically labeled Ca 2÷ 
by 2 min of Na~--induced Ca 2÷ uptake at 37°C. 
After Ca 2÷ loading, the vesicle suspension was 
diluted 15-fold with efflux medium at the same 
temperature, and Ca 2÷ efflux was measured 
according to published procedures [6]. All media 
were buffered at pH 7.4 with 5 mM Tris-maleate 
and had a total K ÷ plus Na ÷ concentration of 140 
mM. Efflux was stopped after the times indicated 
and an aliquot of vesicles filtered and washed as 
described for uptake experiments. The filters were 
counted to determine Ca 2÷ remaining in the 
vesicles. In each experiment the amount of Ca 2÷ 
loaded (zero efflux time) was also measured by 

diluting Ca2+-loaded vesicles 15-fold with a solu- 
tion containing 290 /~M La 3+ in 140 mM KCI. 
This diluted suspension, in which Ca 2÷ exchange 
was effectively stopped, was incubated at 37°C for 
the same length of time as were the efflux samples, 
and Ca 2+ content of an aliquot determined as for 
the efflux samples. Calcium retention by vesicles 
diluted into the various efflux media is expressed 
as percent of Ca 2÷ content at zero efflux time. 
Ca 2+ lost from vesicles diluted with buffered 140 
mM KCI only (passive efflux) was also measured. 

Sarcolemmal protein content was determined 
by the method of Lowry et al. [15]. All inhibitor 
ions were added as chloride salts. They were ob- 
tained from Aldrich or Alfa Thiokol /Ventron 
Division and were stated to be 99.99% pure, except 
for MgC12 and CdC12, which were reagent grade. 
Valinomycin was purchased from Sigma Chemical 
Co. and 4 5 C a 2 +  from New England Nuclear. 

Results 

lnitial rate of Nai + -induced C a  2 + uptake 
The rate of Na~--induced Ca 2+ uptake by the 

sarcolemmal vesicle preparations used in these 
experiments was linear for more than one second 
in the absence of inhibitors. The initial rate of 
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Fig. 1. Time course of Ca 2+ uptake via Na+-Ca 2+ exchange in 
the absence and presence of inhibitors at 37°C. O. O, 
no inhibitor; zx zx, 10 /zM Cd2+; × x ,  10 /~M 
Tin 3+, Na~" is 140 rnM and Ca 2+ is 20/~M in all cases. 
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Fig. 2. Inhibition of Na~-dependent Ca 2+ uptake by di- and trivalent cations, as a function of the logarithm of cation concentration. 
(A) Divalent ion inhibitors. (B) Trivalent ion inhibitors. In all cases, 20/tM Ca2o + and 0.36/~M valinomycin were present. Inhibition is 
expressed as percent of control uptake in the absence of inhibitors, and all data are corrected for nonspecific binding and uptake by 
mechanisms other than Na~"-induced exchange. 

up take  var ied  with  the p repara t ion ,  bu t  was al- 
ways  within the range  of  5 to 14 nmol  C a 2 ÷ / m g  
m e m b r a n e  p ro te in  per  s when Ca 2÷ was 20 #M.  
Both  ins ide-out  and  r ight-s ide-out  vesicles were 
present ;  the  relat ive con t r ibu t ions  of  each type 
were no t  ascer ta ined.  In  the  presence of  the inhibi-  
tors,  a l though ini t ia l  rates were reduced,  exchange 
up t ake  of  Ca  2÷ was l inear  for _> 1.0 s. Da t a  for 
three  par t i cu la r  cases are shown in Fig. 1 for com- 
pa ra t ive  purposes .  

Inhibition of Na +-Ca 2 + exchange uptake 
Effects of  varying inh ib i to r  concent ra t ions  on 

in i t ia l  rates of Na~-- induced Ca  2÷ up take  are pre-  
sented in Fig. 2. U p t a k e  values are quoted  as 
pe rcen t  of  cont ro l  up take  in the absence of inhibi-  
tor  cat ion,  and  d a t a  po in ts  are averages f rom three 
or  more  exper iments .  In  all cases external  Ca  2+ 
concent ra t ion ,  [Ca]o, was 20 # M .  The  divalent  
ions  invest igated become effective over  a wide 
range  of concen t ra t ions  (Fig. 2A). On ly  Cd  2+ and  
Sr 2+ cause s ignif icant  inh ib i t ion  at  concent ra t ions  
equal  to or  less than  [Ca]o, bu t  all except  M g  2÷ 
are  capab le  of inhib i t ing  exchange up take  by  

greater  than  90% if they are presen t  at  high enough 
concent ra t ions .  The  order  of  effectiveness is seen 
to be:  C d 2 + >  S r 2 + >  Ba2+= Mn2+>> Mg 2+. Even 
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Fig. 3. Relative effectiveness of cations in inhibiting initial rates 
of Na~-dependent Ca 2÷ uptake. Logarithm of cation con- 
centration at which 50% inhibition of exchange uptake was 
observed is plotted as a function of the nonhydrated crystal 
ionic radius. Note that Ca 2+ radius is 0.099 nrn. 
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when present at 10 mM, a 50-fold excess over 
Ca 2+, Mg 2+ is unable to inhibit Ca2+-exchange 
uptake completely. 

All of the trivalent cations used were signifi- 
cantly better inhibitors of Ca2+-exchange uptake 
than any of the divalent ions (Fig. 2B). Greater 
than 90% inhibition was observed at < 20 #M in 
each case. Again, [Ca]o was 20 #M. Percent inhibi- 
tion showed a much steeper dependence on ion 
concentration for the trivalent ions than for the 
divalent ions. The order of effectiveness was La 3÷ 
> Nd3+> Tm3+> y3+. The most effective, La 3+, 
caused 50% inhibition at 1/3 the concentration of 
the least effective trivalent, Y 3+. By contrast, the 
comparable divalent ion concentration range was 
30-times as great. 

Very low concentrations of trivalent ions (10 -7 
to 10 -6 M) appeared to stimulate Na~--induced 
Ca 2÷ uptake slightly, as shown by the negative 
inhibition percentages in Fig. 2B. This effect was 
also observed when 280 mM sucrose, instead of 
140 mM KC1, was used to maintain osmolarity in 
the uptake medium. The phenomenon was ob- 
served repeatedly; the largest enhancement ob- 
tained for an individual vesicle preparation was 
approx. 20%. The presence of valinomycin in the 
uptake medium was not required for enhancement, 
and 0.4 #M Nd 3 ÷ could further enhance exchange 
uptake already stimulated by chymotrypsin treat- 
ment [9]. The other trivalent cations were not 
tested for this last phenomenon. 

The relative effectiveness of all the cations in- 
vestigated can be compared in Fig. 3, where the 
logarithm of the inhibitor concentration required 
for 50% inhibition of Ca2÷-exchange uptake from 
media containing 20 ~M Ca 2÷ is plotted as a 
function of the ionic crystal radius [16]. This graph 
emphasizes not only the much more potent, but 
also the qualitatively different, behavior of the 
trivalent inhibitors. The divalent ion effectiveness 
is greater, the nearer in size the ion is to Ca 2+. 
However, for the trivalent ions, the opposite trend 
is apparent. 

Inhibition o f  Ca 2 + efflux 
Vesicles to be used for efflux studies were loaded 

with isotopically labeled Ca 2+ via the Na+-Ca 2+ 
exchange mechanism and then diluted with a large 
volume of efflux medium (see Methods). Dilution 

after 2 min of exchange uptake ensured that the 
Ca 2+ load had reached plateau levels [5]. De- 
termination of an accurate rate of Ca 2+ effiux 
immediately following vesicle dilution would be 
very difficult with the isotope method used in the 
present investigation. Quantitation of this rate 
would require detection of a very small change in 
a large amount of intravesicular Ca 2+. Conse- 
quently, effects of the cation inhibitors on Ca 2+ 
efflux occurring over time periods of 30 s or longer 
were investigated. 

After 30 s of efflux, vesicles diluted into Tris- 
maleate buffer containing 140 mM KCI lost ap- 
prox. 20 to 35% of their Ca 2+ load. This loss was 
essentially completely prevented when 20 #M of 
any of the trivalent ions was present in the effiux 
medium. This concentration of trivalent inhibitor 
is the same as that which is effective in stopping 
Na+-induced Ca 2+ uptake. At lower cation con- 
centrations, Ca 2+ loss was only partially pre- 
vented. A clear-cut order of effectiveness for the 
four ions was not evident; La 3+ appeared slightly 
less effective than Nd 2+, and Tm 3+ and y3+  some- 
what more effective, in some experiments. Larger 
uncertainties in efflux than in uptake data pre- 
vented a more quantitative comparison. 

The trivalent cations also reduced Na+-inde - 
pendent (passive) Ca 2+ efflux over longer time 
periods. After 3 or 5 min, when loss of Ca z + in the 
absence of inhibitors was substantial, significant 
reductions in efflux were observed in the presence 
of inhibitors. At cation concentrations < 10 /~M, 
decreases in Ca 2+ efflux of from 35 to 75% oc- 
curred in different experiments, and 20 #M inhibi- 
tor was again completely effective. 

Na+-induced Ca 2+ efflux, via the Na+-Ca 2+ 
exchange mechanism, was also inhibited by the 
lanthanides. Extent of inhibition depended not 
only on concentration of inhibitor and time of 
efflux, but also on [Na+]o . For example, 20 ktM 
La 3 + completely inhibited Ca 2 + efflux induced by 
25 mM Na + over a 30-s time period. These effects 
were not investigated in sufficient detail to allow 
quantitative comparisons. 

The divalent ions which inhibited Na +-induced 
Ca a + uptake actually stimulated Ca 2 + loss in either 
the absence or the presence of Nao +. With the 
exception of Mg z+, at concentrations as low as 10 
or 20 /~M these cations caused a significant in- 
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TABLE I 

EFFECT OF 20 FM DIVALENT CATION ON Ca 2÷ EFFLUX IN ABSENCE OF Nao + 

Vesicles were loaded with isotopically labeled Ca 2+ via 2 rain of Na+-Ca 2+ exchange and then diluted 15-fold with 140 mM KCI, 5 

mM Tris-maleate containing 20 #M of the ion indicated (present as the chloride salt). Ca 2÷ content was determined after 5 min 

incubation at 37°C. 

Ion None Ba 2 + Cd 2 + Mg 2 + Mn 2 + Sr 2 + Ca 2 + 

Ca 2 + lost 
(% of load a) 28 54 85 23 34 74 74 

Ca 2+ lost 
(% of control loss b) 190 300 80 120 260 260 

a Load = Ca 2 + content at zero time in efflux medium. 

b Control loss = loss in the absence of inhibitors. 

crease of Ca 2 + efflux (Table I) when no external 
Na  ÷ was added. The order of effectiveness in 
stimulating Ca 2÷ efflux in the absence of Nao + was 
Cda+> s r a + =  Ca2+> Ba2+> Mn 2+, which is ap- 
proximately the same as their relative effectiveness 
in preventing Na~--induced Ca 2+ uptake. Relative 
effectiveness of Ca z+ efflux stimulation by these 
ions in the presence of Nao + was not quantitated. 
However, addition of e.g., 60 /tM Cd 2÷, to an 
efflux medium containing 10 mM Na + resulted in 
an increase in the Ca 2÷ efflux above that caused 
by Nao + alone. 

Discussion 

The cations used in this study have been previ- 
ously investigated as inhibitors of various contrac- 
tile phenomena in intact muscle tissue [12,13] and 
as agents to displace bound Ca from membranes 
[13]. In only one of the situations reported here, 
inhibition of Na~--induced Ca :+ uptake by diva- 
lent cations, are the present results on relative 
inhibitor effectiveness the same as those in the 
literature. Reduction in tension maintained by 
papillary muscle perfused with the ions [13], pre- 
vention of creatine kinase release by perfused rab- 
bit septa subjected to 30 min of conditions causing 
calcium paradox [12], and displacement of bound 
Ca from tissue cultures of neonatal rat myocardial 
cells and from sarcolemmal vesicles [13] by the 
divalent ions, all showed the same qualitative de- 
pendence on ionic crystal radius found in the 
present investigation. 

The stimulatory effect of the divalent ions on 

Ca 2 + efflux would be consistent with their inhibi- 
tory effect on Ca 2+ exchange uptake, if these ions 
are capable of substituting for Ca 2÷ in an ex- 
change process. That  is, the enhanced loss of Ca z+ 
from sarcolemmal vesicles diluted into media con- 
taining another divalent ion may be owing to a 
Ca2+-Ca 1÷ exchange mechanism which will accept 
these other ions also. Evidence of Na÷-divalent 
cation exchange has been presented by Tibbits and 
Philipson for Ba 2÷ and Sr z+ [10], and the latter 
was found to be exchanged for Na  ÷ more effec- 
tively than the former. The present results suggest 
that either Mn 2+ or Cd 2÷ might also exchange for 
Na  ÷ across the sarcolemma; this possibility was 
not investigated. In all cases reported for sarco- 
lemmal vesicles and for intact tissue, the site(s) for 
Ca 2+ interaction with the membranes appear to 
discriminate similarly among the divalent cations 
on the basis of their size. 

The results of the trivalent ion inhibition ex- 
periments were unexpected in some respects. In a 
preliminary experiment Bers et al. [5] had found 
Cd z+ to be a better inhibitor than La ~+ of Na+-in  - 
duced Ca 2 ÷ uptake by sarcolemmal vesicles, when 
uptake was measured after it had reached a plateau 
level (i.e., after 2 rain). In the present work, La 3÷ 
was the best inhibitor of initial rates of exchange 
uptake, and all four trivalent cations used were 
significantly more effective than Cd 2÷ ( >  90% vs. 
40% inhibition at equimolar Ca 2+ and inhibitor 
concentrations). However, these different out- 
comes need not be contradictory. The Na~--in- 
duced Ca 2÷ uptake level after 2 rain will depend 
on efflux as well as influx behavior. The 
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lanthanides are very good inhibitors of efflux, 
whereas Cd 2 + stimulates efflux markedly, as shown 
above. A lower plateau level of intravesicular Ca 2 + 
might thus be expected at Cd 2+ concentrations 
causing only partial inhibition of Ca 2+ uptake, 
when loss of Ca 2 + by exchange with the external 
divalent could occur. 

The order of effectiveness with which the triva- 
lent cations inhibited initial rates of Na~--induced 
Ca 2+ uptake by the sarcolemmal vesicles is the 
opposite of that reported for displacement of Ca 2 + 
bound to sarcolemmal vesicles, and for inhibition 
of tension development in rat papillary muscles 
[13]. The largest ion, La 3+, is the most effective, 
and the ions smaller than Ca 2+ (Tm 3+, y3+) the 
least effective in the present studies. This is also at 
variance with the results of Triggle and Triggle 
[17], who reported that La 3+ was one of the least, 
and Tm 3+ was the most, effective lanthanide in- 
hibitor of longitudinal smooth muscle mechanical 
responses. Although the trivalent ions investigated 
in the present work were also potent inhibitors of 
Nao+-independent Ca 2+ efflux, a clear cut order of 
effectiveness was not observed. This was probably 
due to the greater difficulty in obtaining efflux 
data as accurate as initial influx rates. 

The repeated observance of the slight enhance- 
ment of initial Ca 2 +-exchange uptake rates by low 
concentrations of the trivalent cations (Fig. 3) un- 
der various conditions tends to rule out the possi- 
bility that the phenomenon is an artifact of the 
procedure. A satisfactory explanation for this un- 
expected observation has not yet been found. 

The results of the present study suggest that the 
mechanism by which the divalent cations inhibit 
Na+-Ca 2+ exchange is different from that by which 
trivalent cations act. Both classes of cations most 
probably compete with Ca 2+ for sites on the ex- 
change apparatus. The fact that their subsequent 
effects are distinctly different could be owing to 
discrimination of both ionic size and charge char- 
acteristics by the exchanger. The simplest model 
would be a single type of Ca2+-binding site, where 
the +3 charge on a trivalent ion prevents its 
transport across the sarcolemma, but the bound 
divalent cations are transported with an ease de- 
pendent on their size. Alternatively, the exchange 
apparatus may have more than one type of site, 

including a regulatory site not subject to size re- 
straints where trivalent cation binding would re- 
sult in inhibition of all ion transport. Furthermore, 
an individual trivalent cation may be able to inter- 
act simultaneously with adjacent negative mem- 
brane sites to prevent Na+-Ca 2+ exchange. A de- 
tailed description of the interaction of Ca 2+ with 
the Na+-Ca 2+ exchange system must await molec- 
ular description of the exchanger itself. 
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