
Biochimica et 8iophysica Acta, 978 (1989) 8-16 
Elsevier 

BBA 74254 

Sodium-calcium exchange in transverse tubules isolated 
from frog skeletal muscle 

P a u l i n a  D o n o s o  i a n d  Ceci l ia  H i d a l g o  2 

i Departamento Preclinicas and " Departamento de Fisioiogla y Biofisica, Facuitad de Medicina, 
Universidad de Chile and Centro de Estudios Cientificos de Santiago, Santiago (Chile) 

(Received 8 August 1988) 

Key words: Sodium-calcium ion exchange: Transverse tubule: lntracellular calcium regulation: (Frog skeletal muscle) 

Transverse tubule vesicles isolated from frog skeletal muscle display sodium-calcium exchange activity, which was 
characterized measuring 4SCa influx in vesicles incubated with sodium. The initial rates of exchange varied as a function 
of the membrane diffusion potentials imposed across the membrane vesicles, increasing with positive intravesicular 
potentials according to an electrogenic exchange with a stoichiometry greater than 2 sodium ions per calcium ion 
transported. The exchange activity was a saturable function of extravesicular free calcium, with an apparent Ko. s value 
of 3 tzM and maximal rates of exchange ranging from 3 to 5 nmol/mg protein per 5 s. The exchange rate increased 
when intravesicular sodium concentration was increased; saturation was approached when vesicles were incubated with 
concentrations of 160 mM sodium. The isolated transverse tubule vesicles, which are sealed with the cytoplasmic side 
out, had a luminal content of 112 + 39 nmol calcium per mg protein. In the absence of sodium, the exchanger carried 
out electroneutral calcium-calcium exchange, which was stimulated by increasing potassium concentrations in the 
intravesicular side. Calcium-calcium exchange showed an extravesicular calcium dependence similar to the calcium 
dependence o1~ the sodium-calcium exchange, with an apparent Ko. s of 6 p M. Sodium-calcium and calcium-calcium 
exchange were both inhibited by amiloride. The sodium-calcium exchange system operated both in the forward and in 
the reverse mode; sodium, as well as calcium, induced calcium efflux from 4SCa-ioaded vesicles. This system may play 
an important role in decreasing the intracellular calcium concentration in skeletal muscle following electrical stimula- 
tion. 

Introduction 

The physiological action of calcium in triggering 
contraction in skeletal muscle requires maintaining an 
intraceUular calcium concentration of about 10 -7 M at 
rest. Following muscle stimulation, calcium is rapidly 
liberated from the terminal cisternae of the SR; the 
increase in its intracellular concentration to 10 -6 M or 
higher, allows muscle contraction to proceed [1,2]. Re- 
laxation takes place when the intracellular calcium con- 
centration returns to its resting level by the action of the 
calcium pump of the SR, which reaccumulates calcium 
in the SR lumen [2]. 

Abbreviations: EGTA, ethylene glycol bis(fl-aminoethyl ether)- 
N,N'-tetraacefic acid; HEDTA, N-hydroxyethylethylenediaminetri- 
acetic acid; NTA, nitrilotriacetic acid; SR, sarcoplasmic reticulum; 
T-tubule, transverse tubule. 

Correspondence: C. Hidalgo, Centro de Estudios Cientificos de 
Santiago, Casilla 16443, Santiago 9, Chile. 

In muscle cells at rest, there is a background influx 
of calcium into the cells down a steep electrochemical 
gradient [3]. Following stimulation, depolarization of 
the T-tubule membrane causes opening of voltage-sensi- 
tive calcium channels, which results in an influx of 
calcium that contributes to the intracellular calcium 
concentration during activity [4]. The SR has a consid- 
erable calcium storage capacity but, being a strict in- 
tracellular compartment, it is saturable. So, long-term 
regulation of intracellular calcium concentration de- 
pends on the extrusion of calcium across the cell mem- 
brane against its electrochemical gradient. 

Two different calcium transport systems exist in the 
plasma membranes of most excitable cells: a calcium- 
pumping ATPase and a sodium-calcium exchange sys- 
tem [5]. Both have been found in membrane fractions 
isolated from rabbit [6] and pig skeletal muscle [7]. 
Furthermore, T-tubule membranes isolated from rabbit 
skeletal muscle possess a high-affinity ATP-dependent 
calcium transport system [8] but they lack a measurable 
sodium-calcium exchange activity, suggesting that in 
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the rabbit the latter is probably located in the surface 
membrane. 

In frog skeletal muscle, where most of the research 
on muscle physiology has been done, studies in intact 
skeletal fibers suggested that the sodium-calcium ex- 
change system is an important calcium-transporting sys- 
tem [9]. However, there are no studies on calcium 
transport using isolated membrane preparations. 

This work describes the presence of a sodium-calcium 
exchange system in highly purified T-tubule membranes 
isolated from frog skeletal muscle. This system shares 
several properties with the cardiac sarcolemmal 
sodium-calcium exchange system, and it may play an 
important role in the decrease of intracellular calcium 
concentration in frog skeletal muscle following stimula- 
tion. 

Materials and Methods 

Isolation of T-tubule membranes 
T-tubules were isolated from frog skeletal muscle as 

described in detail elsewhere [10], except that the buffer 
used was 20 mM Tris-Hepes (pH 7.5). Membranes were 
frozen rapidly by immersion in solid CO2/acetone and 
were stored frozen at - 2 0 ° C .  T-tubule membranes 
obtained by this procedure have a high cholesterol and 
phospholipid content and a characteristic protein com- 
position as evidenced by their electrophoretic pattern in 
SDS-containing polyacrylamide gels. They also exhibit 
a high density of nitrendipine and ouabain-binding sites 
and they are devoid of SR contamination, as indicated 
by the protein composition and the lack of measurable 
Ca z +-ATPase activity [10,11 ]. 

Sodium-dependent calcium uptake 
Preincubation of vesicles. T-tubule vesicles were in- 

cubated at 25°C for 1.5 h in 100 mM NaCI/0.28 M 
sucrose/20 mM Tris-HCl (pH 7.5), with or without 
5-10 mM KCI. As controls, we used vesicles in which 
NaCI was replaced by 100 mM choline chloride or, in 
some experiments, with 100 mM KCI, or 100 mM LiC! 
or only with 0.28 M sucrose/20 mM Tris-HC! (pH 7.5). 
We chose 1.5 h as incubation time, because experiments 
with 22NaCI and 14C-choline chloride showed that in 
1.5 h equilibrium was reached. Longer incubation times 
did not show differences in the amount of calcium 
taken up after dilution in a calcium-containing solution. 

Calcium uptake. At the end of the preincubation 
period vesicles were diluted (60-100-fold) in a solution 
containing 0.1 mM 45CAC12 (10-15/.tCi/#mol)/0.28 M 
sucrose/20 mM Tris-HCl (pH 7.5)/1 #M valinomycin 
and KCI at variable concentrations. Osmolarity was 
kept constant with choline chloride. Incubation temper- 
ature was 25 ° C. To stop the exchange reaction, 0.3 ml 
fractions were added at different times to 0.3 ml of an 
ice-cold solution containing 5 mM MgCI2/10 mM 

EGTA/20 mM Tris-HCl (pH 7.5) (quench solution). 
The change in osmolarity following dilution from the 
reaction solution to the quench solution did not affect 
the amount of calcium transported by the vesicles. After 
addition of the quench solution, 0.5 ml fraclions were 
filtered under suction through Millipore filters (HA, 
0.45 #m) and the filters were washed three times with 3 
ml of ice-cold quench solution. The filters had been 
previously soaked with 0.1 mM CaCI 2/5 mM MgCI,,/20 
mM Tris-HCi (pH 7.5). 

This procedure lowers nonspecific calcium binding to 
the filter, yielding very low blanks. The time from 
quenching to filtration and washing was about 20 s. The 
filters were dried and the radioactivity was determined 
in a liquid scintillation counter. 

In most experiments, the initial rate of exchange was 
measured with reaction times of 5, 10 and 15 s, using 
the procedure described by Reeves and Sutko [12]: 3-6 
~1 of sodi~,rn-incubated vesicles were placed as a drop 
on the side of a polystyrene tube containing 300/.tl of 
uptake solution, and the reaction was begun by touch- 
ing the tube on a vortex allowing both solutions to mix. 
The uptake reaction was stopped by adding ice-cold 
quench solution as described above. In most experi- 
ments, rates were determined in quadruplicate. 

Calcium efflux 
Equi6brium of T-tubule vesicles with 4SCa. T-tubule 

vesicles were incubated at 25°C with 2 mM CaCi, 
containing 45CaCi., (20-30 /.tCi/#mol) and 30 mM 
KCI/70 mM choline chloride in 0.23 M sucrose and 20 
mM Tris-HC! (pH 7.5). The time-course of calcium 
entry was determined by diluting aliquots of the reac- 
tion solution with quench solution and filtering through 
Millipore filters as above. 

Calcium efflux. Vesicles loaded with 45Ca were di- 
luted (30-50-fold) in 10 mM EGTA/30 mM KCI/0.23 
M sucrose/20 mM Tris-HCl (pH 7.5) and either 70 mM 
NaCI or 70 mM choline chloride. Alternatively, vesicles 
were diluted in a solution containing 30 mM KC1/70 
mM choline chloride/0.95 mM C a C i , / I  mM 
HEDTA/0.23 M sucrose/20 mM Tris-HCl (pH 
7.5)/valinomycin 1/.tM. This solution had a free calcium 
concentration of 20 ttM, as measured directly with a 
calcium electrode [13]. The amount of 45Ca remaining 
in the vesicles was determined after filtration through 
Millipore filters and washing with a solution similar to 
quench solution, except that 5 mM MgCI, was replaced 
by 5 mM LaCI3. 

Determination of free cak'ium concentration 
Free-calcium concentrations were controlled with 

Calcium-HEDTA (for free calcium concentrations up to 
20 /.tM) and with calcium-NTA buffers (for higher 
concentrations). Ligand concentration was 1 mM and 
free calcium concentration was calculated using the 
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computer program described by Goldstein [14] and the 
constants described by Martell [15]. Free calcium was 
measured with calcium electrodes [13]. The free calcium 
concentrations indicated in Fig. 6 correspond to this 
measured free calcium concentration. 

Determination of the endogenous calcium content in T- 
tubule vesicles 

Total calcium content in the vesicles was determined 
by atomic absorption spectrophotometry in a Perkin- 
Elmer 303 spectrophotometer. Determination was done 
in the presence of 0.4% SrCI2 and 0.1 M HCIO4. 
Vesicles were ashed prior to calcium determination. 

Protein determination 
Protein concentration was determined according to 

Hartree [16], using bovine serum albumin as standard. 

Reagents 
Amiloride was added from a stock solution in di- 

methylsulfoxide. Final concentration of dimethylsulf- 
oxide was 2% by volume, which did not affect the 
exchange reaction. Ionophores A23187 and monensin 
were added in ethanol. Final ethanol concentration was 
1%, and did not affect the exchange reaction. All the 
reagents used were of analytical grade. Ionophores 
A23187, valinomycin and monensin were obtained from 
Calbiochem. Amiloride was obtained from Sigma and 
4s CaCI 2 from Amersham. 

Results 

Calcium uptake in T-tubule vesicles 
T-tubule vesicles incubated with sodium took up 

calcium when diluted in a sodium-free solution contain- 
ing 0.1 mM 45CaCIz (Fig. 1A). Calcium was rapidly 
transported in the presence of a sodium gradient and 
apparent equilibrium was obtained after 4 min reaching 
final calcium levels between 8 and 14 n m o l / m g  protein. 
This calcium was rapidly liberated by the ionophore 
A23187, indicating that it had been transported to the 
intravesicular space. Linear rates of calcium uptake 
were observed until 15 s (Fig. 1B). Gradual replacement 
of intravesicular sodium with potassium led to a pro- 
gressive decrease in calcium uptake (Fig. 2). However, 
there was still appreciable calcium uptake when sodium 
was completely replaced by potassium (Fig. 2, Table I) 
or by other monovalent ions, such as lithium or choline. 
Likewise, similar levels of calcium uptake were observed 
when the sodium gradient was dissipated with monensin 
or when no monovalent ions, except for Tris-HCl, were 
added during the preincubation of the vesicles (Table I). 

Calcium uptake in sodium-incubated vesicles was 
90% inhibited by amiloride (Table I). A similar percent 
of inhibition was observed in choline- or lithium-in- 
cubated vesicles (Table I). 

It is likely that in the presence of a sodium gradient, 
calcium uptake proceeded by sodium-calcium ex- 
change, whereas in the presence of other monovalent 
ions, calcium uptake proceeded by calcium-calcium 
exchange. In this case, calcium inside the vesicles (en- 
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Fig, 1. (A) Calcium uptake in sodium incubated T-tubule vesicles from frog muscle. Vesicles were incubated in 100 mM NaCI/0.28 M sucrose/20 
mM Tris-maleate (pH 7.0) for 1.5 h at 25 o C, and were diluted in 0.1 mM 45CaCi2/100 mM KCl/0.28 M sucrose/20 mM Tns-maleate (pH 7.0). 
The reaction was stopped with quench solution (see text) at the indicated times and the vesicles were harvested by filtration as described under 
Materials and Methods. The final concentration of A23187 used was 6/~M. (B) Initial rates of calcium transport in sodium-incubated T-tubule 
vesicles. Vesicles were incubated in 100 mM NaCl/10 mM KC!/0.28 M sucrose/20 mM Tris-HCl (pH 7.5). Calcium uptake was measured by 
diluting 5 /~l of sodium-incubated vesicles in 300 pl of a solution containing 0.1 mM 45CAC!2/100 mM KCI/1 /LM valinomycin/0.28 M 
sucrose/20 mM Tris-HCl (pH 7.5). The reaction was stopped by adding 300 /tl of quench solution (see text) and vesicles were harvested by 

filtration as described under Materials and Methods. A T-tubule preparation diffeient to that shown in Fig. 1A was used. 
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Fig. 2. Effect of intravesicular sodium. Vesicles were incubated in 0.28 
M sucrose/20 mM Tris-HCI (pH 7.5) plus: 100 mM NaCI/20 mM 
KC! (O); 50 mM NaCI/70 mM KCI (A); 20 mM NaCI/100 mM KCI 
(12); 120 mM KC! (o). Vesicles were diluted in 0.1 mM 4SCaC!2/120 
mM KCI/0,28 M sucrose/20 mM Tris-HCI (pH 7.5). The reaction 
was stopped at different times and the intravesicular calcium was 

determined as described in the text. 

dogenous calcium) would be required to exchange with 
extravesicular calcium. To investigate this possibility we 
measured the endogenous calcium content of the vesicles 
by atomic absorption spectrophotometry. The calcium 
content in eight different preparations of T-tubule ves- 

Table 1 

Effect of monovalent ions and amiloride on calcium uptake in T-tub- 
ule vesicles 

Vesicles were incubated in 5 mM KC1/028 M sucrose/20 mM 
Tris-HCl (pH 7.5), plus the additions indicated above. Calcium up- 
take was measured by dilution in 0.1 mM 45CACI2/105 mM KCI/1 
laM valinomycin/0.28 M sucrose/20 mM Tris-HC! (pH 7.5). The 
rates of 45Ca uptake w~re measured as described in the text. Rates of 
100%, obtained by diluting vesicles incubated with 100 mM NaCI, 
ranged between 1.2 and 3.5 nmol/mg protein per 5 s. Values repre- 
sent the mean + S.D. 

Additions to Rate of Number of 
the incubation calcium experiments 
solution uptake (%) 

NaCI 100 mM 100 
NaC1 100 mM + 10 #M 

monensin 45.0 _+ 8.6 4 
NaCI 100 mM + 10 mM 

amiloride 9.1 + 2.3 7 

KCI 100 mM 41.7 __+ 9.0 6 
LiC! 100 mM 49.0_+ 8,9 4 
LiCI 100 mM + 10 mM 

amiloride 25.9 _,+ 5,7 3 
Choline CI 100 mM 33.1 _+ 4.6 3 
Choline CI 100 mM + 10 mM 

amiloride 13.9+ 5.7 3 
None 34.4 + 5.6 3 
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icle was 112 + 39 nmol/mg protein and it did not 
change after the sodium loading procedure. We do not 
know how much of this intravesicular calcium is free, 
but, given its high content, only a fraction of free 
calcium would be sufficient to carry out calcium- 
calcium exchange (see Discussion). 

Electrogenicity and potential-dependence of calcium up- 
take 

Most evidence indicates that sodium-calcium ex- 
change is electrogenic [17,18,19] with a stoichiometry of 
3 sodiums per each calcium exchanged [20,21]. In conse- 
quence, sodium-dependent calcium uptake involves a 
net outward movement of positive charge that tends to 
inhibit further exchange. This effect can be overcome by 
imposing a constant membrane potential, inside posi- 
tive, during the exchange. In many vesicular systems, a 
diffusion potential can be established for several sec- 
onds with potassium gradients in the presence of 
valinomycin. To investigate if an inside-negative poten- 
tial is generated in T-tubule vesicles, as a consequence 
of calcium uptake in sodium-incubated vesicles, initial 
rates of calcium uptake were measured in the presence 
of a potassium gradient (K i = 10 mM; K~ = 100 mM) 
with or without 1 ~M valinomycin. Sodium-incubated 
vesicles exhibited an initial rate of uptake in the pres- 
ence of valinomycin that was 50% higher than in its 
absence. In contrast, the presence of valinomycin made 
no difference on the initial rate of calcium uptake in the 
vesicles incubated with choline. This result suggests an 
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Fig. 3. Effect of membrane potential on calcium Uptake. Vesicles were 
incubated in 0.28 M sucrose/20 mM Trs-~ IC! (pH 7.5) with 100 mM 
NaCI/10 mM KCI (0) or 100 mM choline chloride/10 mM KCI (o) 
and were diluted in 0.1 mM 45CAC!2/0.28 M sucrose/20 mM Tris- 
HC! (pH 7.5)/1 btM valinomycin, containing different concentrations 
of KC! to obtain the indicated membrane potentials. Ionic strength 
was kept constant with choline chloride. Potentials are given as inside 

minus outside. 
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electrogenic process in the sodium-incubated vesicles 
and an electroneutral exchange in the vesicles incubated 
with choline. 

In order to investigate the potential-dependence of 
the calcium uptake in T-tubule vesicles, initial rates of 
exchange in the presence of different potassium gradi- 
ents and valinomycin were measured. In the experiment 
shown in Fig. 3, the potassium diffusion potentials used 
were - 5 9  mV (Ki = 10 mM, K e = 1 mM), 0 mV ( g  i = 

K e = 10 raM) and 59 mV (K i = l0 mM, K e -- 100 mM). 
Ionic strength was kept constant with choline chloride. 
As shown in Fig. 3, initial rates of uptake increased by 
50% when the membrane potential increased from 0 to 
+ 59 mV and decreased by about the same magnitude if 
the change in membrane potential had the opposite 
sign. The same change in membrane potential had no 
effect on calcium uptake in choline-incubated vesicles 
(Fig. 3). 

Effects of potassium on calcium uptake 
Some studies have suggested that potassium per se 

activates the exchanger and that the activation seen by 
an inside-positive potential is caused by the increase in 
potassium used to establish the membrane potential 
[22]. To discover whether this is the case in our T-tubule 
vesicles we investigated the effect of different potassium 
concentrations on calcium uptake in sodium-incubated 
vesicles, keeping constant the K~/Ke ratio in order to 
maintain the membrane diffusion potential constant. 
Fig. 4 (solid circles) shows no effect of increasing potas- 
sium concentration when K~/K~--1, i.e., when the 
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Fig. 4. Effect of potassium on calcium uptake. Vesicles were incubated 
with 100 mM NaC! (®) or 100 mM choline chloride (o) and different 
concentrations of KCI in 0.28 M sucrose/20 mM Tris-HCl (pH 7.5) 
and were diluted in 0.1 mM 45CaCiz/0.28 M sucrose/20 mM Tris- 
HC! (plt 7.5) and the same KC! concentration as in the previous 
incubation to keep E k =Em= 0 mV in the presence of 1 /tM 
vaSnomycin. Ionic strength was kept constant with choline chloride. 
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Fig. 5. Effect of intravesicular potassium on calcium uptake in the 
absence of sodium. Vesicles were incubated with different concentra- 
tions of KC! in 0.28 M sucrose/20 mM Tris-HC! (pH 7.5h and were 
diluted in 0.1 mM 45CaClz/100 mM KCI/I ~ttM valinomycin/0.28 
M sucrose/20 mM Tris-HCI (pH 7.5). Choline chloride was used to 

keep the ionic strength constant. 

membrane potential was 0 mV. No effect was seen 
either when K~/K~ = 0.1, i.e., the membrane potential 
was + 59 mV (not shown). 

In cardiac sarcolemma [23,24] and in squid axon [25], 
it has been shown that potassium, lithium and other 
monovalent ions activate calcium-calcium exchange. In 
T-tubule vesicles, intravesicular potassium increased the 
initial rate of calcium uptake in choline-incubated 
vesicles. The experiment shown in Fig. 4 (open circles) 
was performed at 0 mV ( K  i = Ke), keeping the ionic 
strength constant with choline chloride. When the in- 
travesicular potassium concentration was varied, keep- 
ing the extravesicular potazsium constant, we obtained 
the same effect on the initial rate of calcium uptake as 
when potassium was changed ~ l  both sides (Fig. 5). In 
this experiment the calculated membrane potential was 
different in each case, with values in the range 0-70 
mV. Since calcium uptake in choline-incubated vesicles 
was not potential-sensitive, these results indicate that 
the activating effect is due to intravesicular potassium. 

Extravesicular calcium dependence of calcium uptake 
Fig. 6 shows the dependence on free calcium con- 

centration of the initial rate of calcium uptake in 
sodium-incubated T-tubule vesicles. In this experiment, 
the free calcium concentration was controlled with 
HEDTA (for free calcium up to 10 #M) and NTA (for 
upper free calcium concentration). Membrane potential 
was + 59 mV. As shown in Fig. 6, the initial rate of 
exchange was a hyperbolic function of extravesicular 
free calcium concentration, with an apparent K0. 5 of 3.0 
/tM and a Vma x of 2.7 nmol/mg protein per 5 s. A 
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Fig. 6. Calcium dependence of calcium uptake in sodium-loaded vesicles. Vesicles were incubated with 100 mM NaCI/10 mM KC! in 0.28 M 
sucrose/20 mM Tris-HCi (pH 7.5). Calcium uptake was determined by dilution in 100 mM KCI/10 mM choline chloride/l/~ M valinomycin/0.28 
M sucrose/20 mM Tris-HCi (pH 7.5), plus variable concentrations of 45CaC!2.4SCaCI2.HEDTA and 4SCaCi2-NTA buffers were used to obtain 

the free calcium concentrations indicated. 

similar kinetic behavior was observed for the initial rate 
of calcium uptake in choline-incubated vesicles. The 
apparent K0. 5 determined was 5.9 #M (data not shown). 

Intravesicular sodium-concentration dependence of calcium 
uptake 

The dependence of Na/Ca exchanger on intravesicu- 
lar sodium concentration was determined by incubating 
the vesicles at different sodium concentrations, keeping 
constant the total ion concentration with choline chlo- 
ride. The rate of calcium uptake increased when the 
sodium concentration used in the preincubation stage 
was increased (Fig. 7). In the absence of sodium, the 
initial rate of calcium uptake was approx. 1/3 of the 
rate found in 160 mM sodium, the highest concentra- 
tion used. If we assume that (a) the rate of calcium 
uptake in the absence of sodium represents the rate of 
calcium-calcium exchange and (b) this rate is indepen- 
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Fig. 7. Intravesicular sodium dependence of calcium uptake. Vesicles 
were incubated with 5 mM KCI and the indicated sodium concentra- 
tions, in 0.28 M sucrose/20 mM Tds-HCI (pH 7.5). Calcium uptake 
was measured by dilution in 0.1 mM 4SCaCi2/100 mM KCI/60 mM 
choline chloride/1/~M valinomycin/0.28 M sucrose/20 mM Tris-HCI 

(pH 7.5). 

dent of the internal sodium concentration, it is possible 
to subtract the basal rate of calcium-calcium exchange. 
The curve obtained after this correction showed an 
apparent Ko. 5 for sodium of 72 mM (not shown). 

Calcium efflux from T-tubule oesicles incubated with 
45CaCl , 

In order to study the reversibility of the 
sodium-calcium exchange system, we equilibrated the 
vesicles with 45Ca prior to dilution in sodium-contain- 
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Fig. 8. Calcium efflux from vesicles incubated with 45CACI 2. Effect of 
extravesicular sodium and calcium. Vesicles were equilibrated with 2 
mM 45CAC!2 30 mM KCI/70 mM choline chloride/0.24 M 
sucrose/20 mM Tris-HC! (pH 7.5). Efflux was measured by dilution 
in 70 mM NaCI/10 mM EGTA (121); 70 mM choline chloride 10 mM 
EGTA ( • ) ,  or in CaCi2-HEDTA buffer yielding 20/~M free calcium 
concentration (®). The efflux solution in addition containing 30 mM 

KCI 1 #M valinomycin/0.24 M sucrose/20 mM Tris-HCl (pH 7.5). 
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ing or sodium-free solutions. The amount of calcium 
taken up by the vesicles after a 6 h incubation period 
was a hyperbolic function of the external calcium con- 
centration; saturation was calculated at 83 nmol/mg 
protein (data not shown). This value is within the range 
of intravesicular calcium conten~ determined experi- 
mentally (112 + 39 nmol/mg protein). In the experi- 
ment shown in Fig. 8, vesicles equilibrated for 3 h with 
2 mM 45CAC12 were diluted in calcium-free solution 
containing sodium or choline, or in a solution contain- 
ing choline and 20 #M free calcium. Sodium as well as 
calcium promoted the rapid efflux of the 45Ca trapped 
inside the vesicles, whereas choline failed to promote 
calcium efflux (Fig. 8). The results suggest that the 
exchanger acts reversibly and it catalyzes sodium-inside 
calcium uptake, sodium-outside calcium efflux, as well 
as calcium-calcium exchange. 

Discussion 

Sodium-calcium exchange 
The results obtained in this work are consistent with 

the presence of sodium-calcium exchange in T-tubule 
membranes from amphibian skeletal muscle. The T-tub- 
ule vesicles used in this study have the inside-out orien- 
tation [10]. Thus, calcium uptake by sodium-loaded 
vesicles reflects the calcium-extruding capacity of these 
membranes from the cytoplasm to the extracellular 
medium. 

That the observed calcium accumulation is due to 
sodium-calcium exchange is supported by the fact that 
replacement of intravesicular sodium by potassium 
gradually decreases calcium uptake, and also by the 
effect of monensin, a sodium ionophore, which lowers 
calcium uptake to the level observed in the absence of 
sodium. The 1o ,er-calcium uptake observed following 
sodium replacement by potassium is not due to an 
inhibitory effect of intravesicular potassium, since in- 
creasing intravesicular potassium increases calcium up- 
take in the absence of sodium (see below). Furthermore, 
similar values of uptake were obtained when LiC1, 
choline chloride or KCI replaced NaCI (Table I). 

In contrast to cardiac sarcolemmal vesicles where 
very little calcium accumulation is observed in the ab- 
sence of a sodium gradient [12], in T-tubule vesicles it 
accounts for 30-50% of the level obtained with a sodium 
gradient (Fig. 2, Table I). However, the exchange sys- 
tem in T-tubule vesicles shows a low rate of exchange 
compared to the rates reported in the literature for 
cardiac sarcolemmal vesicles, where the exchange rates 
are on average 30-times greater than in T-tubule vesicles. 
It is conceivable that the sodium-calcium exchange 
system is a minor membrane component in frog skeletal 
muscle, although in vivo conditions may account for 
rates higher than those found in vitro. The use of 
vesicles in transport studies has the disadvantage that 

due to their small size, intravesicular concentrations 
change very rapidly and initial velocities are difficult to 
measure. As far as our detection methods allow, our 
measurements were done on the initial rate (Fig. 1B), 
most of them within 5 or 10 s of uptake. Furthermore, 
rates of exchange similar to these of isolated T-tubule 
membranes have been reported in chicken cardiac 
sarcolemma [26], pituitary plasmatic membrane [27] and 
bovine adrenal cells [28]. 

The response of the sodium-dependent calcium up- 
take in T-tubule vesicles to valinomycin-induced mem- 
brane potential is consistent with an electrogenic pro- 
cess, with at least 3 sodium ions exchanging for each 
calcium. The relatively low stimulation obtained after 
valinomycin addition might reflect a high intrinsic 
potassium permeability in T-tubule membranes, so that 
a positive intravesicular potential may develop even in 
the absence of valinomycin. 

The electrogenic nature of the exchange is further 
supported by the 240% increase of activity obtained by 
changing the intravesicular membrane diffusion poten- 
tial from - 5 9  to + 59 mV. Although we did not mea- 
sure the membrane potential obtained, We assume that, 
in the short time used to measure the uptake (15 s), no 
appreciable dissipation of the potassium gradient had 
taken place. If this had been the case, non-linear rates 
of exchange, instead of the linear rates we measured in 
15 s, would have been obtained. Changes in potassium 
concentration had no effect on sodium-calcium ex- 
change; in consequence, the effect of the potassium 
gradient can be ascribed entirely to membrane poten- 
tial. 

Sodium-calcium exchange in this preparation shows 
a relatively high affinity for calcium (apparent K0.5 = 3 
#M). Although affinity constants of this magnitude 
have been determined in other cells, values reported for 
cardiac sarcolemmal sodium-calcium exchange systems 
are, on the average, one order of magnitude higher. 
Moreover, there is a broad range of affinity constants 
reported, with differences up to two orders of magni- 
tude among them. This variability has been attributed 
to the many factors that modify the exchanger activity 
increasing its calcium affinity. One of these factors is 
the intravesicular calcium activation, which modifies the 
kinetic behavior from a linear relationship between ini- 
tial rate and external calcium concentration, which 
shows no saturation in EGTA-treated vesicles, to 
Michaelis-Menten kinetics in vesicles treated with 
calcium [29]. If the same regulation operates in skeletal 
muscle, the high endogeao, ls calcium content in our 
T-tubule vesicles can account for the low K0. 5 reported 
by maintaining a fully activated exchange system. 
Moreover, in many cases, constants were determined 
without calcium buffers. The impossibility of keeping 
precise micromolar calcium concentrations under these 
conditions can account for the differences reported. The 



sodium-calcium exchange reaction seems to have a 
sigmoidal dependence on the internal sodium con- 
centration, suggesting a high degree of cooperativity in 
the binding of sodium. This would be expected if the 
stoichiometry of the exchanger is 3 sodium ions per 
each calcium transported. 

Calcium-calcium exchange 
It is likely that calcium uptake in the absence of 

sodium proceeds by calcium-calcium exchange with 
endogenous intravesicular calcium; the similar degree of 
amiloride inhibition of calcium uptake obtained in 
vesicles loaded with sodium, or with other monovalent 
ions, suggests that the same transporter may be operat- 
ing in both cases. The lack of valinomycin effect and 
the insensitivity to changes in membrane potential from 
- 5 9  to +59 mV in choline-loaded vesicles are in 
agreement with the operation of an electroneutral mech- 
anism of uptake. Furthermore we obtained similar 
calcium affinities for calcium-calcium exchange 
(calcium uptake in choline-loaded vesicles) and 
sodium-calcium exchange, suggesting that the external 
calcium affinity of the exchanger is independent of 
internal sodium. 

In order to carry out calcium-calcium exchange, the 
isolated T-tubule vesicles must have intravesicular free 
calcium at a concentration high enough to carry out the 
exchange reaction. We found that the T-tubule vesicles 
had a very high calcium content (112 nmol/mg protein); 
assuming an intravesicular lumen of 4 t~l per mg pro- 
tein, similar to that of SR vesicles [30], this calcium 
content would correspond to a free i ntravesicular 
calcium concentration of 28 mM. Most likely, a large 
fraction of this calcium is bound to luminal T-tubular 
components, a finding which may have important phys- 
iological implications. But even if 99% of this calcium is 
bound, the remaining free calcium would have a con- 
centration of 0.28 mM, and in other vesicular systems 
only micromolar calcium concentrations are required to 
carry out efficient calcium-calcium exchange [23]. 

Calcium uptake in choline-loaded vesicles was 
activated by intravesicular potassium. In many systems 
it has been shown that calcium-calcium exchange is 
activated by monovalent cations, including potassium, 
lithium or even sodium in low concentrations [23,24]. It 
is likely that this potassium-activated calcium uptake in 
T-tubule vesicles proceeds via calcium-calcium ex- 
change with endogenous calcium. 

External calcium promoted calcium efflux from 
45Ca-loaded vesicles, which further supports the idea 
that calcium uptake in the absence of sodium takes 
place via calcium-calcium exchange. Although sodium 
was also able to induce calcium efflux, indicating that 
the exchanger also operates 'm the reverse mode, it was 
less effective than calcium. The most likely explanation 
for this finding is that the T-tubules have intravesicular 
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calcium-binding sites, which exchange efficiently with 
external calcium but not with sodium. Alternatively, the 
sodium concentration inside the vesicles might rapidly 
reach a value high enough to inhibit further exchange 
[12]. In any case, it has been shown in the squid axon 
[31] that the exchanger exhibits an asymmetrical behav- 
ior with precludes straightforward comparisons between 
the forward and the reverse modes of the exchange 
reaction. 

From the results presented here, we can conclude 
that T-tubule membranes from skeletal muscle display 
sodium-calcium (and calcium-calcium) exchange activ- 
ity. It is probable that this system plays a role in the 
regulation of intracellular calcium concentration after 
increased muscular activity or after tetanic stimulation, 
conditions which cause a significant increase in 
intracellular calcium concentration. 
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