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Summary. The Ca a + permeability of rabbit skeletal muscle sarco- 
lemmal vesicles was investigated by means of radioisotope flux 
measurements. A membrane vesicle fraction highly enriched in 
sarcolemma, as revealed by enzymatic markers, was obtained from 
the 22-27% region of sucrose gradients after isopycnic centrifuga- 
don. The ability of sarcolemmal vesicles to exchange Na + for 
Ca 2 + was investigated by measuring Ca 2 + influx into and efflux 
from sarcolemmal vesicles in the presence and absence of a Na + 
gradient. It was found that Ca z + movements were enhanced in 
the direction of the higher Na + concentration. When intra- and 
extravesicular Na + concentrations were high, Na + - Na + exchange 
predominated and Na + - C a  x § exchange was low or absent. The 
presence of the Ca 2+ ionophore A23187 in the dilution medium 
resulted in the rapid release of Ca 2 + and the elimination of the 
Na +-enhanced efflux of Ca a +, suggesting that internal rather than 
bound external C a  2 + was exchanged with Na +. La 3 + abolished 
Na + - Ca 2 + exchange and decreased overall membrane permeabili- 
ty. Na + - C a  2 § exchange was not due to sarcoplasmic reticulum 
or mitochondrial contaminants. This investigation suggests that 
skeletal muscle, like cardiac muscle and neurons, is capable of 
a transmembranous Na + -- Ca 2 + exchange. 
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Introduction 

I n f o r m a t i o n  c o n c e r n i n g  C a  2 + t r a n s p o r t  m e c h a n i s m s  

a c r o s s  t h e  s a r c o l e m m a  1 o f  v e r t e b r a t e  ske l e t a l  m u s c l e  

is l i m i t e d  a t  p r e s e n t .  I t  h a s ,  h o w e v e r ,  b e e n  k n o w n  

fo r  m o r e  t h a n  t w o  d e c a d e s  t h a t  r e s t i n g  ske l e t a l  m u s c l e  

p o s s e s s e s  a C a  2 + " l e a k "  i n f l u x  a n d  t h a t  u n d e r  n o r -  

m a l  c o n d i t i o n s  t h i s  C a  z + e n t r y  is i n c r e a s e d  s e v e r a l  

f o l d  d u r i n g  m u s c l e  ac t i v i t y  [3, 4, 9]. T h u s  t o  m a i n t a i n  

a s t e a d y - s t a t e ,  C a  2 + m u s t  b e  e x t r u d e d  f r o m  m u s c l e  

f i be r s  a g a i n s t  a n  e l e c t r o c h e m i c a l  g r a d i e n t  [28]. Es t i -  

m a t e s  h a v e  b e e n  m a d e  t h a t  r e s t i n g  ske l e t a l  m u s c l e  

cel ls  u se  a p p r o x i m a t e l y  1 %  o f  t h e i r  e n e r g y  t o  m a i n -  

t a i n  t h e  C a  2 + g r a d i e n t  a c r o s s  t h e i r  s a r c o l e m m a  [3, 

121. 

t The sarcolemma is defined as consisting of two components: 
the surface membrane proper and the invaginations of the surface 
membrane into the muscle cell known as the transverse-tubular 
system (T-system). 

T w o  m e c h a n i s m s  o f  C a  2 + t r a n s p o r t  a c r o s s  m a m -  

m a l i a n  s a r c o l e m m a  a r e  a n  A T P - d r i v e n  p u m p  a n d  a 

N a  + -  C a  2 + e x c h a n g e  sys t em.  B o t h  C a  z § t r a n s p o r t  

s y s t e m s  h a v e  b e e n  r e c e n t l y  i d e n t i f i e d  in  m e m b r a n o u s  

ves ic le  f r a c t i o n s  i s o l a t e d  f r o m  c a r d i a c  m u s c l e  [2, 7, 

22,  24,  25]. I n  r a b b i t  ske l e t a l  m u s c l e ,  a n  A T P - e n e r -  

g i zed  C a  2 + p u m p  h a s  b e e n  d e m o n s t r a t e d  in ves ic le  

f r a c t i o n s  e n r i c h e d  in  t r a n s v e r s e - t u b u l e  [5]. P h y s i o l o g i -  

ca l  s t ud i e s  w i t h  i n t a c t  m u s c l e  cel ls  h a v e  d e m o n s t r a t e d  

N a  + -  C a  2 + e x c h a n g e ,  w h e r e  t r a n s m e m b r a n e  m o v e -  

m e n t  o f  C a  2 + is d i r e c t l y  l i n k e d  t o  r e c i p r o c a l  m o v e -  

m e n t s  o f  N a  +, in  f rog  ske l e t a l  m u s c l e  [6, 8] a n d  g u i n e a  

p ig  d i a p h r a g m  [31]. I n  t h i s  r e p o r t  we p r o v i d e  e v i d e n c e  

t h a t  s a r c o l e m m a l  ves ic les  i s o l a t e d  f r o m  r a b b i t  ske l e t a l  

m u s c l e  a r e  a l so  c a p a b l e  o f  c a t a l y z i n g  t h e  e x c h a n g e  

o f  N a  + fo r  C a  2 +. 

Materials and Methods 

Materials 

Analytical grade reagents were used. 86Rb, 22Na, 45Ca and [fruc- 
tose-l-3H]-sucrose were obtained from New England Nuclear~ Bos- 
ton, MA. 

Preparation of Vesicles 

The sarcolemma[ vesicles used in this study were prepared by zonal 
gradient centrifugation. Rabbits ( ~  3 kg) were killed by the injec- 
tion of 180 nag nembutal. The white muscle of the back and legs 
were removed in the cold, cut into small pieces, and homogenized 
in aliquots of 40 g in 320 ml of 0.3 ra sucrose with two 30-sec 
bursts in a Waring Blendor set at high speed. The homogenate 
was centrifuged in a Sorvall centrifuge for 12 min at 8,000 • 
The supernatants ( ~  1,500 ml) were decanted throug]h eight layers 
of cheesecloth, placed in a Beckman Ti 15 zonal rotor and acceler- 
ated to 3,000 rpm. A discontinuous 20/50% sucrose interface was 
created by pumping in 100 ml of 20% sucrose followed by 150 ml 
of 50% sucrose. After centrifugation for 3 hr at 29,000 rpm, a 
crude rabbit skeletal muscle "microsomal fraction" present at the 
20/50% interface was collected, diluted 1 : 1.5 with H20, and centri- 
fuged for 75 min at 33,000 rpm (90,000 x g) in a Beckman 35 rotor. 
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Table 1. Yield and enzymatic marker activities of sucrose gradient fractions derived from rabbit skeletal muscle 

Fraction % sucrose Yield "Basic" Leucyl fl-naph- 32p-labeled Succinate-cyto- 
ATPase thylamidase phosphoenzyme chrome c reductase 

(mg protein/ (~tmol/mg (~mol/mg (nmol/mg (gmol/mg 
1,000 g muscle) protein/min) protein/rain) protein) protein/rain) 

CF 2886 0.25 0.0 l 2.20 
1 19 22 10 3.27 0.08 0.20 0.002 
2 22-27 29 4.50 0.12 0.25 0.008 
3 2%29 17 3.48 0.10 0.52 0.012 
4 29 31 275 0.84 0.04 1.73 0.014 
5 31-36 568 0.26 0.01 4.50 0.066 
6 36-45 525 0.16 0.0l 3.20 0.240 

Crude microsomal fractions (CF) and sucrose gradient fractions (1-6) were obtained and enzymatic assays were carried out as described 
in Materials and Methods. The data are the average of three preparations. Standard errors were less than _+ 10%. % sucrose - region 
of gradient from which vesicular fraction was obtained 

Pellets were collected in approximately 25 ml of 0.5 ~ sucrose, 
2 mM K Hepes (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid), pH 7.2, frozen and stored at - 7 0  ~ 

Microsomal fractions from four rabbits were combined after 
rapid thawing at 32 ~ and diluted with KCI to a final concentra- 
tion of 0.25 M sucrose, 0.45 M KC1, 5 mM K Hepes, pH 7.1. The 
vesicle suspension was kept at 2 ~ for 4 hr, then subjected to 
sucrose isopycnic zonal centrifugation at 29,000 rpm in a Beckman 
Ti 15 for 18 hr on a 1,000-ml continuous 20-50% sucrose gradient 
containing 50 mM KC1 and 10 mM K Hepes, pH 7.1. After decelera- 
tion to 2,000 rpm the gradient was pumped out with 55% sucrose, 
fractions were collected, diluted with H20 and centrifuged at 
33,000 rpm (90,000 xg) for 75 min in a Beckman 35 rotor. The 
pellets were taken up in 0.5 M sucrose, 4 mM K Hepes, pH 7.1, 
and stored at - 7 0  ~ until use. Control experiments with unfrozen 
fractions indicated that initial freezing and thawing during vesicle 
preparation did not appreciably affect Na + - Ca 2 + exchange activi- 
ty. Final gradient fractions were, however, frozen in small aliquots 
since a decline in the rate of Na + - C a  2 + exchange was seen with 
repeated thawing and freezing of the purified vesicles. 

Isotope Flux Measurements 

Unless otherwise indicated, isotope flux measurements were carried 
out at 22 ~ Vesicle incubation was as outlined in the figure 
legends. Briefly, vesicles were incubated in the experimental media 
for 4 hr at 22 ~ After incubation vesicles were centrifuged for 
30 min at 20,000 rpm (33,000xg) in a Beckman 42.1 rotor. The 
pellet was taken up in a minimum amount ( ~ 0.2 ml) of the original 
incubation mixture at a concentration of approximately 5 mg/ml 
protein. In those experiments involving 45Caa + efflux the vesicles 
were first osmotically shocked in a 4SCaZ + solution of low osmo- 
lality to ensure rapid 4SCa 2 + entry into the vesicles, then incubated 
in the media for an additional 4 hr. Efflux or influx of radioactive 
compounds from or into the vesicles was initiated by diluting vesi- 
cles 200-fold into a dilution medium under rapid mixing. The 
reaction was followed by placing aliquots at various time intervals 
on a 0.45 gm HAWP Millipore filter followed by rapid rinsing 
(3 x ) with unlabeled medium. The radioactivity retained on the 
filters was counted in 4.5 ml of a scintillation liquid which com- 
pletely dissolved the filters. The fluid contained 60 g naphthalene, 
4.2 g 2,5-diphenyloxazole, 180 mg 1,4-bis-[2-(5-phenyloxazolyl)] 
benzene and 20 ml of water in 900 ml dioxane. Counting of singly 
and doubly labeled samples was carried out in a LKB Liquid 
Scintillation System, using mini vials. 

Biochemical Assays 

Protein was determined by the procedure of Lowry et al. [17] using 
bovine serum albumin as a standard. Free Ca 2 + concentrations 
were determined with a HNU systems (Newton Upper Falls, MA) 
Ca 2 + electrode. Mg 2 +- or Ca z +-activated ("basic") ATPase [18] 
was determined at 32 ~ in 2 ml of a medium containing 10 mM 
K Hepes, 0.1 M KC1, 2.5 mM ATP, 6 mM Mg 2+ plus 1 mM EGTA 
(ethyleneglycol bis-[/?-aminoethyl ether]-N, N'-tetraacetic acid), 
pH 7.3. The reaction was started by the addition of ATP and 
stopped after 5 and 10 min with 0.7 ml of 1.5 N HCIO4. Inorganic 
phosphate was determined on 1 ml of the protein-free supernatant 
[10] using Elon as a reducing agent. The enzyme concentration 
used resulted in less than 10% hydrolysis of ATP. The concentra- 
tion of the Ca 2 +-dependent, 32p-labeled phosphoenzyme interme- 
diate of sarcoplasmic reticulum was measured as previously de- 
scribed [20]. Leucyl-]~-naphthylamidase activity was determined at 
32 ~ by the method of Goldbarg and Rutenberg [14]. Succinate- 
cytochrome c reductase activity was estimated at 32 ~ according 
to Fleischer and Fleischer [11]. 

Results 

Properties of Sarcolemmal Fractions 

T h e  s a r c o l e m m a l  f r a c t i o n s  u s e d  fo r  th is  s t u d y  w e r e  

d e r i v e d  f r o m  t h e  2 2 - 2 7 %  r e g i o n  o f  t he  s u c r o s e  g ra -  

d ient .  Th i s  r e g i o n  w a s  f o u n d  to  be  e n r i c h e d  in t w o  

s a r c o l e m m a - a s s o c i a t e d  ac t iv i t ies ,  " b a s i c "  A T P a s e  

[18] a n d  l e u c y l / ~ - n a p h t h y l a m i d a s e  [29] (T ab l e  1). T h e  

level o f  3 2 P - p h o s p h o e n z y m e  i n t e r m e d i a t e  a n d  succ in-  

a t e - c y t o c h r o m e  c r e d u c t a s e  ac t iv i t ies  w e r e  u s e d  to  

i n d i c a t e  t he  p r e s e n c e  o f  s a r c o p l a s m i c  r e t i c u l u m  [30] 

a n d  i n n e r  m i t o c h o n d r i a l  m e m b r a n e s  [11], r e s p e c t i v e -  

ly. T h e  t w o  l a t t e r  ac t iv i t ies  w e r e  l o w  in  m e m b r a n e s  

r e c o v e r e d  f r o m  the  22 2 7 %  s u c r o s e  r eg ion .  All  r e su l t s  

were  c o n s i s t e n t  w i t h  t he  v iew t h a t  t h e  2 2 - 2 7 %  s uc rose  

r e g i o n  w a s  g rea t ly  e n r i c h e d  in a n d  ch ief ly  c o m p o s e d  

o f  m e m b r a n e s  d e r i v e d  f r o m  the  s a r c o l e m m a .  

S a r c o l e m m a l  f r a c t i o n s  d e r i v ed  f r o m  t h e  2 2 - 2 7 %  

r e g i o n  o f  t he  s u c r o s e  g r a d i e n t  w e r e  c a p a b l e  o f  en-  
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hanced D-glucose (3.1 nmol /mg protein/rain) versus 
L-glucose (2.1 nmol/mg protein/rain) uptake. A maxi- 
mal D-glucose isotope space of  1.5 3.0 ~fl/mg protein 
suggested that an appreciable fraction of these mem- 
branes were present in the form of enclosed vesicular 
compartments.  

Calcium Flux Experiments 

Ca 2+ movements  across sarcolemmal vesicles were 
studied in the presence and absence of Na  + gradients 
by incubating the vesicles in 45Ca2+ medium and 
observing 45Ca z+ effiux upon dilution into media 
of  varying composition, or by observing 45Ca2 + in- 
flux into vesicles incubated in either K + or Na  + me- 
dia. 

The initial experiments were designed to determine 
the effect of  extravesicular Na  + on the rate of  45Ca2 + 
efflux from sarcolemmal vesicles. Vesicles were equili- 
brated in media containing 100 mM KC1, 2 m u  Mg 2 +, 
and 30 gM Ca / + with trace amounts  of  45Ca2 +. Vesi- 
cles were then diluted 200-fold into KC1 media con- 
taining increasing amounts  of  Na  + (Fig. 1). Dilution 
media contained either 1 mM EGTA,  to maintain ex- 
ternal Ca /+  at a concentration of less than 10 -7 M, 
or 1 mM La 3 +. As will be shown below (Fig. 4), La 3 + 
" t igh tens"  sarcolemmal vesicles, rendering them less 
permeable to non-mediated ion fluxes and eliminating 
N a + - C a  2+ exchange. Figure 1 demonstrates that 
as the extravesicular Na  + concentration was increased 
f rom 0 to 100 raM, in media containing 1 mM EGTA,  
an enhancement in 45Ca2+ efflux was observed. 
4 5 C a 2 +  e f f l u x  w a s  approximately half-maximal at 
10 mM external Na  + and nearly maximal  at 50 mM 
external Na +. 

Our explanation for Na  +-mediated 45Ca2 + efflux 
is that skeletal muscle sarcolemma is capable of  
N a + : C a  z+ exchange, as has been demonstrated for 
vesicles derived f rom heart sarcolemmal membranes  
[2, 22, 24, 25]. In agreement with such an interpreta- 
tion were the following observations. First, in the 
presence of the ionophore A23187, greater than 95% 
of 45Ca~ + was rapidly released f rom the vesicles in 
K + or Na  + media (Fig. 2), an indication that the 
retained 45Ca2 + was trapped inside the vesicles. The 
elimination of  Na  +-mediated Ca 2 + efflux in the pres- 
ence of A23187 also suggested that the increased loss 
i n  45Ca2 + in the presence of extravesicular Na  + was 
due to greater efflux of internal Ca 2 + rather than 
Na + replacement of  externally bound Ca z +. Second, 
filling the vesicles with 100mM Na  + instead of 
100 mM K + gave identical 45Ca2+ efflux on dilution 
into 100 mM K + or 50 mM K + plus 50 mM Na + media 
(data not shown). Thus as shown for the cardiac 
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Fig. 1. Measurement  of  45Ca2 + efflux from sarcolemmat vesicles 
in the presence of various amounts  of  extravesicular Na  +. Sarco- 
lemmal vesicles (Fraction 2 of Table 1) present in 0.5 M sucrose, 
4 mM Hepes, pH 7.1, were osmotically shocked by 10-fold dilution 
into 30 ~tM 4SCaClz, incubated at 20 ~ for 4 hr  in 100 mM KC1, 
2 mM MgClz,  30 gM 45CAC12, 20 mM Hepes, pH 7.3, and centri- 
fuged for 30 rain at 20,000 rpm (33,000 xg)  in a 42.1 rotor. The 
pellets were taken up at a concentration of ~ 5 mg/ml  in the incuba- 
tion medium. 45Ca 2 + efflux was initiated by diluting the vesicles 
200-fold into a medium containing 20 mM Hepes, pH 7.3, 2 mN 
MgC12, 100 mN KC1 and 1 mM La 3+ ( x ) ,  or 1 mz~r EGTA and 
either 0 mM (e),  1 mM (") ,  10 mM (o),  50 mM (c~), or 100 mM 
(A) NaC1. Where NaC1 was less than  100 mM, KCI was added 
to maintain osmolality. Aliquots of  0.4 ml were caught  on Millipore 
filters and rinsed. Efflux of 45Caa + was determined by measuring 
the amoun t  of  radioactivity ( c f  Materials and Methods) remaining 
with the filters. Amoun t s  initially present in the vesicles were deter- 
mined by extrapolating back to zero time the 4SCa2 + effiux curves 
in the presence of 1 mM La 3 +. Data  are the average of four experi- 
ments,  sE were less than  _+ 10% within a given preparation 

Ca 2 + : Na  + exchange system [25], internal Na + could 
block Na+-media ted Ca 2 + efflux. Third, sarcoplas- 
mic reticulum (Fraction 5 of Table 1) and mitochon- 
drial (Fraction 6 of  Table 1) enriched fractions did 
not demonstrate significant Na +-mediated '5Ca2 + ef- 
flux (data not shown). Fourth, Na+-media ted Ca 2 + 
effiux from sarcolemmal vesicles was abolished by 
1 mM La 3 + (see below), a blocker of t ransmembrane 
Ca 2+ movements  [16, 21, 24, 27]. 

Figure 2 compares the effect of  1 mM La 3 + on 
Ca 2 + efflux when added prior to vesicle dilution and 
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Fig. 2. Effect of  La  3 + on Ca z + efflux f r o m  sa rco l emmal  vesicles. 

Sarcolemmal vesicles were filled with 100 mM KC1, 2 mM Mg z+, 
30 gM 45CaZ+ and 20 mM Hepes, pH 7.3, as described in Fig. 1. 
CSCa2 + efflux was initiated by diluting the vesicles 200-fold into 
media containing 100 mM K + (open symbols) or 50 mu Na + plus 
50 mM K + (filled symbols), 2 mM Mg 2+, 20 mN Hepes, pH 7.3, 
0.1 mM EGTA (o, e), or 0.1 mM EGTA plus 1 mM La 3+ (u, m) 
or 0.1 mM EGTA plus the ionophore A23187 (2 gg/ml) (v, T). 
In a second type of experiment 1/100 volume of 100 mM La 3+ 
in release medium was added to vesicles, at 6 (zx, A) or 65 (o, *) 
sec time points, already present in release medium. Aliquots of 
0.4 ml were caught on Millipore filters, rinsed, and counted (cf. 
Materials and Methods) 

at 6 and  65 sec after the initial  vesicle d i lu t ion  into 
Na  § or K § media. There was a rapid initial  release 
of Ca z § that  could be blocked by the prior addi t ion  
of 1 mM La 3+. At  6 sec, a consistent  difference in 
the a m o u n t  of Ca 2+ efflux in K + and Na  + media 
was observed. The a m o u n t  of Na+-media ted  45Ca 2 + 
efflux increased at the 65 sec t ime point .  The addi t ion  
of  La 3 + at each t ime poin t  slowed subsequent  Ca 2 + 
efflux from the vesicles in both  K + and  Na  + media  
so that  no Na+-med ia t ed  C a  2 + efflux was seen in 
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Fig. 3. Measurement of Na+-mediated 45Ca2+ influx into sarco- 
lemmal vesicles. Sarcolemmal vesicles were incubated at 22 ~ for 
4 hr in 100 mM KCI (zx) or 50 mN KC1 plus 50 mM NaC1 (�9 
[], o, =), 2 m g  MgC12, 90 gN EGTA, and 20 mN Hepes, pH 7.3. 
Vesicles were then centrifuged for 30 min at 20,000 rpm (33,000 x g) 
in a 42.1 Beckman rotor and taken up in the original incubation 
solution at a concentration of ~5  mg]ml. Vesicles were diluted 
200-fold into the indicated incubation medium except that 30 gM 
r was substituted for 100 gM EGTA. In experiments involv- 
ing La 3 +, La 3 + was present in the dilution medium at a concentra- 
tion of 1 mM. At the indicated time points, 0.4 ml aliquots were 
placed on a 0.45 I~m Millipore filter and rapidly rinsed with dilution 
medium. Radioactivity remaining with the vesicles was determined. 
Data are the average of a minimum of six experiments and standard 
errors were less than + 10% 

the presence of 1 m g  La a+. Differences in N a + - m e  - 
diated and  -nonmedia ted  45Ca 2 § efflux prior  to the 

addi t ion  of La 3§ were, however, preserved in the 
presence of La s 4. 

When  vesicles were pre incubated  at 30 gM Ca 2 § 
in the presence of 100 mM KC1 and  2 mM Mg 1+ and  
diluted into KC1 med ium conta in ing  1 mM La 3§ 

abou t  1.25-1.35 nmol  4SCa/+/mg prote in  were re- 
ta ined by the vesicles on the filters (Figs. 1 and  2). 
This value corresponded to an  apparen t  45Ca 2 § space 
of  abou t  40 gl /mg protein.  At  1 mM Ca z+ the 45Ca2§ 

space decreased to about  10g l / mg  protein  (not 
shown). For  compar ison,  3H-sucrose spaces of abou t  
2 gl /mg protein  were measured.  Differences in isotope 
spaces suggested that  a large por t ion  of  r 2§ re- 
ta ined by the vesicles on the filters was present in 
an internal ly  b o u n d  form. 

45Ca2 + influx into sarcolemmal vesicles was inves- 

tigated in the presence and  absence of intravesicular  
Na  § Sarcolemmal  vesicles equi l ibrated in either 
100 mM KC1 or 50 mM KC1 plus 50 mN NaC1 were 
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Table 2. Initial rates of 45Ca 2 + efflux and influx 

81 

Composition ~5Ca2 + flux Na +-mediated 
rates at 3 sec increment 

Incubation medium Dilution medium 
Temperature (~ (nmol/mg prot/min) 

Ca 2+ effiux 100 KC1 ( - M g  2 +) 100 KC1 3.32+_ 1.24 3.11 +_ 1.73 
(20 ~ 100 NaC1 6.43 _+ 1.78 (P < 0.001) 

100 KCI+2 Mg 2+ 100 KCI+2 Mg 2+ 4.00 - 
(4 ~ 100 NaC1 + 2 M g  2 + 4.02 

100 KC1+2 Mg 2+ t00 KCI+2 Mg 2+ 4.06_+0.68 1.11 +_0.91 
(20 ~ 100 NaCI+2 Mg 2+ 5.17+ 1 . 1 3  (P<0.001) 

100 KCI+2 Mg 2+ 100 KCI+2 Mg z+ 4 . 5 8 _ + 0 . 7 0  1.44_+0.23 
(37 ~ 100 NaC1 + 2 M g  2 + 6.02 +_ 0.79 (P < 0.001) 

Ca 2+ influx 100 KCI+2 Mg 2+ 100 KCI+2 Mg 2+ 18.70_+0.40 2.41 _+0.76 
100 NaCI+2 Mg 2+ 100 KCI+2 Mg z+ 21.11 +_ 1.26 (P< 0.025) 
(20 ~ 

Initial 4SCa2 + efflux and influx rates from and into sarcolemmal vesicles were approximated as described 
in Figs. 2 and 3 by adding 1 mM La 3+ to the vesicles 3 sec after dilution. "Free" 45Ca 2+, as measured 
by a HNU systems Ca 2 + electrode, was present at a concentration of 45 gM and incubation and dilution 
media contained in addition to the indicated cations (in raM) 20 mNK Hepes at pH 7.2. Experimental 
temperatures were as indicated. In influx experiments, the intravesicular EGTA concentration was 1 raM. 
In effinx experiments, dilution media contained 100 gM EGTA. In both effiux and influx experiments 
2 gl of sarcotemmal vesicles (5 mg protein/ml) were placed in 0.4 ml of isoosmolal dilution medium. 
Exchange was carried out under rapid mixing and was stopped at 3 sec by the addition of 0.4 ml of 
reaction medium containing 2 mM La 3 +. An aliquot (0.7 ml) of the vesicle suspension was then immediately 
filtered. 4SCa2 + flux rates were calculated as the difference between the 3-sec time point and a "zero" 
time point derived by directly diluting vesicles into media containing 1 mM La 3 +. Standard deviations 
in the absence of Mg 2+ ( - M g  2+) and at 37 ~ are based on a minimum of six experiments. Other 
standard deviations are based on a minimum of 12 experiments. The relatively large standard deviations 
reflect experimental differences between preparations. Significance (P) was determined by Students t Test 
of significance for paired experiments. 

di luted into media  conta in ing  30 ~tM 45Ca2 + and ei- 

ther 100 mM KC1 or 50 mM KC1 plus 50 mM NaC1. 

F igure  3 demons t ra tes  that  Ca z + up take  into  the vesi- 

cles was enhanced  in the presence o f  an inside-outside 

N a  § gradient.  Tha t  a N a  § gradient  was necessary 
for the enhancement  o f  Ca 2-- up take  is indica ted  by 

the observa t ion  that  di lut ing vesicles incuba ted  in 

N a "  med ium into  Na  § m e d i u m  and vesicles incu- 

bated in K + m e d i u m  into K + m e d i u m  gave similarly 
reduced Ca 2+ up take  rates. Add i t i on  o f  1 mM La 3+ 

to the di lut ion media  greatly reduced 45Ca2" influx 

and essentially e l iminated  N a + - m e d i a t e d  influx 
(Fig. 3). 

Effects o f  t empera tu re  and Mg  2+ on the initial 

Ca 2 + efflux rates for sa rco lemmal  vesicles at 45 gM 

Ca 2 + are compared  in Table  2. Omiss ion  o f  2 mM 

Mg 2-- f rom the incuba t ion  and di lut ion media  en- 

hanced  N a ' - m e d i a t e d  Ca 2 + efflux. At  45 gM internal  
Ca 2+ the efflux rate  increased f rom 1.11 n m o l / m g  

p ro t e in /min  in the presence o f  Mg  / " to 3.11 n m o l / m g  
p ro t e in /min  in the absence o f  Mg  2+ Increases in 
N a  2" media ted  and nonmed ia t ed  45Ca2 § efflux rates 

were observed when 4Sea2 + efflux was measured  at 

37 ~ instead o f  20 ~ Na2+-med ia t ed  efflux was, 

on the other  hand,  abol ished when 45Ca2+ efflux 

was measured  at 4 ~ This  t empera tu re  dependence  
provides  addi t ional  evidence for an enzyme-media ted  

N a  + - Ca 2 + exchange reaction.  

Table  2 fur ther  shows that  Ca 2 + influx into the 

vesicles at 3 sec postdi lu t ion,  bo th  in the presence 

and absence of  a t r a n s m e m b r a n e  N a  2 + gradient ,  was 

faster than  the rates o f  Ca 2 + efflux f rom the vesicles: 

21.11 v s .  5.17 and 18.7 v s .  4.06 nmol  C a 2 §  pro-  

te in/min,  in the presence and absence o f  a Na  2 + gra- 

dient, respectively. One possible explana t ion  for these 

different rates is that  in the C a  z + influx exper iments  

vesicles were p re incuba ted  in 1 mM E G T A  for pro-  

longed periods.  The  E G T A  may affect the vesicular  

membranes  so as to make  them more  permeable  to 

Ca 2 ". On di lut ion Ca / " moves  into the vesicles more  

rapidly  than  dur ing efflux, where  the vesicles are only 

exposed to E G T A  for a short  period.  This interpreta-  
t ion is suppor ted  by f indings in pre l iminary  influx 

exper iments  that  at 200 gM external  Ca 2 +, uti l izing 

5-sec t ime points,  incuba t ion  in E G T A  increased non-  

media ted  Ca z § influx over  200% (not shown). E G T A  
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Fig. 4. 86Rb+, 3H-sucrose, and 2ZNa efflux from sarcolemmal vesicles. Sarcolemmal vesicles (5 mg protein/ml) were incubated for 
4 hr at 22 ~ in media containing either (A and B) 10 m~ 86RbC1, 30 mM 3H-sucrose, 90 mM KCI, 2 mN MgC12, 1 mN EGTA and 
20 m~ Hepes, pH 7.3 or (C) 10 mg 2ZNaC1, 30 mM sucrose, 90 mM KC1, 2 mM MgCI2, 1 mM EGTA and 20 mM Hepes, pH 7.3. Aliquots 
of vesicles were diluted 200-fold into 100mM Na + (e, x) or (A and B) 10mM Rb +, 90mM K + or (C) 100mM K + (o, u, x) 
medium containing 30 mM sucrose, 2 mM MgC12, 20 mM Hepes, pH 7.3 and either l mM EGTA (o, o), 1 mM Ca z+ (c~) or 1 mM 
La 3 + (x). Vesicles were caught on Millipore filters, rinsed, and radioactivity remaining with the vesicles on the filters was determined. 
All data are expressed as percent radioactivity remaining with vesicles on the filter. 100% was determined by extrapolating back to 
zero time the efflux curves in the presence of 1 mM La 3 + 

was used in inf lux exper iments  to ma in ta in  low free 
in ternal  Ca  2 + concen t ra t ions  and  increase the Ca 2 + 
capac i ty  o f  the  vesicles. 

The  effect of  a m e m b r a n e  po ten t ia l  ( inside nega-  
tive) was inves t iga ted  by  di lu t ing vesicles filled with 
KC1 and  45Ca 2 + into NaC1 m e d i u m  con ta in ing  the 
K +- ionophore  va l inomycin .  S i m i l a r  N a  +-media ted  
Ca 2 + efflux rates  were observed  in the presence and  
absence  of  the  ionophore .  

Kine t ic  pa r ame te r s  of  Ca  2+ influx were deter-  
mined  for one p r e p a r a t i o n  under  cond i t ions  similar  
to those  used in Table  2 except  tha t  the  concen t ra t ion  
o f  free ext raves icular  Ca  2+ was var ied  f rom 10 g ~  
to 1 raM. The  doub le  rec iproca l  L ineweaver -Burk  p lo t  
of  the da ta  y ie lded a 0.91 cor re la t ion  to a s t ra ight  
line with an appa ren t  K,, value  o f  28 ~tM Ca 2 + and  
a Vmax value o f  6.25 nmol  Ca 2 +/rag pro te in / ra in .  

22Na+, 86Rb+ and 3H-sucrose Flux Experiments 

The above  da ta  suggests tha t  skeletal  muscle  sarco-  
l e m m a  is capab le  o f  N a  + - C a  2 + exchange.  One 
might  expect  then  tha t  external  Ca 2+ will increase 
N a  + effiux f rom sa rco lemmal  vesicles as well. To  
test this hypothes is ,  vesicles filled wi th  10 mM 22NaC1 
were d i lu ted  into  KC1 med ia  con ta in ing  less than  
10-VM Ca 2+, or  1 mM free Ca 2+, or  1 mM La  3+. 

We also tes ted for N a  + - N a  + exchange and in con- 
t rol  exper iments  for 86Rb + and  3H-sucrose efflux in 
the  presence and  absence o f  La  3 + and  Ca 2 +. 

The  effect of  external  Ca  2 + and  L a  3 + on the  efflux 
of  86Rb+, a subst i tu te  for K +, and  3H-sucrose f rom 
the sa rco lemmal  vesicles is shown in Fig.  4A and  B. 
On d i lu t ion  into  an un labe led  m e d i u m  with  a c o m p o -  
si t ion ident ical  to  the  incuba t ion  med ium,  int ravesicu-  
lar  86Rb+ and  3H-sucrose levels decl ined wi thin  
10 rain pos t -d i lu t ion  by 47 and  36%,  respectively.  Di-  
lu t ion  of  the  vesicles into N a  + m e d i u m  re t a rded  
86Rb+ efflux, rais ing the poss ib i l i ty  tha t  the vesicles 
were capab le  o f  R b  + - R b  + exchange.  A d d i t i o n  o f  
1 mM La  3 + to  the  d i lu t ion  med ia  r e t a rded  bo th  86Rb+ 
and  3H-sucrose efflux. In  the presence o f  1 mM Ca 2 +, 
86Rb + and  3H-sucrose  efflux were also s lowed down,  
a l though  to a lesser extent.  Our  in t e rp re t a t ion  o f  the 
da ta  o f  Fig.  4A and B is tha t  ex t raves icular  La  3 + 
and  Ca 2 + act to " t i g h t e n "  the vesicles, thereby  ren- 
der ing t hem less pe rmeab le  to  n o n m e d i a t e d  ion  fluxes. 
In  add i t ion ,  it a p p e a r e d  that  L a  3 + inhib i ted  R b  + -  
R b  + exchange.  

The  effect o f  ext raves icular  ion compos i t i on  on 
22Na+ efflux f rom sa rco lemmal  vesicles is i l lus t ra ted  
in Fig.  4 C. On d i lu t ion  into the  con t ro l  KC1 m e d i u m  
the percent  of  2ZNa+ rad ioac t iv i ty  re ta ined  by  the 
vesicles decreased  to 57% of  the  ini t ial  value  within 
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the first 10 rain. A decrease to 51% within the first 
10 rain on dilution into Na  + medium was in accord 
with the ability of  the vesicles to exchange 22Na 
for Na. Placement of  the vesicles into K + or Na + 
media containing 1 mM La 3+ retarded Na + efflux 
f rom the vesicles and eliminated N a + - N a  + ex- 
change. The effect of  1 mN extravesicular Ca 2 + on 
22Na + efflux was somewhat variable. In some experi- 
ments, addition of 1 mM Ca 2 + to K + media showed 
no effect; in other experiments ZZNa+ efflux was 
slightly increased (Fig. 4 C). Lack of a clear depen- 
dence of = N a  + efflux on external Ca 2 + may have 
been due to the " t ightening"  effect of  Ca z + on overall 
membrane permeability (Fig. 4A and B). 

Discussion 

The results presented in this study demonstrate that 
22Na+ and 45Ca 2+ movements  are increased in the 
direction of  opposing Na  + gradients across sarcolem- 
mal vesicles derived from rabbit  skeletal muscle. 
N a + - C a  z+ exchange has not  been previously dem- 
onstrated in skeletal muscle vesicle preparations but 
has been the object of extensive recent investigation 
in cardiac muscle. We find that in skeletal muscle, 
as in heart muscle, La 3 + inhibits Na  + - Ca 2 + ex- 
change. We also find that  when intra- and extravesicu- 
lar Na  + concentrations are high no Na+-media ted  
Ca z+ flux is observed. Lowering the temperature to 
4 ~ eliminates Na  +-mediated Ca 2 + flux, while rais- 
ing it to 37 ~ increases it. This Na+-mediated in- 
crease is not observed in vesicle fractions enriched 
in sarcoplasmic reticulum or mitochondria.  Further, 
essentially all of  the 45Ca2 + retained by the vesicles 
on the filters seems to be trapped inside the vesicles 
since it is rapidly released on addition of A23187. 
The most  straight-forward interpretation of these 
results is that sarcolemmal vesicles derived from 
rabbit  skeletal muscle, like those f rom cardiac muscle, 
are capable of  Na  § - Na  + and Na + - Ca 2 § exchange. 

In heart, Km values for Ca 2 + and Na + have been 
calculated to be 18 gM and 12.5 raM, respectively [23, 
25]. We estimate that Na +-mediated Ca ~ + efflux f rom 
skeletal muscle sarcolemma has a K m of about  28 gM 
and is half-maximally stimulated at an external Na  + 
concentration of  approximately 10 raM. 

In studies of  Na  + - Ca 2 + exchange in cardiac vesi- 
cles derived from rabbit, Ca 2 + rapidly accumulated 
with an initial rate of  approximately 20-30 nmol /mg 
protein/min at an external Ca 2+ concentration of 
40 p.M [25]. For  comparison,  the rate of  exchange at 
3 sec observed in the present study for skeletal sarco- 
lemmal vesicles at 45 gM ~SCa 2 + was about  2.4 nmol/  
mg protein/min (Table 2). In principle, this lower rate 

of  exchange could be due to an exchange system with 
a low exchange rate, or it may, as discussed beJtow, 
reflect a high capacity, rapid turnover system present 
in only a small percentage of the vesicles. 

Enzymatic data as well as isotope flux and mem- 
brane polarization studies using the fluorescent dye 
3,3'dipentyl-2,2'-oxacarbocyanine [13, 19] indicate 
that our vesicle fraction (Fraction 2 of  Table 1) is 
of  heterogeneous origin, being composed primarily 
of  membranes derived f rom the sarcolemma, but con- 
taining also 10 30% contaminating sarcoplasmic re- 
ticulum depending upon the individual preparation. 
As a general rule, we found that sarcolemmal vesicles 
in comparison with sarcoplasmic reticulum vesicles 
are quite impermeable to small ions, including Ca 2 +. 
About  two-thirds of  the sarcoplasmic reticulum (SR)  
vesicle fraction is highly permeable to K + Rb + and 
Na + due to the presence of  a K +, Na + channel [t9]. 
Accordingly, we interpret the Ca 2 + flux data of the 
present study to indicate the presence of  four popula-  
tions of  vesicles in Fraction 2: two populations of  
S R  vesicles relatively permeable to Ca 2 +; a popula- 
tion of  impermeable sarcolemmal vesicles that are 
capable of  Na + - Ca 2 + exchange; and, finally, highly 
impermeable sarcolemmal vesicles that are not capa- 
ble of  N a + - C a  z+ exchange. The initial rapid efflux 
and influx components  would be mainly due to S R  

and under exchange conditions to the sarcolemmal 
vesicles containing the Na  § - Ca 2 + exchange system. 
The remaining slow efflux component  would re, pre- 
sent highly impermeable sarcolemmal vesicles lacking 
the Na  + - Ca z + exchange system. 

The existence of a N a + - C a  2 + exchange sy.~tem 
in only a fraction of the vesicles could explain some 
of the apparent  discrepancies observed in studies with 
skeletal and cardiac membrane  vesicles. In cardiac 
membrane vesicles, a membrane potential-stimulated 
Na  + - C a  2 + exchange has led to the suggestion of 
an electrogenic 3 : 1 Na + - Ca 2 § exchange system [21, 
22, 26]. The absence of a large stimulatory effect by 
membrane  potentials in our vesicle fraction may have 
been due to a lowering of nonmediated or passive 
Ca 2 + fluxes. For  example, a negative inside potential 
was formed on dilution of  vesicles containing K + 
and 45Ca2+ into a Na + medium in the presence of 
valinomycin. This inside negative potential would 
stimulate Ca 2+ efflux f rom vesicles containing a 
3:1 Na + - C a  z + exchange system [22]. On the other 
hand, it may act to slow nonmediated efflux of posi- 
tively charged Ca 2 + f rom the remaining large fraction 
of vesicles lacking the Na  + - C a  2 + system. A similar 
explanation may be given for our inability to demon- 
strate clearly enhanced 22Na+ flux rates in the/pres- 
ence of a Ca 2 + gradient. A reduction of overall mem- 
brane permeability in all vesicles by Ca z + (Fig. 4) 
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would be expected to mask the increase in Ca 2+- 
mediated 22Na + efflux in the small vesicle population 
possessing Na + - Ca 2 + exchange. 

Finally, it may be noted that a possibility we can- 
not totally rule out at present is that our preparation 
contained vesicles derived f rom the plasmalemma of 
cells other than skeletal muscle and that these contam- 
inating vesicles were responsible for the observed 
Na §  2 + exchange activity. In this case, it would 
have to be postulated that the contaminating vesicles 
accounted for at least 10% of the total vesicle popula- 
tion. It should be noted, however, that studies with 
intact frog skeletal and guinea pig diaphragm muscle 
cells have demonstrated Na  § - Ca 2 + exchange [6, 8, 
31]. 

Unlike cardiac muscle, excitation-contraction cou- 
pling in skeletal muscle is not believed to be depen- 
dent on external Ca z§ [1]. It  is therefore unlikely 
that the Na + - C a  2 § exchange system has a specific 
role in the process of  excitation-contraction coupling 
in skeletal muscle. On the other hand, the Na §  
Ca /§  exchange system might, in conjunction with 
a Ca 2§ [5], act to remove Ca 2 § that enters 
the sarcoplasm in direct response to an action poten- 
tial or as a leak current [3, 4, 9, 15]. 

This research was supported by a grant of the U.S. Public Health 
Service (AM18687). 
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