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(1) Effects of cellular sodium on the 4SCa uptake of isolated guinea-pig diaphragm and atria were studied. (2) Cel- 
lular sodium and calcium contents were higher in diaphragm compared to atria after incubating the tissues in 
normal Krebs.Henseleit solution. (3) Cellular sodium content in atria and diaphragm were reduced signficantly by 
incubating the tissues in high potassium Krebs-Henseleit solution (K + = 34.7 mM), while it was increased by incu- 
bating the tissues in the ice-cold low potassium and low calcium Krebs-Henseleit solution (K + = 0.65 mM, Ca 2÷ = 
0.2 mM). Cellular potassium content was changed inversely to the sodium content. (4) In atria, cellular content 
of calcium was not altered significantly by the above conditions. But in diaphragm, the cellular content of calci- 
um was decreased slightly but significantly after incubation in the ice-cold low potassium and low calcium Krebs- 
Henseleit solution. (5) At normal cellular sodium levels, the 4SCa uptake of both tissues was similar. (6) The 
reduction of the cellular sodium content caused a significant decrease in the 4SCa uptake into both tissues. (7) 
When the cellular sodium content was increased in atrial preparations, a marked increase in the 4SCa uptake was 
observed. On the other hand, in diaphragm preparations, only a slight increase was observed, even when cellular 
sodium content was much higher than the normal level. (8) These results indicate that even when the intracellular 
sodium is increased by some physiological of pharmacological events, calcium influx through Na*/Ca 2+ exchange 
mechanism is very slight and slow in diaphragm. 

Introduction 

Na÷/Ca 2÷ exchange is a mechanism by which trans- 
membrane movement of calcium is directly coupled 
to a reciprocal movement of sodium [1-3] .  In a 
variety of excitable tissues, the Na*/Ca 2÷ exchange 
mechanism has been demonstrated and recognized as 
an important calcium entry or exit mechanism in 
response to various physiological and pharmacological 
stimuli [1-4] .  In cardiac and smooth muscles, condi- 
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tions which increase intracellular sodium concentra- 
tion enhance the Na*/Ca 2÷ exchange mechanism 
[3-7] .  It has been suggested that in cardiac tissues, 
the Na*/Ca 2÷ exchange mechanism contributes, at 
least partly, to the entry mechanism of contractile 
calcium on a beat-to-beat basis [8], and also plays an 
important role as a mediator of positive inotropic 
action of cardiac glycosides [9,10] and veratrum 
alkaloids [11,12]. In vascular smooth muscles, low 
potassium concentration medium or cardiac glyco- 
sides induce the muscle contraction and these contrac- 
tions may be produced through a Na*/Ca 2÷ exchange 
mechanism following the accumulation of cellular 
sodium by the above treatments [7,13]. It is widely 
known that cardiac [14] and some smooth muscles 
[15,16] depend upon extracellular calcium as a major 
source of contraction. On the other hand, skeletal 
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muscles are primarily dependent upon intracellular 
calcium stores [17], suggesting that transmembrane 
calcium movement is different in these two groups of 
tissues. However, information regarding Na÷/Ca 2÷ 
exchange of skeletal muscle is rather limited [3]. 
Therefore, we investigated the Na÷/Ca 2÷ exchange 
mechanism of skeletal muscle in comparison with 
cardiac tissue by employing isolated guinea-pig 
diaphragm and atria. 

Materials and Methods 

Intracellular sodium-activated 4SCa uptake was 
determined according to the method of Glitsch et al. 
[5] with minor modifications. 

Left atria and diaphragm strips (approx. 3 mm 
wide, 5 mm long and less than 1 mm thick) were ob- 
tained from male guinea-pigs weighing 250-300 g. 
Tissue preparations were preincubated for 30 min at 
35°C in Krebs-Henseleit solution of the following 
composition (raM); 118.0 NACI/24.9 NaHCO3/4.7 
KC1/1.2 NaH2PO4/1.2 MgSO4/1.8 CaCI2 / 11.1 glu- 
cose. Tissue preparations were either left in this solu- 
tion for another 45 min or transferred into different 
solutions in order to alter the intracellular sodium 
content. Intracellular sodium was reduced by soaking 
the preparations for 45 min in modified Krebs- 
Henseleit solution containing 34.7 mM KC1, 30 mM 
NaC1 of the solution being replaced by an equimolar 
amount of KC1. In order to increase the cellular sodi- 
um content but without increasing cellular calcium 
content, the tissue preparations were soaked in potas- 
sium- and calcium-poor Krebs-Henseleit solution 
(K ÷ = 0.65 mM, Ca 2÷ = 0.2 mM) at 2°C for 45 or 90 
min. At the end of the incubation, the cellular sodi- 
um, potassium and calcium contents of the tissues 
were determined by the method of Noack and 
Heinen [18], using [3H]inulin to measure the extra- 
cellular space. 

The uptake of 4SCa in resting left atrial and dia- 
phragm preparations with different intracellular sodi- 
um content was measured by incubating the prepara- 
tions at 35°C for 10 min in radioactive Krebs-Henseleit 
solution with 0.65 mM KC1. The radioactivity of 45Ca 
(New England Nuclear Corp.) in the medium was 2 
/~Ci/ml and the total calcium concentration was 1.8 
mM. In the experiments with atrial preparations, 
acetylcholine (final concentration, 0.5 /ag/ml) was 
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added to the above 4SCa uptake medium in order to 
avoid spontaneous electrical and contractile activity, 
which are usually observed in a low potassium solu- 
tion. The above concentration of acetylcholine has 
been shown to have no effect on 4SCa uptake in 
resting atria [19]. After the 10rain incubation in 
radioactive solution, tissue preparations were rinsed 
with a large volume (total 5 1) of sodium- and calci- 
um-free Krebs-Henseleit solution, the sodium of 
which was replaced by an equimolar amount of cho- 
line chloride, for 25 min to wash the calcium from the 
extracellular space, as described by Glitsch et al. [5]. 
The above rinsing period is also enough to wash out 
extracellular calcium from diaphragm preparations 
(data not shown). Then, the tissue preparations were 
gently blotted on filter paper and weighed. Tissue 
4SCa was extracted by soaking the preparations over- 
night in 1 ml of 0.5 M perchloric acid [18]. Tissue 
extracts (0.2 ml) were neutralized with 0.5 ml of 0.2 
M NaOH, 10 ml of a scintillation cocktail (Quickszint 
294 ®, Koch-Light Lab.) was added and radioactivity 
was assayed in a liquid scintillation spectrometer 
(Beckman LS 9000). 

Statistical analysis was performed using the 
Student's t-test. 

Results 

The intracellular sodium content was altered by 
incubating the tissue preparations under various con- 
ditions. The total cellular contents of sodium, potas- 
sium and calcium were measured at the end of the 
incubation period. Sodium and calcium contents were 
higher in diaphragm than in atria after incubating the 
tissues in normal Krebs-Henseleit solution (Table I). 
Cellular sodium content in atria and diaphragm were 
reduced significantly by incubating the tissue prepa- 
rations in the high potassium Krebs-Henseleit solu- 
tion (K ÷ = 34.7 mM), while it was increased by incu- 
bating the tissues in the ice-cold low potassium and 
low calcium Krebs-Henseleit solution (K ÷ = 0.65 raM, 
Ca 2÷ = 0.2 mM) (Table I). Cellular potassium content 
was changed inversely to the sodium content (Table 
I). In atria, the cellular content of calcium was not 
altered significantly by the above conditions. But in 
diaphragm, the cellular content of calcium was 
decreased slightly but significantly after incubation in 
the ice-cold low potassium and low calcium Krebs- 
Henseleit solution (Table I). 
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TABLE I 

INTRACELLULAR SODIUM, POTASSIUM AND CALCIUM CONTENTS OF LEFT ATRIAL AND DIAPHRAGM PREPARA- 
TIONS UNDER DIFFERENT EXTERNAL CONDITIONS 

The total cellular ion content (retool ion/kg cellular tissue) was calculated by subtracting the ion content in the extracellular fluid 
from the total tissue content. Values are mean _+ S.E. 

External condition mmol ion/kg cellular tissue 
(raM) 

Left atria Diaphragm 

Na + K ÷ Ca2+ Na ÷ K + Ca2+ 

Normal 
Na ÷ =144.1 36.4_4-1.1 121.4_+2.5 1.26_+0.07 49.0_+1.8 101.0_+2.2 3.98_+0.36 
K ÷ = 4.7 (n = 10) (n = 10) (n = 6) (n = 19) (n = 19) (n = 7) 
Ca 2+ = 1.8 

at 35°C for 45 min 

High K ÷ 
Na ÷ =114.1 26.9_+1.5 a 128.8_+2.0 a 1.26-+0.12 32 ,5+1.6  a 109.9_+1.3 a 4.47-+0.19 
K ÷ = 34.7 (n = 8) (n = 8) (n = 6) (n = 15) (n = 15) (n = 7) 
Ca 2+ = 1.8 

at 35°C for 45 min 

Low K ÷ and Ca 2÷ 
Na* =148.1 77.8-+4.6 a 71.9-+3.2 a 1.21-+0.10 99.2-+2.3 a 39.0-+1.8 a 2.52-+ 0.14 a 
K ÷ = 0.65 (n = 6) (n = 6) (n = 6) (n = 12) (n = 12) (n = 9) 
Ca 2+ = 0.2 

at 2°C for 45 min 
Low K + and Ca 2÷ 

Na ÷ = 148.1 93.9 -+ 5.5 a 65.0 _+ 5.6 a 1.16 -+ 0.13 120.3 -+ 4.0 a 26.6 _+ 2.7 a 2.76 _+ 0.17 a 
K + = 0.65 (n = 6) (n = 6) (n = 6) (n = 12) (n = 12) (n = 8) 
.Ca 2+ = 0.2 

at 2°C for 90 min 

a Significantly different from the value observed after incubation in normal Krebs-Henseleit solution for 45 min (P < 0.05). 

Tissue p r epa ra t i ons  used  for  4SCa u p t a k e  measure-  

m e n t s  were first  t r e a t e d  in exac t ly  the  same m a n n e r  

as those  descr ibed  in Table  I. There fo re ,  the  above  

cellular ionic  c o n t e n t s  l i s ted  in Table  I ind ica te  the  

ionic  c o n t e n t s  at  t he  b e g i n n i n g  o f  the  u p t a k e  per iod .  

Cellular  s o d i u m  c o n t e n t s  may ,  however ,  s u b s e q u e n t l y  

decrease  t h r o u g h  the  act iv i ty  o f  the  s o d i u m  p u m p  

dur ing  the  aSca  u p t a k e  per iod .  In o rder  to  avoid  th is  

poss ib i l i ty ,  4SCa u p t a k e  was carr ied o u t  for  10 min  

in a low p o t a s s i u m  Krebs-Hense le i t  so lu t ion  (K + = 

0.65 mM).  The  low po t a s s ium c o n c e n t r a t i o n  o f  the  

m e d i u m  i tse l f  has  n o  s ignif icant  e f fec t  on  4SCa up-  

take  [5] .  Fig. 1 shows  the  e f fec t  o f  var ious cellular 

s o d i u m  c o n t e n t s  on  4SCa u p t a k e  in le f t  atr ial  and  

d i a p h r a g m  p repa ra t ions .  The  values o f  cel lular  s o d i u m  

c o n t e n t s  are the  same as those  l is ted in Table  I. At  

n o r m a l  cellular s o d i u m  levels,  t he  4SCa u p t a k e  o f  

b o t h  t issue p r epa ra t i ons  were similar (Fig. 1). The  

r e d u c t i o n  o f  the  cellular sod ium c o n t e n t  caused a 

s ignif icant  decrease in the  4SCa u p t a k e  in to  b o t h  

tissues. When  the  cellular sod ium c o n t e n t  was 

increased  in atrial  p r epa ra t ions ,  a m a r k e d  increase in 

the  4SCa u p t a k e  was observed  (Fig. 1). On the  o the r  

h a n d ,  in d i a p h r a g m  p repa ra t ions ,  on ly  a sl ight 

increase  was observed ,  even  w h e n  the  cellular sod ium 

c o n t e n t  was m u c h  h igher  t h a n  the  n o r m a l  level (Fig. 

1). 

Discussion 

There  are on ly  a few pub l i ca t ions  c o n c e r n i n g  the  

Na+/Ca 2+ exchange  m e c h a n i s m  in skeletal  muscle .  

Cosmos  and  Harris  [20] suggested the  ex is tence  o f  

in t race l lu la r  sod ium-ac t iva ted  ca lc ium in f lux  in frog 
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Fig. l. Effect of intracellular sodium on 4SCa uptake in rest- 
ing isolated guinea-pig atrial (o) and diaphragm (e) prepara- 
tions. First, tissue preparations were incubated in various 
external conditions in order to alter the intracellular sodium 
content, as described in Table I. Tissue preparations were 
then incubated at 35°C for 10 rain in 4SCa-containing (2 
~Ci/ml) modified Krebs-Henseleit solution (K ÷ = 0.65 mM). 
Each point represents the mean of 6 to 23 experiments. Ver- 
tical and horizontal lines indicate the standard error. * 4SCa 
uptake observed under normal intracellular sodium content. 
• * Values for 4SCa uptake were significantly different from 
those observed with normal in~raeetlular sodium content. 

sartorius muscle by estimating cellular ionic concen- 
trations after long incubation (6-16  h) of the tis- 
sues in K÷-free solution at 4°C. This type of experi- 
ment, however, does not provide an appropriate idea 
about the activity of Na÷/Ca :÷ exchange mechanism 
of this tissue. After such long incubation periods in 
K÷-free solution, cellular calcium concentration may 
increase even if the activity of the exchange mecha- 
nism is very low. DiPolo [21] reported little increase 
in the calcium influx by changing the cellular sodium 
concentration from 15 to 90 mM in barnacle muscle 
fibers. Both of the above muscles are of lower verte- 

brate or invertebrate origin and are different types of 
muscle from mammalian cardiac and skeletal muscles. 
Recently, Brandt et al. [23] suggested that it is not 
the Na÷/Ca :÷ exchange system, but the ATP.energized 
Ca :÷ pump which is the major mechanism of Ca :÷ 
efflux across the transverse tubuler membrane iso- 
lated from rabbit skeletal muscle. However, as far as 
we examined, we could not find publications regard- 
ing the Na÷/Ca 2÷ exchange mechanism of mammalian 
skeletal muscle in intact cell system. This is the first 
report which compares the activity of Na*/Ca :÷ 
exchange system in mammalian skeletal and cardiac 
muscle. 

Our 4SCa uptake studies using isolated guinea-pig 
diaphragm and atria indicate that with normal cellular 
sodium content, calcium uptake of diaphragm is 
similar to that of atria. When the cellular sodium con- 
tent was increased above the normal level, a marked 
increase in the 4SCa uptake was observed in atrial 
preparations. The result is consistent with that of 
Glitsch et al. [5]. On the other hand, the increase in 
intracellular sodium caused only a slight increase in 
the 4SCa uptake in diaphragm preparations. Under 
our experimental conditions, when cellular sodium 
content was increased above the normal level, cellular 
calcium content was decreased slightly in diaphragm 
preparations (see Table I). However, low cellular cal- 
cium would not contribute to the low 4SCa uptake 
in this tissue. 

These results indicate that even when the intra- 
cellular sodium is increased by some physiological 
or pharmacological events, calcium influx through 
Na÷/Ca :÷ exchange mechanism is very slight and slow 
in diaphragm. Since transmembrane calcium move- 
ments are usually a rapid process in excitable cells, 
it is unlikely that Na÷/Ca :÷ exchange mechanism 
plays an important role in transmembrane calcium 
movements in skeletal muscle. A smaller surface to 
volume ratio of skeletal muscle fiber compared to 
that of cardiac cell may partly contribute to the low 
Na÷/Ca :÷ exchange activity of the former tissue. 
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