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T H E  T R A N S F E R  OF  SODIUM IONS B E T W E E N  MAMMALIAN 

MUSCLE AND T H E  S U R R O U N D I N G  M E D I U M  

H.  M c L E N N A N  

Department o] Physiology, Dalhousie University, Hali]ax (Canada) 

Previous investigations l, ~ have dealt with the movement of potassium ions across 
the cell membrane separating the intracellular fluid of mammalian muscle from the 
extracellular space. These studies showed that  the uptake of labelled K by muscle 
cells when the tissue is immersed in a saline medium containing a physiological 
concentration of K is a process strongly dependent on the supply of metabolic energy, 
and that  any agency which interferes with the metabolism of the tissue inhibits the 
uptake of K. In contrast, the loss of K from the cells is by this criterion a passive 
process. I t  was further shown that  when a muscle is incubated in vitro in a solution 
containing 5 mmoles/1 of K, the exchange of tissue K proceeds until some 5o% of the 
analytically determined K has turned over, after which no further exchange takes 
place. Increasing the concentration of K in the incubation medium brings about 
an increase in the extent of tissue K exchange, but does not affect the time constant 
governing the process. Complete exchange is obtained with an external K con- 
centration of 20 mmoles/1. 

These studies have now been extended to include the transfer of sodium ions 
in muscle. No evidence has been found for the presence of difficultly exchangeable 
Na in the muscle analogous to the inexchangeable K, such as has been reported by 
CONWAY AND CAREY 8 and by HARRIS AND STEINBACH 4 in frog muscle. The effiux oi 
Na from the muscle and influx of K have been shown to be mutually dependent, 
inasmuch as changes in the external concentrations of either ionic species affect both 
fluxes similarly in most cases. 
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METHODS 

T h e  t i s sue  used  in th i s  work  was  t he  m.  ex t enso r  d ig i t o rum longus  of t h e  ra t .  The  an ima l s  were 
killed by  decap i t a t ion ,  t h e  musc les  d issec ted  out ,  a n d  smal l  co t ton  loops t ied a r o u n d  t h e  t e n d o n s  
a t  each  end.  T h e y  were t h e n  weighed  on a smal l  to r s ion  ba lance ,  and  i m m e r s e d  in a sal ine m e d i u m  
which  con t a ined  a p ropor t i on  of e i ther  t h e  to t a l  N a  or K ions labelled w i th  a rad ioac t ive  isotope. 
T h e  m e t h o d  used  to  m e a s u r e  t he  inf lux  of K h a s  been ful ly  descr ibed in a n  earlier pape r  1. The  
p rocedure  for m e a s u r e m e n t  of N a  efflux is as follows. Af te r  a per iod of i ncuba t i on  in rad ioac t ive  
so lu t ion  (not  less t h a n  4 h), t h e  musc les  were t r ans fe r r ed  to  appropr i a t e  m e d i a  con ta in ing  no 
isotope.  A t  in te rva l s  t he r ea f t e r  t h e  musc le s  were r e m o v e d  f rom the  i ncuba t ion  media ,  l ight ly  
dr ied  wi th  filter paper ,  and  placed on f lat  p las t ic  ho lders  wh ich  h a d  sma l l  pegs  project ing,  over  
wh ich  t h e  loops a t  t h e  ends  of t h e  musc le s  could  be  slipped. The  ho lder  was  p laced  unde r  a n  end-  
w indow Geiger counter ,  and  t h e  r ad ioac t iv i ty  of  t h e  s amp le  d e t e r m i n e d  for two  o n e - m i n u t e  
per iods .  T h e  musc le  was  t h e n  r e t u r n e d  to t he  i ncuba t ion  m e d i u m .  The  plas t ic  holders  p e r m i t t e d  
reasonable  reproduc ib i l i ty  of  pos i t ion  of t h e  musc le  u n d e r  t h e  counte r .  At  t he  end  of i ncuba t ion  
t h e  musc le  was  reweighed  to de t e rmine  t he  a m o u n t  of swelling, t he  loops c u t  off and  weighed  
separa te ly ,  a n d  t he  t i s sue  dissolved in a few drops  of sil ica-disti l led ni t r ic  acid. The  we igh t  of  t h e  
d iges t  was  m a d e  to  i g, a n d  t h e  r ad ioac t iv i t y  of th i s  so lu t ion  measu red .  Th i s  was  compared  
w i th  t h e  ac t iv i ty  of a su i tab le  d i lu t ion of t he  rad ioac t ive  so lu t ion  used  in t h e  ini t ial  p a r t  of  t he  
expe r imen t .  Since t he  to t a l  Na  (or K) c o n t e n t  of  t h e  rad ioac t ive  sal ine was  known,  a re la t ion 
could  be  es tab l i shed  be tween  counts ] ra in  in t he  musc le  and  i ts  labelled ion con ten t .  The  radio-  
ac t ive  i so topes  used  were 22Na and  42K, wh ich  were ob ta ined  in t he  form of NaC1 and  K2CO 3 
respec t ive ly  f rom Atomic  E n e r g y  of C a n a d a  L imi ted ,  Ot t awa ,  Ont .  

The  sal ine m e d i a  used  h a d  t h e  following compos i t ion :  a t  2 o ° C  HCO 3- 43, C1- i i o . 5 ;  for 
o ° C HCO 3- 86, C1- 67.5; p lus  in b o t h  cases  N a  + i44, K + 5.5, Ca ++ 2, Mg ++ i,  S O 4 - -  i ,  glucose 
io  (all in mmoles/1).  These  so lu t ions  h a d  a p H  nea r  7.4 w h e n  equ i l ib ra ted  wi th  95 % 02 -5  % COy  
For  those  e x p e r i m e n t s  where  t he  concen t r a t i on  of K in t h e  m e d i u m  was  var ied,  t h e  Na  concen t ra -  
t ion  was  a d j u s t e d  to  m a i n t a i n  isotonic i ty .  W h e n  t h e  N a  concen t r a t i on  was  al tered,  t h e  m e d i u m  
used  con ta ined  no b ica rbona te ,  a n d  was  bubb l ed  w i t h  lOO% Oz; i so tonic i ty  was  preserved  b y  
t h e  use  of choline chlor ide to m a k e  u p  t he  deficiency in NaC1. To ta l  Na  and  K ana lyses  of t h e  
m u s c l e  d iges ts  were pe r fo rmed  wi th  an  E E L  f lame p h o t o m e t e r .  

RESULTS 

When a rat muscle was incubated in a saline solution containing a proportion of 
**Na ions, the tissue Na undergoes exchange with the Na of the medium, until 
parallel estimations of the radioactivity and Na content of the muscle indicate that 
complete exchange has occurred. With the extensor digitorum longus this process 
requires about 4 h (a typical experiment gave values of 48% exchange in I h, 72% in 
2 h, and 96% in 4 h). 

If the muscle is then placed in a non-radioactive medium, the activity of the 
muscle declines as inactive Na replaces the labelled ions in the tissue. A semi-loga- 
rithmic plot of the tissue radioactivity remaining against time yields a curve of the 
type shown in Fig. x. The initial non-linear portion represents diffusion of Na from 
the extracellular spaces- - the  movement of this fraction of the total muscle Na has 
been described elsewhere ~. Extrapolation of the linear portion of the curve of Fig. x 
back to the ordinate gives a value of the muscle Na which is most probably associated 
with the cells themselves. The question whether this fraction of the Na is truly 
intraceUular or is in part adsorbed to the cell surfaces will be further considered below. 
The slope of the line is a measure of the rate constant (k~) governing the movement 
of this Na, which will hereinafter be referred to as Nat. Mean values for Nat and k 2 
which have been found in the present work are, at 2o ° C, I3.8/zequiv./g and 1.59 h -1 
respectively. Since it is the flux of an ion across a cell membrane which is of greatest 
interest, the Na flux in this case is 13.8 × 1.59 ---- 21.9 tzequiv./g/h (II determinations, 
S.D. =L 4.4)- It was previously estimated that the volume/surface ratio for the 
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w a t e r  o f  s w e l l i n g .  

fibres of these muscles is 7.43 × lO-3 mml, so tha t  the flux of Na per unit of area 
may  be estimated as 4.5 × lO-8/zequiv./mm~/sec. - a  value about twice tha t  for K 
influx calculated previously 1. I t  should be emphasized again that  no distinction can 
be drawn from these results as to whether the above figure truly is a measure of 
exchange across a cell membrane or a desorption from the surface of the cell. 

The extrusion of Na from the muscle has been found to be dependent on the 
K concentration in the bathing solution ([Ke]), and is also affected by  the external 
Na concentration. Table I indicates that  reduction of [K~] reduces the Na effiux, 
while increasing [K,] raises it. Reduction of the normally high [Na,] to o also brings 

T A B L E  I 

THE EFFECT OF CHANGES IN EXTERNAL K 
CONCENTRATION ON N a  EFFLIdX 

T A B L E  I I  

THE EFFECT OF CHANGES IN EXTERNAL N a  

CONCENTRATION ON N a  EFFLUX 

[K e] k~ k2Nai [Nae] k~ k2Nai 
mmoles/l h - l  #equiv./mm~lsec X , 0  8 mmolez]l h -x i, equiv./mmt/sec × IO s 

o 1 .5o 4 .25  
5 .5  1.62 4 .6o  

I I  1 .77 5 .o5  
22 2 .72  7 .75  

o i .54 5 .45  
5 .5  1 .82 6 .3o  

i i  2 .22  7 .15 
22 3 .00  9 .4  ° 

o I .oo 3 .7  ° 
5.5 1 .46  4 .15  

i i  1 .6o  9 .3  ° 
22 1 .94 8 .55 

144  1 .4o 3 .55 
o 1.43 2 .45  
o 1 .58 1 .9o 

144  1 .94 4 .8o 
o i .09 2 .9  ° 

144 1 .o9 3 .15  
o 1.43 2 .o  5 
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about a drop in the Na efltux (Table II) although, as judged by analysis, the con- 
centration of K in the tissue does not rise to compensate for the extrusion of Na 
which cannot be replaced from the solution. In this case therefore an anion must be 
excreted to accompany the Na. 

Prior work showed that  the extent of exchangeability of the total  tissue K is 
dependent on [K,~ 1. A possible explanation of the incomplete exchangeability in 
low K medium is provided by the "long pore" theory (see e.g:), whereby if there is a 
slow net loss of intracellular K the flow of unlabeUed intracellular ions down the 
pores might hamper the uptake of labelled K from the external medium. A higher 
[K,~ provides both a larger number of labelled ions and as well tends to prevent a 
net loss of intracellular K. Earlier work showed that  K influx at EKe~ = 5 mmoles/1 
was 2.5" lO-8/~equiv./mm2/sec, and 3.9" IO-8/~equiv./mm2/sec at [K~] = 20 mmoles/P. 
The present experiments have shown that  the influx of K is affected also by changes 
in [Na,~. Table I I I  indicates that  reduction of [Na,] to o results in a 50% diminution 
in K influx. 

TABLE III  
THE EFFECT OF CHANGES IN EXTlgRNAL N a  CONCENTRATION ON K INFLUX 

[Na e] k2 kmKi 
mmoles / l h - ~ l~equiv./ mmS / sec × .to s 

144 0 .29  1 .7o 
72 o .38  1.55 
36  o .38  1 .55 

o o .52  o .85  

144 o .34  2 .90  
14.5  0 .63  2 .15  

o 0 .53  1 .8o  
o o .59  1.7 ° 

144  0 .54  4 .55  
o 0 .78  2 . IO  

The extrusion of Na ions from a muscle is against a gradient of concentration, 
and may  be presumed therefore to be an energy-consuming process. Table IV shows 
tha t  the rate constant governing efflu_x, and therefore the flux itself, is reduced at 
o°C as compared with 20 ° C, this reduction being apparent whether the bathing 
solution was saline, K phosphate solution (154 mmoles/1 with respect to K +, pH 7.o), 
or 5% glucose. In the cases of the phosphate and glucose solutions the fluxes at 
20 ° are also reduced compared with the flux in saline. This may, in the glucose 
solution at least, be in some way connected with the liberation of an anion from the 
tissue, since negative charges must  be lost with the Na ions to maintain electrical 
neutrality. 

DISCUSSION 

The efflux of Na from rat  muscle (diaphragm) has been studied by CREESE 7. As in 
the present experiments, CREESE found that  all of the tissue Na underwent exchange 
with the Na of the surrounding medium, and that  there was no evidence for a dif- 
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Bathing solution 

ao ° C o ° C 

k t ksNai k2 k*Nai 
h-1 :*equiv./mm~/sec h-X I~equiv./mmS/sec 

X IO s X 10 8 

Saline (5.5 mmoles/1 K +) 1.54 

1.54 
i .94 
i .09 

K phosphate i .33 
(I 54 mmoles/1 K+) 1.82 

Glucose (o mmolesfl K +) 1.33 

5.I5 O.6I 2.40 
0.59 1.75 

4"35 0-97 2.80 
4.80 1.22 3.10 
3.15 O.80 2.OO 

1.90 0.70 1.25 
2.o 5 0.75 1.6o 

2.60 0.65 2.15 

ficultly exchangeable Na fraction similar to that reported by CONWAY AND CAREY 3 
and by HARRIS AND STEINBACH 4 in frog muscle. This difference between mammalian 
and amphibian muscle has no explanation at the moment. The efflux of Na from 
diaphragm calculated from CREESE'S figures is 31" IO -~ ~equiv./mm*/sec at 38 ° C, a 
value considerably higher than those reported here, even allowing for the difference 
in temperature of incubation. 

The temperature coefficient for the movement of Na measured in the present 
series of experiments works out at a Q10 of 1.35 in saline solution. This is lower than 
that observed earlier for K influx (Q10 ~ 2.42), and suggests that  the rate-controlling 
step being measured here is not the transport of Na across a cell membrane by an 
active, i.e. energy-consuming, process, but rather a physical desorption of the ions 
from surfaces in the tissue, from which in turn exchange with the cellular contents 
take place. 

HARRIS s has described this condition, where the rate constant governing desorp- 
tion from a surface, designated "n" ,  is slower than the rates of migration of the 
Na from the surface inwards (rate constant "n l " ) ,  or from the interior outwards 
to the surface (rate constant "n2" ). If the labelled surface Na (Nas*) is a constant 
fraction "]" of the total labelled Na, extracellular Na being excluded; that is, if 

Nas* = tNai* = t (Nas* + Nat*) (I) 

then the equations describing the time course of loss of Na* from the muscle to an 
inactive solution are: 

dNac* 
dt = nlNas*--n~Nac* 

an d 

Adding, one has 

dNas* 
dt " = n~Nac*--nNas* + nxNas* 

d(Nas* + Nat*) 
dt nNas*. 

Substituting from (I) and integrating gives: 

Nas* + Nac* = (Naso* + Nat.* ) . e-J ~, 

where the subscript o indicates the values at time o. 
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The total labelled Na thus falls exponentially with a time constant "In",  which 
is less than the true rate of desorption in the ratio Nas/(Nas + Nat). This treatment 
seems to satisfy the experimental results found in the present work, where the low 
Q10 value and single rate constant governing Na outflow alike indicate a physical 
desorption as the rate-controlling step. 

Reduction of the external K concentration brings about a net loss of tissue K 
as determined by analysis. This K loss is made up by a gain of Na, and at the same 
time the turnover rate of the Na is lowered: this too has been reported to occur in 
frog muscle s. Raising [K~] in saline solution increases the rate of extrusion of Na 
(Table V); however in a solution of very high [Ke] (K phosphate), the rate of desorp- 
tion of Na is not increased, and the total flux is in fact approximately halved. Table V 
summarizes the values obtained in this and the preceding paper 1 for the fluxes of 
K and Na. I t  appears that, except in K phosphate solution, an increase in K flux 
is associated with an increased Na flux, and vice versa. The discrepant behaviour in 
K phosphate may possibly be explained as follows. If the effect of change in [Ke] is 
not of the same magnitude for the various rate constants "n",  " n l "  and "ns" ,  and 
in particular if "n~" and "ns"  become greater than "n"  in a solution with very high 
[K,], then the loss of Na* will be described by an equation involving two exponential 
terms with time constants "ns"  and "n  + n~ ''8. Of these, "n + n l "  will be greater 
than " /n"  before measured. Since in the present series of experiments it has been 
the slow component only of the total Na* which has been followed, it may be that 
the flux described for K phosphate solution is in fact equal to nsNa~, instead of/nNa~ 
(=  ]n(Nac + Na~)) as measured in saline solution. If this is so, the inferences seem to 
be (a) that  "n2" is little affected by [Ke], with which the lack of effect of [K6] on the 
rate constant governing K influx should be compared1; and (b) that Na~ is of the 
order of I/2Nai. HARRIS s has also estimated that  in frog muscle " /"  may be approx- 
imately 0.5. 

TABLE V 

THE I N T E R D E P E N D E N C E  OF 1NTa AND K FLUXES 

Results in this table are from preceding tables, an earlier paper l, 
and scattered ind iv idual  exper iments .  

Mean values for the  f luxes are presented;  the numbers in parentheses  are the  
numbers  of determinations averaged.  

[Na~ [K el lnOux ~,K i E~ux k,Na i 
Ba~hing solution n*moles'l mmoles/l #equiv./mm*/sec I~equiv.lmmZ/sec 

X i o  8 X I O  8 

Saline 144 5.5 2. 7 (8) 4.5 (ii) 
K-free saline 144 o - -  4.5 (3)* 
High K sal ine 127 22 3.9 (3) 8.6 (3) 
K phosphate o 154 3-5 (5) 1.6 (3) 
Glucose + KC1 o 22 - -  3.3 (i) 
Choline "saline" o 5.5 1.2 (4) 2.3 (4) 
Glucose o o - -  2.8 (3) 

* A l though  average  values  for the  N a  ef~ux in this  so lut ion  are the  same  as in  complete  saline~ 
Table  I indicates  t h a t  in each indiv idual  exper iment  reduct ion  of [Ke] to  o reduces the  N a  efliux. 

The parallelism observed between Na and K movements suggests that  there 
exists a linkage between the two mechanisms. Specifically it would appear that 
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two sodium ions are extruded for every potassium ion taken up. STEINBACH 9 has 
shown interdependence between Na and K movements  in frog muscle; and HODGKIN 
AND KEYNES 1° tha t  there exists a I : I  connection between active K uptake and Na 
extrusion in squid nerve fibres. 

I t  might be expected tha t  the ratio Na efflu_x/K influx should be I : I  in these 
muscles in the interests of electrical neutrality, and not 2:1 as has been found. 
However, the accuracy of measurement is probably insufficient to be certain of the 
ratio, although it is possible tha t  even in saline solution some extruded Na ions 
may  be accompanied by anions. This must certainly occur when tissue Na is lost to 
glucose solution, where there are no ions available for uptake;  and that  the coupling 
between Na extrusion and K uptake is not a rigid one is further indicated by  the 
fact tha t  Na exchange can occur in K-free saline media. 
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S U M M A R Y  

The  k ine t ics  of loss of INa ions f rom m a m m a l i a n  musc le  h a v e  been described.  Fol lowing t he  rapid  
m o v e m e n t  of t h e  ex t race l lu la r  Na,  t he  r e m a i n d e r  is e x t r u d e d  wi th  a u n i f o r m  t i m e  c o n s t a n t  of 
1.59 h -1 a t  2o ° C. D e t e r m i n a t i o n  of t h e  t e m p e r a t u r e  coefficient for t h e  process  sugges t s  t h a t  t h e  
ra te - l imi t ing  s tep  is a phys ica l  desorp t ion  of t h e  ions. 

Na  efflux is af fected b y  t he  concen t r a t i ons  of b o t h  Na  and  K in t he  b a t h i n g  solut ion,  and  
K u p t a k e  by  t h e  musc le s  is converse ly  d e p e n d e n t  on t h e  presence of Na.  The  resul ts  sugges t  
t h a t  the  two  processes  are  l inked t oge t he r  in such  a w a y  t h a t  two Na  ions are  e x t r u d e d  for every  
K ion t a k e n  up.  
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