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Summary 

The fractional loss of 22 Na ÷ from frog sartorius muscle is increased 
when the tonicity of the external solution is reduced. The effect, which is 
larger the lower the osmolarity, exhibits the following characteristics: (1) 
quick onset and reversibility, (2) is not  reduced in the absence of external 
Na ÷, (3) is completely abolished by strophanthidin (3-10-s M), (4) is neither 
the result of membrane depolarization nor K* accumulation in the extracellu- 
lar space. 

It has been shown that  within a wide range of osmotic strengths, frog 
skeletal muscle fibers practically behave as perfect osmometers [1--7]. Since 
the osmotic water permeability of the plasma membrane is much higher than 
that  of any of the solutes present in the external and the internal media, alte- 
rations of the tonicity of the Ringer's solution are quickly followed by the 
corresponding changes in fiber volume [8],  internal concentrations and 
resting membrane potential (V m ). The changes in V m are in fair agreement 
with those predicted by the Goldman-Hodgkin-Katz equation [9] assuming 
that  no major changes in relative ionic permeabilities (PNa/PK = 0.01) occur 
at least in the range of 0.80--1.26 times the normal osmolarity (Tables 7 and 
8 of ref. 3). 

Little is known, however, about the effect of osmotic changes on ionic 
fluxes in this preparation. Keynes [ 10] observed that  an increase in the exter- 
nal tonicity stimulates appreciably the active Na ÷ efflux in low Na ÷ muscles, 
while in Na÷-loaded muscles Mullins and Awad [ 11] found that  raising the to- 
nicity of the external medium has no significant effect on Na ÷ efflux. It might 
be expected, therefore, that  a decrease in the relative osmotic pressure (n) of 
the external medium, if anything, would reduce the active Na ÷ extrusion. The 
purpose of the experiments reported here was to study the movements of 
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Na ÷ across the plasma membrane of  frog skeletal muscle fibers in the presence 
of  hypoton ic  solutions. As is shown below, it was seen that  hypotonic i ty  pro- 
duces a marked stimulation of the Na ÷ pump in this preparation. To the au- 
thor 's  knowledge, this effect  has not  been described before. 

Na ÷ and K ~ fluxes (22Na÷ and +2I~ as tracers) were measured using tech- 
niques previously described [ 12, 13] .  Standard microelectrode procedures 
were used to determine V m. The normal Ringer's solution had the following 
composi t ion (mM): NaC1, 115/KC1, 2.5/CaC12,1.8/Na: HPO4,2 .15/Nai l2  PO4, 
0.85 (pH: 7.15). In order to change the tonici ty u wi thout  altering the ionic 
strength the NaC1 conten t  in most  of the experimental  solutions was reduced 
to  55 mM ([Na+]o = 60 mM) and sucrose was used in adequate amounts  to 
obtain media of  d!tfferent tonicities from ~ = 0.5 (0 mM sucrose) to ~ = 1.0 
(94 mM sucrose). The rest of the ionic composit ion was similar to that  of the 
normal Ringer's solution. In some experiments where u was lowered to 0.33 
the NaC1 concentra t ion was 41.5 mM and in this instance the control  u = 1.0 
solution contained 116 mM sucrose. In replacing NaC1 by sucrose 1 mol of 
NaC1 was taken as osmotically equivalent to 1.57 mol sucrose [ 14].  This 
equivalence was tested in control  experiments where the weight of eight sar- 
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Fig .  1. E f f e c t  o f  h a l v i n g  t h e  t o n i e i t y  (~)  o f  t h e  e x t e r n a l  s o l u t i o n  o n  t h e  f r a c t i o n a l  loss  o f  22Na + (see  b e -  
l o w )  in  t h e  p r e s e n c e  o f  N a  + ( 6 0  r a M ,  u p p e r  c u r v e )  a n d  i t s  a b s e n c e  ( N a  + s u b s t i t u t e d  b y  T r i s  ÷, l o w e r  
c u r v e ) .  T h e  o p e n  c i r c l e s  r e p r e s e n t  t h e  m e a n  (-+1 S .E . )  f r o m  t h r e e  s a r t o r i u s  m u s c l e s  a n d  t h e  f i l l ed  c i r c l e s  
t h e  m e a n  (-+1 S . E . )  f r o m  t h e i r  p a i r e d  c o m p a n i o n s .  Al l  m u s c l e s  w e r e  f i r s t  e x p o s e d  t o  n o r m a l  R i n g e r ' s  
s o l u t i o n  l a b e l l e d  w i t h  22Na + f o r  2 . 5  h .  T h e y  w e r e  p r e - w a s h e d  f r o m  t = - - 3 0  r a i n  t o  t = 0 r a i n  i n  u n -  
l a b e l l e d  n = 1 . 0  s o l u t i o n  s i m i l a r  t o  t h a t  u s e d  d u r i n g  t h e  e x p e r i m e n t  f r o m  t = 0 r a i n  t o  t = 3 0  r a i n  a n d  
f r o m  t = 9 0  r a i n  t o  t = 1 5 0  r a in .  C l e a r l y ,  t h e  f r a c t i o n a l  lo s s  o f  2:Na+ in  t h e  p r e s e n c e  o f  N a + - c o n t a i n i n g  
m e d i u m  is  c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  in  Na÷-free  m e d i u m  t h r o u g h o u t  t h e  r u n .  T h i s  d i f f e r e n c e  m o s t  
l i k e l y  r e p r e s e n t s  a N a  + f o r  N a  + e x c h a n g e  c o m p o n e n t  o f  t h e  N a  + e f f l u x .  I t  is  a p p a r e n t  t h a t  t h e  i n c r e a s e  
in  N a  + e f f l u x  p r o m o t e d  b y  h y p o t o n i c  s o l u t i o n s  (~  = 0 . 5 )  d o e s  n o t  r e q u i r e  t h e  p r e s e n c e  o f  N a  + in  t h e  
e x t e r n a l  m e d i u m ,  i n d i c a t i n g  t h a t  t h e  e f f e c t  is  n o t  d u e  t o  a n  i n c r e a s e d  e x c h a n g e  o f  i n t e r n a l  f o r  e x t e r -  
n a l  N a  +. T h e  f r a c t i o n a l  l o s s  o f  22Na + r e p r e s e n t s  t h e  m e a n  a m o u n t  o f  r a d i o a c t i v i t y  r e l e a s e d  p e r  u n i t  t i m e  
( r a i n )  d u r i n g  a g i v e n  c o l l e c t i n g  p e r i o d  d i v i d e d  b y  t h e  t o t a l  r a d i o a c t i v i t y  p r e s e n t  i n  t h e  m u s c l e  m i d w a y  
d u r i n g  t h e  c o l l e c t i n g  p e r i o d  [ 1 2 ] .  
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Fig .  2. F r a c t i o n a l  loss  o f  22Na+ f r o m  a p a i r  o f  m u s c l e s  l o a d e d  as i n  Fig .  1. B o t h  s a r t o r i i  were  p r e - w a s h e d  
i n  ~ = 1 .0  N a + - c o n t a i n i n g  s o l u t i o n  fo r  6 0  m i n .  A l l  t h e  e x p e r i m e n t a l  s o l u t i o n s  h a d  [Na+]o = 6 0  m M .  
On e  m e m b e r  o f  t h e  p a i r  (©) was  e x p o s e d  t o  3 , 1 0  - s  M s t r o p h a n t h i d i n  f r o m  t = 0 t o  t h e  e n d  o f  t h e  ex- 
p e r i m e n t  w h i l e  t h e  o t h e r  m u s c l e  (e )  r e m a i n e d  i n  s t r o p h a n t h i d i n - f r e e  m e d i a  t h r o u g h o u t  t he  r u n .  The  
i n h i b i t o r y  e f f e c t  o f  t h e  d r u g  in  t h e  i n i t i a l  p e r i o d  in  ~ = 1 is a p p a r e n t .  A t  t he  e n d  o f  t h e  f i r s t  h o u r  o f  
t h e  22Na + w a s h o u t  t he  t o n i c i t y  wa s  h a l v e d  (~r = 0 .5 ) .  The  h y p o t o n i c  r e s p o n s e  seen  in  t h e  p r e s e n c e  o f  
s t r o p h a n t h i d i n - f r e e  m e d i u m  is c o m p l e t e l y  a b s e n t  in  t he  m u s c l e  e x p o s e d  t o  t h e  i n h i b i t o r .  T h i s  t y p e  o f  
e x p e r i m e n t  t o g e t h e r  w i t h  t h a t  o f  F ig .  1 s h o w s  t h a t  t he  i n c r e m e n t  i n  N a  + e f f l u x  p r o m o t e d  b y  h y p o t o n i -  
c i t y  is  e x c l u s i v e l y  d u e  t o  an  i nc rea se  i n  t he  a c t i v e  e x t r u s i o n  o f  Na  +. 
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Fig .  3. I nc rea se  o f  t he  f r a c t i o n a l  loss  o f  22Na + as a f u n c t i o n  o f  t he  r e l a t i v e  e x t e r n a l  t o n i c i t y  in  t h e  r a n g e  
lr = 1 .0---0 .33.  E a c h  p o i n t  is t h e  m e a n  (-+1 S ,E . )  o f  3 - -8  e x p e r i m e n t s .  T h e  i n c r e a s e  a t  ~ = 0 . 3 3  is equ i -  
v a l e n t  t o  a f r a c t i o n a l  loss  o f  22Na + a b o u t  2 .2  t i m e s  l a rge r  t h a n  t h a t  a t  lr = 1 .0 .  The  h y p o t o n i c  i nc r ea se  
is a l l  s t r o p h a n t h i d i n  s e n s i t i v e .  S i n c e  a t  ~r = 1 a b o u t  h a l f  o f  t h e  f r a c t i o n a l  loss  o f  22Na+ is s t r o p h a n t h i d i n  
s e n s i t i v e ,  i t  m e a n s  t h a t  a r e d u c t i o n  o f  ~ f r o m  1 .0  t o  0 . 3 3  i n c r e a s e s  t h e  a c t i v e  c o m p o n e n t  o f  t h e  f rac-  
t i o n a l  loss  b y  a f a c t o r  o f  a b o u t  4. T h e  m e a n  f r a c t i o n a l  loss  o f  22Na + a t  7r = 1 .0  f r o m  26  c o n t r o l  m u s c l e s  
w as  0 . 0 1 2 3 + - 0 . 0 0 0 5  ra in  -1  (S.E.) .  
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torii did not  change to any appreciable extent  when transferred from normal 
Ringer's to a solution containing either 55 mM NaC1 and 94 mM sucrose or 
41.5 mM NaC1 and 116 mM sucrose. In some experiments Na ÷ was replaced 
by Tris ÷ on a one to one basis. All the experiments were carried out  at 20-- 
22°C. 

Fig. 1 shows the effect  of  halving the normal tonici ty  of  the external 
medium on the 22Na÷ efflux from paired sartorii. It is apparent  that the in- 
crease in the fractional loss of  22Na÷ produced by hypotonic i ty  is completely 
reversible and is present in the absence of the external Na ÷. The time course 
of the response is similar to that  of the volume changes observed under  iden- 
tical condit ions in control  experiments.  These data suggest that  this effect  is 
no t  the result of  an increase in the Na ÷ for Na ÷ exchange componen t  of the 
Na ÷ efflux. In the presence of  Na÷-containing media ([Na÷]o = 60 mM), on 
the other  hand, the Na ÷ influx at u = 0.5 was 79 + 5% (S.E.; n=4) of  that  
under  isotonic condit ions (u = 1.0). In ~ = 1.0 about  half of  the total Na ÷ in- 
flux is passive and half represents an Na ÷ for Na ÷ exchange [13] .  The ob- 
served reduct ion in Na ÷ influx in u = 0.5 probably represents a decrease in 
PNa since a reduct ion in the Na ÷ for Na ÷ exchange componen t  can be ruled 
out  due to the fact that  in the presence of s trophanthidin Na ÷ efflux is not  re- 
duced by u = 0.5 (Fig. 2). Under those conditions the passive componen t  of 
the efflux that  should be affected by a drop in PNa is usually too  small (1-- 
2% of the total  Na ÷ efflux) for  any change in it to be detected.  It  seems clear, 
therefore,  that  Na ÷ exchange diffusion is not  involved either in the increase 
of  the Na ÷ efflux or in the reduct ion of  Na ÷ influx promoted  by hypotonic i ty .  

Fig. 2 illustrates another  typical exper iment  where the Na ÷ efflux was 
studied also in paired sartorii. Clearly, the hypoton ic  effect  is completely 
abolished by the presence in the external medium of strophanthidin (3 .10-  s 
M), a well known inhibitor of  the active Na ÷ transport  in muscle [15, 16] .  
That  is, hypo ton ic i ty  stimulates the Na ÷ pump in frog sartorius. In agreement 
with this finding it has recently been reported that  the K* stimulation of the 
strophanthidin-sensitive fract ion of the Na ÷ efflux is enhanced by hypotoni-  
city [17] .  

As is shown in Fig. 3, the hypotonic  effect  is larger the lower the osmo- 
larity of  the external  solution in the range ~ = 0.33--1.0. 

At present,  the mechanism by which hypoton ic i ty  increases the 
pumping rate is no t  known and several factors might be involved in its pro- 
duction.  Two possibilities, however, have been discarded in control  experi- 
ments. One of  them is that  depolarization by itself could be the direct cause 
of  the stimulation of  the pump. This does not  seem to be the case because 
when [K*]o was reduced to 1 mM and ~ to 0.5 simultaneously, the effect  
was still present despite the fact tha t  under  those conditions, the fibers do 
not  depolarize. Thus, in a control  exper iment  the mean V m measured in the 
presence of  [I¢]  o = 2.5 mM and u = 1.0 was --88.4 + 0.9 mV (S.E.; n=27) 
and --95.5 + 1.0 mV (S.E.; n=27) after 50 min in the presence of  [I¢] o = 1.0 
mM and ~ = 0.5. 

The other  possibility, namely that  the observed effect  was mediated by 
an accumulat ion of  I¢ in the extracellular space produced by an increased 
leak of  this ion from the cells, is also unlikely. In four control  experiments 
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the  4~IF ef f lux  rate  coef f ic ien t  in ~ = 0.5 was actual ly  r educed  to  43.8 + 1.7% 
(S.E.) o f  its value in n = 1.0. This p robab ly  ref lects  a decrease in IF permea- 
bil i ty since changes in ton ic i ty  should no t  al ter  the  driving force  on IC. 

If  it is assumed tha t  the rate of  Na ÷ pumping  is mos t ly  d e p e n d e n t  on 
the  intracel lular  Na ÷ act ivi ty (Naa i), then  an increase in Naa i might  be ex- 
pec ted  unde r  h y p o t o n i c  condi t ions .  Some  invest igators have suggested tha t  a 
substant ia l  f rac t ion  (up to  60--70%) of  the  intracel lular  Na ÷ is n o t  in free so- 
lu t ion  bu t  seques te red  wi thin  or  b o u n d  to  organelles or macromotecu les  [ 18] .  
I f  this were the  case, it is conceivable  that ,  u n d e r  h y p o t o n i c  conditi(,ns~ 
b o u n d  Na ÷ might  be released in to  free solut ion in suff ic ient  a m o u n t  to  pro- 
duce  an increase o f  Naa i and t he r eby  a s t imula t ion  of  the Na ÷ pump.  Thus,  an 
e x t r e m e  s i tua t ion can be imagined in which all the  b o u n d  Na ÷, say 66% of  
the  to ta l  Na ÷ c on t en t ,  is released in to  free solut ion when,  for  instance,  the  
ton ic i ty  of  the  ex te rna l  so lut ion is halved (and the intracel lular  solvent  water  
rough ly  doubled) .  In such a hypo the t i c a l  case Naa i would  increase by  a b o u t  
50%. However ,  fo l lowing this line o f  reasoning,  when  ~ is fu r the r  r educed  to  
0.33 (and the  intracel lular  solvent  wate r  roughly  tr ipled),  Naa i should be simi- 
lar, if no t  lower,  than  it is at n = 1.0. The re fo re ,  if the level o f  Naa i were the 
d e t e r m i n a n t  f ac to r  in the  act ivat ion of  the  Na ÷ p u m p ,  as is assumed in the 
mode l  above,  one  would  expec t  a larger s t imula t ion  of  the  Na ÷ ex t rus ion  at 

= 0.5 than  at n = 0.33. As shown in Fig. 3, the  expe r imen ta l  da ta  indicate  
just  the  opposi te :  at  n = 0.33 the  f ract ional  loss of  22Na÷ is significantly 
higher  than  at  n = 0.5 (P<0 .001) .  These  cons idera t ions  seem to  rule ou t  the  
possibi l i ty tha t  the  h y p o t o n i c  e f fec t  were the  resul t  of  an increase in Naa i. 

A f ac to r  which might  p lay  a re levant  role in the  e f fec t  descr ibed here  is 
the  decrease  in Ka i. I f  this is so, one  mus t  assume tha t  the intracel lular  IF ex- 
erts an inh ib i to ry  e f fec t  on the  Na ÷ pump.  Moreover ,  such an inhibi t ion 
should  main ly  depend  on the absolute  value o f  Ka i r a the r  than  on the  Kai/ 
Naa i rat io.  An inh ib i to ry  e f fec t  o f  [ iF ] i  on  the active ex t rus ion  o f  Na ÷ in frog 
sar tor ius  has a l ready been suggested [ 1 9 , 2 0 ] .  In this p repara t ion  the in ternal  
IC act ivi ty coef f i c ien t  (KTi) is apparen t ly  similar to  tha t  in the ex te rna l  solu- 
t ion  [ 18] .  F u r t h e r m o r e ,  measu remen t s  carried ou t  with IF-sensitive micro-  
e lec t rodes  in rabbi t  cardiac muscle cells have indica ted  tha t  in the  h y p o t o n i c  
region changes in ~ and Ka i are l inearly re la ted,  suggesting a cons t an t  KTi 
[21 ] .  P robab ly  the s i tuat ion is much  the  same in frog sartorius muscle  where  
the  changes in V m p roduced  by  altering 7r are n o t  far f rom those  p red ic ted  by 
assuming a l inear re la t ionship  be tween  [ iF ] i  and ~, cons t an t  KTi and no  major  
change in the  PNa/PK permeab i l i ty  ra t io  [3 ] .  

In summary ,  h y p o t o n i c i t y  p r o m o t e s  a quick  and reversible s t imula t ion  
o f  the  active Na + ex t rus ion  in frog skeletal  muscle.  Such s t imula t ion  is n o t  
the  resul t  o f  f iber  depola r iza t ion  or o f  IF accumula t ion  in the  extracel lu lar  
space and it  occurs  whe the r  or  no t  Na ÷ is present  in the  ex te rna l  solut ion.  Al- 
t hough  o the r  factors  may  be involved in the  p r o d u c t i o n  of  the  h y p o t o n i c  ef- 
fec t ,  the  da ta  at  hand  are cons is ten t  with the  no t ion  tha t  in this p repara t ion  
the  intracel lular  IF migh t  have an inh ib i to ry  e f fec t  on the  Na + pump.  Thus,  
if  t ha t  were the  case, the  h y p o t o n i c  s t imula t ion  o f  the  s t rophanthidin-sensi-  
t ive Na + e f f lux  would  ref lec t  a r educ t ion  o f  such inhibi t ion subsequen t  to  the 
fall in Ka i. 
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A preliminary account of these experiments has been presented els- 
where [22].  

I thank Dr. Paul Horowicz for his comments on the manuscript. This 
work was supported by N.I.H. Grant 5, PO 1, NS-10981. 
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