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Effects of ethacrynic acid on sodium fluxes in frog sartorius muscle 

HOROWlCZ 1 and more recently I{EYNES 2,3 found that the Na + effiux fronl frog 
sartorius muscle has two independent and additive components, one is strophanthidin- 
and K+-sensitive, while the second is not blocked by strophanthidin and requires 
Na + in the external solution. The strophanthidin-sensitive component is presumably 
the "Na + pump" proper; the Na+-dependent component may result from exchange 
diffusion a. Recently HOFFMAN AND KREGENOW 4 concluded that Na + extrusion from 
erythrocytes occurs through two independent nlechanisms. Pump I is strophanthidin- 
sensitive and dependent on external K +. Pump II  requires external Na" and is in- 
hibited by ethacrynic acid. In the present experiments we have tested the effects of 
ethacrynic acid on the Na + efflux of frog skeletal muscle. We also used this substance 
to determine whether or not the efflux through the external Na+-dependent com- 
ponent is coupled to an influx of Na*. 

The techniques used were the same as those employed by KEYNES s. 
In the experiinent of Fig. I the effect of a Na--free solution* on the ""Na efflux 

from a strophanthidin(3" IO -5 M)-treated frog sartorius nmscle was first determined. 
This solution reduced Na + efflux to o.21 time the resting level. Afterwards tim muscle 
was reimmersed in Na ~ Ringer plus strophanthidin, and the efflux increased to a 
value close to that reached at the end of the initial period in this solution. Then 
ethacrynie acid (2 raM) was added to the Na + Ringer plus strophanthidin solution. 
The compound caused a reduction of Na-  efflux to a level close to that observed in 
the Na+-free solution. On the average, ethacrynic acid reduced the efflux from 
strophanthidin-treated muscles to o.18 ~ 0.02 (n = 8) times the resting efftux, while 
during immersion in Na+- free solutions plus strophanthidin, the level was equal to 
o.14 ± 0.o 3 times the resting efflux. Once the effect of ethacrynic acid had been de- 
termined, the nmscle was transferred to a Na+-free Ringer plus strophanthidin and 
ethacrynic acid. An increase of Na + efltux was observed in 6 out of 7 experiments. 
These results suggest that in strophanthidin-treated muscles, as in strophanthidin- 
treated erythrocytes, ethacrynic acid partially blocks the Na4-dependent component 
of Na/ efflux. 

The last part of Fig. I shows that when a nmscle was finally transferred from 
Na+-free Ringer plus strophanthidin and ethacrynic acid into Na~ Ringer plus stro- 
phanthidin and ethaerynic acid, there was always (,n = 8) a marked rise in Na + efflux. 
Although we have no explanation for this Na=-induced increase in Na * effiux, ob- 
served after treating the muscles with Na~-free Ringer plus ethacrynic acid and 
strophanthidin, we believe that it is the result of a drastic change of the muscle cells 
because once the new level of effiux is reached, Na + efflux is not affected by eliminating 
the external Na + or by concentrations of strophanthidin larger than those necessary 
to have a full effect in control muscle. 

Fig. 2 illustrates another experiment with ethacrynic acid on a pair of sartorius 

• Na ~ Ringer ' s  compos i t ion  (in raM) was:  NaC1, 115; KC1, 2.5; CaCI 2, 1.8; T r i s - m a l e a t e  
buffer, 4 raM. This  concen t ra t ion  of buffer was sufficient to  b r ing  the  pH of the  so lu t ion  to 7.2 
af ter  the  a d d i t i o n  of e t h a c r y n i c  acid. In  mos t  exper iments ,  N a ' - f r e e  R inge r  was prepared  by 
s u b s t i t u t i n g  NaC1 by  e q u i v a l e n t  a m o u n t s  of LiC1. In  a few exper iments ,  chol ine  chlor ide  was  used 
as a subs t i tu te .  
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muscles. One muscle was used as a cont ro l  (open circles) and  the  other  was t r ea t ed  
with  e thac ryn ic  acid (black circles). When  e thac ryn ic  acid was added,  the  Na"  efflux 
increased;  af ter  IOO rain i t  was equiva lent  to 1. 7 t imes  the  res t ing value.  This rise 
was ahvays observed• I t  leveled off 9o-12o rain after  the  add i t ion  of e thacryn ic  acid 
at  a value  equiva len t  to 2.o :~ o.2 (~z - -  12) t imes  the  rest ing level. On several  oc- 
casions  i t  was preceded  by  a t r ans ien t  decrease of Na ~ efflux to al)out o.8 t imes  the  
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Fig. ~. The effects of e thac ryn i c  acid (2 raM) on the  'Z2Na efflux from a s t r o p h a n t h i d i n - t r e a t e d  
frog sa r to r ius  muscle.  The broken  l ine shows the  level  of efflux reached dur ing  an in i t i a l  per iod 
in Na  + Ringer .  The s t a r t i n g  po in t  of the  con t inuous  g raph  is the  m o m e n t  when the  muscle  was 
immersed  in Nae  R inge r  ph¢s s t rophan th id in .  The effects of Na+-free R inge r  (Li ~ s u b s t i t u t e d  
for Na  +) were then  de te rmined .  After  r e im m e r s ing  the  muscle  in Na + R inge r  plus s t r ophau t h i d i n ,  
c t hac ryn i c  acid was  added,  and  the  effects of Na+-free R inge r  plus s t r o p h a n t h i d i n  and  e thac ryn ic  
acid were tes ted .  F i n a l l y  the  muscle  was immersed  aga in  in Na* Ringe r  plus s t r o p h a n t h i d i n  and 
e thac ryn i c  acid• 

Fig. 2. Compar i son  of the  effects of s t r o p h a n t h i d i n  and Na-- f ree  so lu t ions  on a control  and an 
e thac ryn i c  ac id - t r ea t ed  muscle.  I n i t i a l l y  the  efflux of 22Na from two sa r to r i i  (dissected from a 
s ingle  frog) in to  Na  + R inge r  was de t e rm ine d ;  a f t e rwards  one muscle  was t r ea t ed  wi th  2 mM 
e thac ryn i c  acid ( 0 )  while  the  o ther  r emained  as a control  (O)- Dur ing  the  t h i rd  period, stro- 
p h a n t h i d i n  (3" IO-S M) was added  to the  R inge r  solut ion b a t h i n g  bo th  muscles.  Then the  control  
muscle  was  t rans fe r red  to  Na+-free R inge r  ph¢s s t r ophan t h i d i n ,  and  f inal ly  the  t es t  muscle was 
immersed  in Na+-free R inge r  plus s t r o p h a n t h i d i n  and c thac ryn i c  acid. h i  th is  expe r imen t  IA + 
was s u b s t i t u t e d  for Na  + in the  Na t - f ree  Ringer.  

res t ing  level. In  the  nex t  pa r t  of the  exper iment ,  t i le  effects of s t rophan th id in  on 
bo th  the  control  and  the e thacryn ic  ac id - t rea ted  muscles were inves t iga ted .  The effect 
of the  aglycone on the e thac ryn ic  ac id - t rea ted  muscles was larger  than  t ha t  observed  
in control  muscles. In  27 muscles immersed  in Na  + Ringer,  s t rophan th id in  reduced 
the  Na + efflux to a value of o.59 :t- o.o4 t imes  the res t ing level, while in 4 muscles 
iminersed in Na ~ Ringer  phts e thacryn ie  acid, s t rophan th id in  reduced  the efflux to 
a value of o.2o :c  0.3 t imes  the rest ing value.  Af te r  tes t ing  the effects of s t rophan th id in  
on both  sartori i ,  the  control  muscle was immersed  in Na+-free Ringer phts stro-  
phan th id in ,  i t s  efflux dropped ,  reaching a value (o.z6 ~ o.o2, n - -  4) s imilar  to tha t  
observed in muscles immersed  in Na  u Ringer  plus s t ro t )hanthidin  and e thacryn ic  acid. 
F ina l ly ,  when the muscle t r ea ted  with  s t rophan th id in  and  e thacryn ic  acid was t rans-  
ferred to Na~-free Ringer  plzts s t rophan th id in  and  e thacrynic  acid, an increase in 
Na~- efflux was again observed  as in Vig. I. These observa t ions  can be expla ined  if 
e thac ryn ic  acid, in add i t ion  to an inhib i t ion  of the  Na+-dependent  componen t  of the 
Na  + efflux, s t imula tes  the  Na ~- pump,  so tha t  when s t rophan th id in  is not  present ,  
the  net  effect is an increase in the  Na ~ efllux. If  tlfis exp lana t ion  is correct ,  it  should 
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be possible to show that strophanthidin is not indispensable to the inhibition of the 
Na+-dependent component; that  is, in muscles treated only with ethacrynie acid, 
no decrease in efflux follows the elimination of external Na +. When muscles treated 
only with ethacrynic acid in Na + Ringer were transferred to Na+-free Ringer plus 
ethacrynic acid, a large stimulation of the efflux, lasting for at least 60 rain, was 
observed. 

In other experiments using the technique of KEYNES AND STEINHARDT 3, we 
measured the effects of ethacrynic acid on the Na + influx into strophanthidin-treated 
muscles. Ethacrynic acid reduced influx to o.62 ± o.6 (n = 6) times the resting level. 
In the same nmscles the efflux was reduced from o.59 to o.18 + o.o5 times the resting 
level. 

In summary, we found that ethacrynic acid affects the two components of Na + 
efflux from frog skeletal muscle differently, stimulating the strophanthidin-sensitive, 
external K+-dependent component, and inhibiting the external Na+-dependent, 
strophanthidin-insensitive component. More interesting, perhaps, are the results of 
the uptake experiments indicating that in contrast to the erythrocyte--where the 
inhibition of efflux caused by ethacrynic acid is not associated with a depression of 
Na + influx 4 the Na+-dependent component of Na + efflux in skeletal muscle may 
involve an exchange of Na + for Na~. 
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Effects of A T P  and Ca 2+ on a K+-act ivated phosphatase f rom red blood cel| 

membranes 

In a previous communication 1 we showed that ATP at low concentrations in- 
creases the hydrolysis rate of p-nitrophenyl phosphate by a K+-activated phosphatase 
present in fragmented red blood cell membranes. Since this observation is at variance 
with the inhibitory action of ATP on K+-sensitive phosphatases from other tissues 2-4, 
a more detailed study of the phenomenon seemed worthwhile. In this communication 
we wish to report our findings on the role that Ca 2+ plays in the interaction of the 
enzyme with the nucleotide. 

As previously reported 1, fragmented membranes were prepared by freezing and 
thawing "hemoglobin-free" human red blood cell ghosts prepared by successive washes 
in hypotonic Tris-HC1 solutions. 
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