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The mechanism o f  p o s i t i v e  i n o t r o p i c  a c t i o n  o f  c a r d i a c  g l y c o s i d e s  i s  s t i l l  a m a t t e r  o f  

c o n t r o v e r s y  ( 1 ) .  The d i s a g r e e m e n t  m a i n l y  r e l a t e s  t o  t h e  q u e s t i o n  w h e t h e r  i n c r e a s e d  

f o r c e  o f  c o n t r a c t i o n  i s  c a u s e d  by ,  and t h e r e f o r e  n e c e s s a r i l y  a c c o m p a n i e d  by ,  an i n h i b i -  

t i o n  o f  t h e  sod ium pump. At t h e r a p e u t i c  l e v e l s  o f  t h e  d r u g ,  sod ium pump h a s  b e e n  d e s -  

c r i b e d  a s  n o t  i n f l u e n c e d ,  i n h i b i t e d  o r  even  s t i m u l a t e d ,  d e p e n d i n g  on t h e  s p e c i e s  i n -  

v e s t i g a t e d ,  t h e  d rug  a p p l i e d  and t h e  method  u s e d  ( 1 , 2 ) .  The p r o b l e m  i s  f u r t h e r  com- 

p l i c a t e d  by t h e  p r e s e n c e  o f  two d i f f e r e n t  b i n d i n g  s i t e s  f o r  c a r d i a c  g l y c o s i d e s .  In  r a t  

h e a r t ,  o c c u p a t i o n  o f  t h e  h i g h  a f f i n i t y  s i t e  b e i n g  l i n k e d  t o  p o s i t i v e  i n o t r o p i c  e f f e c t  

w i t h o u t  i n h i b i t i o n  o f  (Na++ K+)-ATPase a c t i v i t y  o r  a c t i v e  ( 8 6 R b + ) - u p t a k e  a s  meas u re  

o f  sod ium pump a c t i v i t y  ( ~ ) .  In  few o f  t h e  e x p e r i m e n t s  d e s c r i b e d ,  h o w e v e r ,  h a s  i n h i b i -  

t i o n  o r  s t i m u l a t i o n  o f  t h e  sodium pump by c a r d i a c  g l y c o s i d e s  b e e n  c o r r e l a t e d  q u a n t i t a -  

t i v e l y  w i t h  t h e  p e r c e n t a g e  o f  b i n d i n g  s i t e s  o c c u p i e d  by c a r d i a c  g l y c o s i d e  m o l e c u l e s .  

We t h e r e f o r e  have  m e a s u r e d  s i m u l t a n e o u s l y  ( 3 H ) - o u a b a i n  b i n d i n g ,  a c t i v e  (86Rb++ K + ) - u p -  

t a k e  and c e l l u l a r  K + in  m y o c a r d i a l  b e a t i n g  m u s c l e  c e l l s  a s  w e l l  a s  i n  m y o c a r d i a l  non 

muscle cells in culture, derived from chick embryos. 

Methods: Muscle and non muscle cells from hearts of 9-12 day-old chick embryos have 

been prepared and separately cultured as described in detail for rat heart cells (4,5). 

Experiments have been carried out with muscle cells after 2-S days in culture, with 

non muscle cells after I subcultivation (splitting ratio 1:2). At that time, muscle 

ceils had formed a synchronously beating monolayer, non muscle cells were at conflu- 

ency. For measurement of (SH)-ouabain binding, (86Rb++ K+)-uptake and cellular K +, 

cells (O.2-2.O mg protein/flask) were incubated in Hepes buffered (20 mM, pH 7.40) 
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CMRL 1415 ATM medium (K + f r e e ) ,  s u p p l e m e n t e d  w i t h  2 . 5  % f e t a l  c a l f  s e rum,  2 . 5  % h o r s e  

serum and t h e  a p p r o p r i a t e  o u a b a i n  c o n c e n t r a t i o n ,  f o r  240 min a t  37°C, t h e  K + c o n c e n t r a -  

t i o n  a d j u s t e d  t o  0 . 7 5  mM. For  m e a s u r e m e n t  o f  ( 3 H ) - o u a b a i n  b i n d i n g  u n d e r  e q u i l i b r i u m  

c o n d i t i o n s ,  a b o u t  5 / u C i  ( S H ) - o u a b a i n / f l a s k  (14 Ci /mmol ,  NEN, D r e i e i c h ,  Germany) have  

b e e n  added  t o  t h e  medium a t  t h e  b e g i n n i n g  o f  t h e  i n c u b a t i o n  p e r i o d .  F o r  m e a s u r e m e n t  o f  

(86Rb++ K + ) - i n f l u x  r a t e  ( m e a s u r i n g  t i m e  10 m i n ) ,  a b o u t  1 /uCi  8 6 R b + / f l a s k  ( s p e c i f i c  a c -  

t i v i t y  1 mCi/mg; NEN, D r e i e i c h ,  Germany) h a s  b e e n  added  t o  t h e  c e l l s  240 min a f t e r  

s t a r t i n g  i n c u b a t i o n  p e r i o d  w i t h  o u a b a i n .  8 - 1 0  i n c r e a s i n g  o u a b a i n  c o n c e n t r a t i o n s  have  

b e e n  a p p l i e d ,  t o  c h a r a c t e r i z e  - a l w a y s  w i t h i n  t h e  same e x p e r i m e n t  - o u a b a i n  b i n d i n g  t o  

t h e  c e l l s ,  a s  w e l l  a s  t h e  c o n c e n t r a t i o n  d e p e n d e n t  i n h i b i t i o n  o f  (86Rb++ K + ) - i n f l u x  and 

d e c r e a s e  i n  c e l l u l a r  K + by o u a b a i n .  Each  v a l u e  i s  b a s e d  on t r i p l i c a t e  m e a s u r e m e n t s ;  u n -  

s p e c i f i c  ( 3 H ) - o u a b a i n  b i n d i n g  i s  d e f i n e d  a s  ( 3 H ) - b i n d i n g  t o  t h e  c e l l s  i n  t h e  p r e s e n c e  

o f  10 - 2  M o u a b a i n .  Fo r  f u r t h e r  e x p e r i m e n t a l  d e t a i l s  - i n c l u d i n g  m e a s u r e m e n t  o f  c e l l  

p r o t e i n  a c c o r d i n g  t o  Lowry ( 6 ) ,  c e l l u l a r  K + by f l a m e  p h o t o m e t r y ,  ( S H ) - o u a b a i n  and 

( 8 6 R b + ) - r a d i o a c t i v i t y  - and a l s o  f o r  m a t e r i a l s  s e e  ( 4 , 5 ) .  F o r  c a l c u l a t i o n  o f  t h e  num- 

b e r  o f  o u a b a i n  b i n d i n g  s i t e s / c e l l ,  c e l l  p r o t e i n  h a s  b e e n  d e t e r m i n e d :  h e a r t  m u s c l e  c e l l s  

0 . 5 5  mg/lO 6 c e l l s  ( n = 6 ) ,  h e a r t  non m u s c l e  c e l l s  0 . 2 4  mg/lO 6 c e l l s  ( n = 1 2 ) .  The t e r m  

"non  m u s c l e  c e l l s "  r e f e r s  t o  h e a r t  c e l l s  l a c k i n g  s a r c o m e r e s ,  m a i n l y  c o n s i s t i n g  o f  f i -  

b r o b l a s t s  and e n d o t h e l i a l  c e l l s .  

T a b l e  1: (3H)-OUABAIN BINDING SITES, (86Rb++ K+)-INFLUX RATES AND CELLULAR K + OF CUL- 

TURED HEART MUSCLE AND NON MUSCLE CELLS FROM CHICK EMBRYOS (Mean ~ SEM, n = 5-17)  

EK +] = 0 . 7 5  mM: 

(3H)-OUABAIN BINDING SITES 

d i s s o c i a t i o n  c o n s t a n t  K D (M) 

number o f  b i n d i n g  s i t e s  

p m o l e s / m g  c e l l  p r o t e i n :  

s i t e s / c e l l  

(86Rb++ K+)-INFLUX RATE 

( n m o l e s / m g  p r o t e i n  x min)  

CELLULAR K + 

( n m o l e s / m g  p r o t e i n )  

HEART MUSCLE CELLS 

( 1 . 5  ± 0 . 2 )  x 10 -7  

HEART NON MUSCLE CELLS 

( 1 . 9  + 0 . 2 )  x 10 - 7  

2 . 6  + 0 . 3  2 . 1  + 0 . I  

860 .00 0  + 100 .000  300 .000  + 15 .000 

15 .4  -+ 1 .2  7 . 5  & 0 . 8  

568 ± 39 261 ~ 31 

R e s u l t s :  ( 3 H ) - o u a b a i n  b i n d i n g  e x p e r i m e n t s  d e m o n s t r a t e  s a t u r a b l e  b i n d i n g  to  c u l t u r e d  

m y o c a r d i a l  m u s c l e  and non m u s c l e  c e l l s  d e r i v e d  f rom c h i c k  e m b r y o s .  S c a t c h a r d  p l o t  a n a -  

l y s i s  (7)  r e v e a l s  a s i n g l e  c l a s s  o f  b i n d i n g  s i t e s ,  whose a f f i n i t y  f o r  o u a b a i n  i s  s i m i -  

l a r  b o t h  i n  m u s c l e  and non m u s c l e  c e l l s  ( t a b l e  13.  In  b o t h  c e l l  t y p e s ,  (B6Rb++ K+)-  

i n f l u x  r a t e  ( t a b l e  1) can  be i n h i b i t e d ,  and c e l l u l a r  K + p o o l  ( t a b l e  1) can  be d e c r e a -  
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Bed by  o u a b a i n  i n  a c o n c e n t r a t i o n  d e p e n d e n t  m a n n e r  t o  l e s s  t h a n  10 % o f  c o n t r o l  v a l u e s .  

A c c o r d i n g  t o  l~w o f  mass  a c t i o n ,  t h e  p e r c e n t a g e  o f  o u a b a i n  b i n d i n g  s i t e s  o c c u p i e d  by  

o u a b a i n  c a n  be  c a l c u l a t e d  f o r  e v e r y  o u a b a i n  c o n c e n t r a t i o n  c h o s e n  ( f i g .  1, a b s c i s s a ) .  

T h i s  p e r c e n t a g e  c a n  t h e n  be  c o r r e l a t e d  w i t h  t h e  r a t e  o f  o u a b a i n - s e n s i t i v e  (86Rb++ K+) -  

u p t a k e  and  w i t h  t h e  amount  o f  o u a b a i n - s e n s i t i v e  c e l l u l a r  K + a t  t h e  v e r y  same o u a b a i n  

c o n c e n t r a t i o n  ( s e e  f i g .  1, o r d i n a t e s  g i v e n  a s  % o f  c o n t r e l  v a l u e s ) :  i n  non  m u s c l e  

c e l l s ,  a s t o i c h i o m e t r i c  r e l a t i o n s h i p  e x i s t s  o v e r  t h e  w h o l e  o u a b a i n  c o n c e n t r a t i o n  r a n g e  

b e t w e e n  g l y c o s i d e  b i n d i n g  s i t e s  o c c u p i e d  by  o u a b a t n ,  and  r e d u c t i o n  o f  o u a b a i n - s e n s i -  

t i r e  (86Rb++ K + ) - i n f l u x  o r  c e l l u l a r  K +.  M u s c l e  c e l l s ,  h o w e v e r ,  b e h a v e  d i f f e r e n t l y :  i n  

t h e s e  c e l l s  up t o  40 % o f  g l y c o s i d e  b i n d i n g  s i t e s  c a n  b i n d  o u a b a i n  w i t h  o n l y  m i n o r  r e -  

d u c t i o n  i n  (86Rb++ K + ) - i n f l u x  and  c e l l u l a r  K +. F u r t h e r  i n c r e a s e s  i n  t h e  p e r c e n t a g e  o f  

b i n d i n g  s i t e s  o c c u p i e d  by  o u a b a i n  t h e n  d e c r e a s e  (86Rb++ K + ) - u p t a k e  and  c e l l u l a r  K + a s  

e x p e c t e d  ( f i g .  1 ) .  

x 100 

,c: 
I 

÷ v  
+.~ 75 

5o 

C 
@ 

"~ 2 5  t,- 

'5 

O 

(86Rb++K +] - influx cellular K + 

0 0 

. muscle ceils .~ 100 

! 
= 7 5  
U 

ID 

= 5 0  

ffl 

._= 25 
0 

J~ 
0 

, 0 

25 50 75 100 

muscle ceils 

25 50 75 100 

binding site - tigond -complexes (%) 

F i s .  1: E f f e c t  o f  ( 3 H ) - o u a b a i n  b i n d i n $  t o  i t s  b i n d i n  E s i t e  on  o u a b a i n - s e n s l t i v e  

( 8 6 R b + ) - i n f l u x  r a t e  and  c e l l u l a r  K + p o o l  i n  c u l t u r e d  m u s c l e  (o - - -o )  and  non  m u s c l e  

c e l l s  ( ;  ; )  f rom c h i c k  h e a r t .  A c c o r d i n g  t o  KD= ( [ 0 ]  x [B 7 )  / CBO], t h e  p e r c e n t a g e  o f  

o u a b a i n  b i n d i n g  s i t e s  o c c u p i e d  by  o u a b a i n  BO c a n  be  c a l c u l a t e d  f o r  e v e r y  o u a b a i n  

c o n c e n t r a t i o n  [0] c h o s e n ;  ~B] = c o n c e n t r a t i o n  o f  f r e e  o u a b a i n  b i n d i n g  s i t e s  = c o n c e n -  

t r a t i o n  o f  t o t a l  b i n d i n g  s i t e s  - [BO].  The c a l c u l a t i o n  i s  b a s e d  on  t h e  a s s u m p t i o n  

t h a t  one  o u a b a i n  b i n d i n g  s i t e  b i n d s  one  m o l e c u l e  o f  o u a b a i n .  From c o n c e n t r a t i o n - e f -  

f e c t  c u r v e s ,  t h e  v a l u e s  f o r  o u a b a t n - s e n s i t i v e  (86~b++ K + ) - i n f l u x  and  c e l l u l a r  K + ( i n  

% o f  c o n t r o l  w i t h o u t  o u a b a i n )  h a v e  b e e n  o b t a i n e d  f o r  t h e  o u a b a i n  c o n c e n t r a t i o n s  p r o -  

d u c i n g  1 0 , 2 0 , 3 0  . . . .  90 % o f  b i n d i n g  s i t e - l i g a n d - c o m p l e x e s .  D a t a  a r e  g i v e n  a s  mean±SEM! 

n = 9 f o r  h e a r t  m u s c l e  c e l l s ,  n = 5 f o r  h e a r t  non  m u s c l e  c e l l s .  F o r  e x p e r i m e n t a l  d e -  

tails s e e  " m e t h o d s " .  
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D i s c u s s i o n :  The s t o i c h i o m e t r i c  r e l a t i o n s h i p  b e t w e e n  ( S H ) - o u a b a i n  b i n d i n g  and 

(86Rb++ K + ) - i n f l u x  i n h i b i t i o n  i n  h e a r t  non m u s c l e  c e i l s  ( f i g .  1) i s  i n  a g r e e m e n t  w i t h  

t h e  i n a c t i v a t i o n  o f  t h e  (Na++ K+)-ATPase  m o l e c u l e  due t o  b i n d i n g  o f  an o u a b a i n  m o l e -  

c u l e  i n  v i t r o  ( 8 , 9 ) .  S i m i l a r  r e s u l t s  h a v e  b e e n  o b t a i n e d  w i t h  e r y t h r o c y t e s  ( 1 0 ) .  The 

c o r r e l a t i o n  o f  g l y c o s i d e  r e c e p t o r  o c c u p a t i o n  and sod ium pump i n h i b i t i o n  i n  h e a r t  mus-  

c l e  c e l l s ,  h o w e v e r ,  d o e s  n o t  f i t  t h i s  s i m p l e  c o n c e p t  a t  a l l :  o n l y  m i n o r  e f f e c t s  on 

(86Rb++ K + ) - i n f l u x  and c e l l u l a r  K + a r e  o b s e r v a b l e  even  when a b o u t  40 % o f  a l l  g l y c o -  

s i d e  r e c e p t o r s  a r e  o c c u p i e d  by o u b a i n  m o l e c u l e s  ( f i g .  1 ) .  T h i s  e i t h e r  means t h a t  o u a -  

b a i n  b i n d i n g  i s  n o t  s t r i c t l y  c o u p l e d  t o  sod ium pump i n h i b i t i o n ,  o r  t h e  n o n - i n h i b i t e d  

p o r t i o n  o f  sod ium pump m o l e c u l e s  can  i n  p a r t  c o m p e n s a t e  - by i n c r e a s e d  a c t i v i t y  - f o r  

t h e  o u a b a i n - i n a c t i v a t e d  pump m o l e c u l e s  ( 1 2 ) .  Sodium pump a c t i v i t y  i n  c h i c k e n  h e a r t  

m u s c l e  c e l l s  i s  s u s t a i n e d  d e s p i t e  t h e  f o r m a t i o n  o f  a c o n s i d e r a b l e  amount  o f  g l y c o s i d e  

r e c e p t o r  - o u a b a i n  - c o m p l e x e s .  T h i s  c o u l d  e x p l a i n  t h e  e x p e r i m e n t a l  f i n d i n g  t h a t  no 

o r  d i s p r o p o r t i o n a l l y  s m a l l  i n h i b i t i o n  o f  sod ium pump a c t i v i t y  and c h a n g e  o f  c e l l u l a r  

Na + and K + h a v e  b e e n  m e a s u r e d  a t  t h e r a p e u t i c  l e v e l s  o f  c a r d i a c  g l y c o s i d e s  ( 2 , 1 2 , 1 3 ) .  
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