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Stimulative and protective action of Sr ~+ and Ba z+ on (Na+ -K+) -ATPase  
from cultured heart cells 

The use of monolayers of cultured cells, containing only one cell type, provides 
an ideal system for evaluating the activity of a variety of pharmacological agents in 
the absence of complicating tissue and neural effects. Such a system of cultured myo- 
cardial cells was recently used by SPERELAKIS AND LEHMKUHL 1 in an attempt to 
separate the electrophysiologieal effects of cardiac glycosides and local anesthetics 
at the tissue level from those at the cellular level. Their results indicated that ouabain, 
cocaine and tetracaine produced depolarization and a loss of electrical excitability 
in individual cells. This inhibition of electrical activity could rapidly be reversed, 
concomitant with a marked hyperpolarization, by the addition of either Sr 2+ or Ba 2+ 
(5-1o raM) to the culture bath. Among several possible explanations, the authors 
favored the view that their results could best be explained by assuming these drugs 
inhibited the (Na+-K+)-ATPase, and that Sr 2+ or Ba 2+ had a protective and stimu- 
lative role on Na + pump activity. In addition, this view is consistent with the obser- 
vations that Sr 2+ usually hyperpolarizes cultured heart cells bathed in normal media 
within I 2 rain, even in the presence of high external K + (partial Na + replacement) ; 
however, Sr 2+ is not effective in NaT-free Li+-Ringer, presumably because Li + can 
not be actively extruded. The present communication is an investigation of the direct 
effects of Ba 2+ and Sr 2+ on (Na+-K+)-dependent ATPase activity of cultured heart 
cells. The data support the mechanism of Ba 2÷ and Sr 2+ action suggested by the 
earlier work, and represents a further localization of the effects of local anesthetics 
from the cellular to the molecular level. 

Monolayers of cultured heart cells were prepared and grown as previously 
described 2-4. Routinely, four culture flasks containing approx. 25o mg of cells were 
used to prepare "a membrane preparation" of myocardial cells. The cells were lysed 
using osmotic shock, washed twice in distilled water, and sonicated for 5 min. The 
sonicate was centrifuged at IOOOOO × g for 3 h at 4 °, and the pellet redissolved in 
4 ml of o.25 M sucrose. This membrane preparation was prepared daily and im- 
mediately used as the source of ATPase activity. After incubation in the appropriate 
medium (see Table I) for 3o-6o min, inorganic phosphate was estimated by the method 
of I;ISKE AND SUBBARow 5. 

The results are summarized in Table I. I t  is clear that  Ba 2+ and Sr 2÷ both 
further activate the ATPase from cultured heart cells. The degree of activation of 
the enzyme as a function of either Sr 2+ or Ba 2÷ concentration is shown in Fig. I. 
The results are similar to those reported by WINS AND SCHOFFENIELS 6 for Sr 2+ and 
Ba 2+ activation of the ATPase of red cell ghosts, though their maximum activity 
was obtained at lower cation concentrations. The protection of the enzyme from the 
effect of ouabain by Ba 2+ or Sr 2+ is ennrely consistent with the eleetrophysiological 
data of SPERELAKIS AND LEHMKUHL 1. A greater activation of the ATPase by Sr 2+ is 
consistent with the greater hyperpolarization produced by Sr 2+ compared to Ba 2÷. 
The ability of Sr 2÷ and Ba e÷ to rapidly hyperpolarize these cells in the presence of 
ouabain could be due either to the re-establishment of the ionic gradients or to an 
electrogenic Na + pump potential. The present studies do not differentiate between 
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T A B L E  [ 

S U M M A R Y  OF T H E  D A T A  S H O W I N G  S T I M U L A T I O N  OF T H E  (Na 4 K+)-ATPaBe F R O M  C U L T U R E D  H E A R T  

C E L L S  B Y  S r  2+ A N D  B a  2+, A N D  T H E  P R O T E C T I V E  A C T I O N  OF T H E S E  D I V A L E N T  C A T I O N S  ON T H E  

A C T I O N S  OF C A R D I A C  G L Y C O S I D E S  A N D  L O C A L  A N E S T H E T I C S  

The  control  m e d i u m  con ta ined  lOO niM NaC1, 20 mM  KCI, 5 m M  MgC12, 50 inM Tris-HC1 (pH 7.4), 
3 m M  A T P  and  0. 4 ml  e n z y m e  in a final vo l ume  of 2 nil. The  solut ion was i ncuba t ed  a t  37 ~ for 
5 min ,  and  t he  reac t ion  s t a r t ed  by  the  addi t ion  of ATP  and  s topped  af ter  the  appropr ia te  t ime  
by  t he  add i t ion  of 0.2 inl 35 % t r ichloroacet ic  acid. In all cases  two controls ,  one w i thou t  prote in  
and  one w i t h o u t  ATP,  were included.  

Conditions ,Number of % d ctivity 
experiments (±  S.E.) 

Control  m e d i u m  27 
- -  N a  + ,  - -  K +  2 

T o u a b a i n  (2 mM) 2 
+ Sr 2+ (2 nlM) 6 
+ B a  2+ (2 mM) 2 
+ o u a b a i n  (2 n l M ) +  Sr ~+ (2 raM) 4 
+ o u a b a i n  (2 raM) + B a  2+ (2 mM) 2 
+ t e t r a c a i n e  (i0 mM) 2 
+ t e t r a c a i n e  ( i0 raM) + Sr 2+ (2 nlM) 2 

+ t e t r a c a i n e  (io mM) + B a  2+ (2 mM) 2 
+ Li + (i GO nlM) --  Na  + 3 
+ L i  + ( i00 raM) Na  + + o u a b a i n  (2 raM) 2 

I00 
5 9 ±  7 
3 6 ±  I1 

163 ~- 2I 
143 ± 7 
17o ± 16 
14o :c 13 

2 2  ~ 1 

7 6 =_ I 
67 ± 3 

142 ± 18 
135 ~ 7 
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CONCENTRATION {raM) 
Fig. i .  S t imu la t i on  of t he  t r a n s p o r t  ATPase  of cu l tu red  hea r t  cells by  Sr 2+ and  Ba z+. The  rela t ive 
e n z y m e  ac t iv i ty  re la t ive  to t h e  init ial  control  ac t iv i ty  of ioo % is p lo t t ed  as a func t ion  of the  
Sr 2+ or Ba  2+ concen t ra t ion .  The  incuba t ion  m e d i u m  con ta ined  ioo mM NaC1, 20 m M  KC1, and  
5 m M  MgCl~. The  circles r epresen t  Sr 2+ d a t a  and  the  squares  Ba  2+ da t a ;  filled symbo l s  and  open 
symbo l s  are f rom sepa ra te  exper imen t s .  

t h e s e  t w o  p o s s i b i l i t i e s ,  i.e. s t i m u l a t i o n  o f  a n  e l e c t r o g e n i c  versus a n o n - e l e c t r o g e n i c  

p u m p .  T h e  r e v e r s a l  o f  o u a b a i n  i n h i b i t i o n  b y  B a  ~+ o r  S r  2+ m a y  b e  d u e  t o  c o m p e t i t i o n  

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

o u a b a i n  a n d  K +  a r e  k n o w n  t o  c o m p e t e  f o r  t h e  s a m e  s i t e  o n  t h e  ( N a ÷ - K + ) - a c t i v a t e d  

A T P a s e  v, a n d  B a  2÷ h a s  t h e  a p p a r e n t  a b i l i t y  t o  b i n d  o r  p l u g  K +  s i t e s  o r  c h a n n e l s  i n  

t h e  m y o c a r d i a l  cel l  m e m b r a n e  d u e  t o  t h e i r  s i m i l a r i t y  i n  s i z e s  8. H o w e v e r ,  r e c e n t l y  

MATSUI  AND SCHWARTZ 9 h a v e  r e p o r t e d  t h a t  t h e  r e v e r s a l  o f  o u a b a i n  i n h i b i t i o n  b y  K ÷ 

m a y  n o t  b e  d u e  t o  c o m p e t i t i o n  f o r  t h e  s a m e  b i n d i n g  s i t e  o n  t h e  e n z y m e .  I n  o u r  
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system, the mechanistic interpretation of Ba 2+ and Sr 2+ reversal of ouabain inhibition 
awaits more detailed kinetic studies. 

The effect of local anesthetics on cultured heart cells was to depress the electrical 
activity of these cells and cause a gradual depolarization 1. This could be due either 
to an inhibition of the Na + pump or a decrease in potassium conductance of the 
cell membrane.  Since the membrane resistance remained nearly constant during the 
application of the anesthetic, this suggests that  pump inhibition might be the cause 
of the depolarization. The data in Table I indicate that  tetracaine does indeed inhibit 
the cultured heart cell ATPase, and this supports the above suggestion. The rapid 
hyperpolarization produced by Ba 2+ and Sr 2+ of myocardial cells depolarized by 
cocaine or tetracaine is consistent with the ability of these cations to partially restore 
the activity of the ATPase as shown in Table I. These results indicate that  the loss 
of electrical excitability and depolarization caused by ouabain and local anesthetics 
in cultured heart cells could be due to inhibition of the Na+-K + pump, and that  
the reversal of these effects by  Ba 2+ and Sr 2+ may  be due to their stimulation of 
the (Na+-K+)-ATPase. 

The effect of replacing Na + in the incubation medium with Li + is interesting 
because electrophysiological studies by PAPPANO AND SPERELAKIS TM indicate that  the 
cultured heart cell is unable to pump Li+. However, the activity of the ATPase is 
increased when Li+ is substi tuted for Na + (Table I) and this activity is essentially 
ouabain insensitive. This suggests that  Li+ uncouples the hydrolytic activity of the 
enzyme from the transport  activity. The validity of this suggestion depends on a 
demonstrat ion that  it is actually the activity of the (Na+-K+)-dependent enzyme 
which is stimulated and not the non-specific enzyme. This would be most clearly 
accomplished by purification of the (Na+-K+)-dependent ATPase activity and subse- 
quent kinetic analysis in a Li + medium. SKOUn, 12 has shown that  in the presence of 
Na +, Li + partially replaces K + as an act ivator  of the enzyme. 
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