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SUMMARY 

I. The hypothesis that  the inhibitory action of ouabain on the Ca2+-dependent 
increase in K + permeabili ty observed in depleted human red cells is mediated by 
changes in the intracellular level of ATP was tested by measuring simultaneously the 
ouabain sensitive K + loss and the concentration of ATP in depleted guinea-pig red 
cells in the presence and absence of external Ca 2+. 

2. The results showed that  ouabain has opposite effects on the K + loss. Thus, in 
the presence of external K +, when the forward running of the Na + pump contributes 
to the breakdown of ATP, ouabain reduces K + loss, as observed in human red cells; in 
a K+ free, high Na + medium when the pump running backwards induces a net syn- 
thesis of ATP (which can be detected in guinea-pig red cells but not in human red 
cells), ouabain increases K + loss. 

3. The results suggest that  the action of ouabain is mediated through the 
changes in the intracellular level of ATP induced by the forward or reverse operation 
of the Na + pump. 

Recently, BLUM AND HOFFMAN 1 reported that  ouabain, known to be a specific 
inhibitor of the Na + pump, inhibits a substantial  proportion of the Ca2+-dependent 
increase in K + permeabili ty observed in depleted human erythrocytes 2,3 in the pres- 
ence of external K +. They concluded " tha t  most, if not all, of the increased K + out- 
flux results from an increased turnover of at least part  of the same system which serves 
as the Na+-K + pump in normal red cells". 

If the Ca2+-dependent change in K + permeabili ty is sensitive to small variations 
in the intracellular level of ATP as suggested beforO, an alternative explanation of 
BLUM AND HOFFMAN'S 1 results can be proposed based on the contribution of Na + 
pump act ivi ty to the intracellular ATP changes when the cells are being depleted. In 
the presence of external K +, when the pump runs forward, ouabain should reduce the 
rate of ATP hydrolysis, whereas in a K+-free high-Na + medium, when the pump 
would be expected to run backwards, ouabain should reduce the rate of formation of 
ATP. If the Ca~+-induced K + leak depends on ATP depletion, ouabain should there- 
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fore decrease the leak in K+-containing media but increase it in a high-Na +, K+-free 
medium. This communication describes experiments designed to test these predictions, 

Preliminary experiments had shown that (i) while ouabain sensitive differences 
in the intracellular concentration of ATP in the presence of external K + are observed 
both in human and guinea pig red cells, in a K÷-free high-Na ÷ medium they can be 
detected only in guinea pig red cells 5. (ii) Guinea pig red cells behave in a generally 
similar way to human red cells 6 in showing a Ca2+-dependent increase in K ÷ permea- 
bility when they are being depleted. In view of these results, guinea-pig red cells were 
the obvious choice for the present experiments. 

Red cells from at least two guinea pigs were washed, pooled and preincubated 
in a substrate-free medium containing 4*K+ for 4 h at 37 ° and overnight at 5 °. After 
the preincubation the cells were loaded with inorganic phosphate by incubating them 
for about 20 rain in a phosphate-citrate medium 7. The cells were washed thoroughly in 
a K+-free, high-Na ÷ medium and resuspended at a haematocrit of about 5 % in more 
of the same solution to which iodoacetamide, inosine and Tris-EGTA had been added. 
Ca 2+, K + and ouabain were added as indicated in Table I. At the end of a 30- or 
6o-min incubation period the cell suspensions were cooled and centrifuged for 3 min 
at 2500 × g. The ~2K+ activity was measured in the supernatant and ATP was deter- 
mined in the cells (see legend of Fig. I). 

T A B L E  I 

E F F E C T  OF O U A B A I N  A N D  C a  2+ ON THE 4 2 K +  LOSS  FROM S T A R V E D  G U I N E A - P I G  R E D  CELLS IN THE 
PRESENCE OF IODOACETAMIDE AND INOSINE 

Guinea-p ig  red cells p r e t r e a t e d  as descr ibed  in the  t e x t  were i n c u b a t e d  for 3 ° or 60 min  a t  37 ° in a 
m e d i u m  con ta in ing  15o mlV[ NaC1, i o  mlV[ Tris-HC1 (pH 7.4 a t  37°), 5 mM iodoace t amide ,  5 mM 
inosine  and  o.6 mM Tr i s -EGTA.  W h e n  presen t ,  the  c o n c e n t r a t i o n  of ouaba in  was  5" Io-5 g/ml,  
t h a t  of KC1, io  miVf, and  t h a t  of CaC12, 0.75 raM. a2K+ loss  is expressed  as the  pe rcen t  of the  t o t a l  
42K+ a c t i v i t y  con t a ined  in tb-e cells a t  the  beg inn ing  of the  final i n c u b a t i o n  t h a t  was  p re sen t  in t he  
s u p e r n a t a n t  a t  the  end of the  3 ° -  or  6o-min i n c u b a t i o n  per iod.  Each  figure is the  m e a n  of th ree  
e s t i m a t e s  ± S.E. 

Addition to the Incubation 42K+ loss (% initial activity in cells) 
medium time (rain) 

Without With Difference 
Ca°-+ If+ ouabain ouabain (A --B) 

(A) (B) 

Absent  Absen t  30 2.17 ± 0.07 1.36 _j: 0.04 o.81 :L 0.08 
6o 3.80 :t: 0.03 2.46 ~: 0.06 1.34 :L 0.05 

Presen t  Absen t  3 ° 4.91 ~: o . i i  5.46 ± o.13 --0.55 ~ o.17 
6o 8.52 i o.13 lO.8O ± 0.08 --2.28 ± o.15 

Absen t  P resen t  3 ° 1.78 ~- 0.03 1.55 i 0-04 0.23 ± 0-o5 
60 3.44 ± 0.04 2.82 :L o.04 0,62 i 0-05 

Presen t  P resen t  30 6.26 ± o.13 5.99 ± o-19 o.27 ~- 0-23 
60 13.o6 ~: o.16 1i .oo ± o.16 2.o6 J: 0.22 

Two identical experiments were performed with similar results. The results of 
one of these experiments are reported in Fig. I and Table I. 

Fig. I shows that, as expected and in agreement with earlier results 5, ouabain 
leads to a higher level of ATP when the cells are incubated in a K+-containing medium, 
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and  to a lower level of ATP when the cells are incuba ted  in a K+-free, h igh-Na ÷ 
medium.  
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Fig. I. The change in ATP concentra t ion  wi th  t ime in the same cells f rom which the 42K÷ loss ~s 
repor ted in Table I (see legend of table). © - - © ,  cells incubated in a K+-free medium;  D - - E J ,  
io  mM K ÷ present  in the medium. Full symbols,  ouabain-free medium;  emp ty  symbols,  ouabain 
present.  The cells were lysed in a fixed volume of distilled water  and the protein  precipitated with 
trichloroacetic acid (final concentra t ion  5 %), The trichloroacetic acid was extracted with diethyl 
e ther  and the diethy] e ther  was blown off wi th  a gentle s t r eam of air. The remaining superna tan t  
was diluted in a solut ion containing 2o mM glycylglycine buffer (pH 7.4), 5 mM sodium phospha te  
buffer (pH 7-4) and 25 mM MgC12. ATP was determined in this solution using a firefly extract  
method.  (G. L. SLAYMAN, personal  communica t ion  via I. M. GLYNN). When the sample containing 
ATP was suddenly mixed wi th  the firefly extract ,  the recorded intensi ty  of the initial flash of light 
was propor t ional  to the concentrat ion of ATP within the final concentrat ion range used (0.05- 
0. 5/zM). The presence of external  Ca 2+ had no effect on the intracellular ATP levels. Accumulat ion 
of K ÷ lost  f rom the cells in the nominal ly  K+-free medium allowed some running  forwards of the 
pump  and decreased slightly the ouabain sensitive difference in the concentrat ion of ATP during 
the second 0. 5 h. 

Table  I shows the effects of ouaba in  on K + efflux. In  the  absence of ex terna l  
Ca 2+, the  ouabain-sens i t ive  K+ loss appears  wi th  its normal  character is t ics  in guinea- 
pig red  cells as r epor ted  before s. In  the  presence of Ca 2+ in excess of EGTA, there is a 
subs tan t i a l  increase in the  K + loss under  all condit ions.  But  the  significant finding is 
t ha t  the  effects of ouaba in  on the loss of po tass ium are, as predicted,  in opposi te  
direct ions in the  K+-free and K+-conta in ing media.  In  the presence of K ÷, ouaba in  
reduces K + loss as descr ibed by  BLUM AND HOFFMAN 1 ; in the  K+-free med ium ouabain  
increases K ÷ loss. The effects are accen tua ted  dur ing the second 0. 5 h when ATP 
deple t ion  has proceeded further.  

The fact  t ha t  ouaba in  can ei ther  inhibi t  or s t imula te  the  Ca 2+ induced K + loss 
from deple ted  cells according to whether  the  h igh-Na + ex te rna l  med ium contains  K+ 
or not,  s t rong ly  suggests  an indirect  act ion of ouaba in  on the mechanism responsible 
for the  change in K+ permeabi l i ty .  The present  results  suppor t  the  hypothes is  t ha t  the  
effects of ouaba in  on the Ca2+-dependent increase in K + pe rmeab i l i ty  observed in 
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d e p l e t e d  r e d  cells a re  m e d i a t e d  b y  t h e  c h a n g e s  in  t h e  i n t r a c e l l u l a r  c o n c e n t r a t i o n  of 

A T P  i n d u c e d  b y  t h e  f o r w a r d  or  r e v e r s e  r u n n i n g  of t h e  N a  + p u m p .  

ACKNOWLEDGEMENTS 

I w i s h  to  t h a n k  t h e  Med i ca l  R e s e a r c h  Counc i l  ( G r e a t  B r i t a i n )  for  f i n a n c i a l  

s u p p o r t  a n d  Dr ,  I. M. G l y n n  for  r e a d i n g  t h e  m a n u s c r i p t .  

R E F E R E N C E S  

i R. M. BLUM AND J. F. HOFFMAN, Fed. Proc., 29 (197o), 663. 
2 G. GARDOS, Acta Physiot. Hung., 15 (1958) 121. 
3 J. F. t-IOFFMAN, Am. J. Med., 41 (1966) 666. 
4 V. L. LEw, Biochim. Biophys. Acta, 233 (1971) 827- 
5 V. L. LEW, I. M. GLYNN AND J. C. ELLORY, Nature, 225 (197 o) 865. 
6 V. L. LEw, J. Physiol., 206 (197 o) 35 P. 
7 I. M. GLYNN AND V. L. LEw, J. Physiol., 2o 7 (197 o) 393. 
8 J. c. ELLOg¥ AI~D V. L. LEW, J. Physiol., 206 (197 o) 36P. 

Biochim. Biophys. Acta, 249 (1971) 236-239 


