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Summary 

Simultaneous measurements of  Ca conten t  and 42K+ influx in sickle cell 
anaemia red cells confirm predictions from earlier data in the literature that  
the increased Ca conten t  of  sickle cell anaemia cells which are not  metabo- 
lically depleted does no t  cause a quinine-sensitive increase in K ÷ permeabili ty.  

It is shown that  the ionophore ,  A23187,  can cause the Ca contained in- 
side sickle cell anaemia cells to  activate the quinine-sensitive K+-permeability 
mechanism. This demonstrates the existence of a Ca22refractory state of the 
K ÷ channel in sickle cell anaemia cells and a direct s t imulatory effect  of the 
ionophore  A23187 on its Ca sensitivity. 

Earlier observations by Tosteson et  al. [1] and by Glader and Nathan 
[2] had shown that  sickling induces K ÷ loss and an almost compensating Na* 
gain in sickle cell anaemia red cells with little or no fall in mean corpuscular 
volume [2] or cell water [1 ] .  

Sickle cell anaemia cells, whatever their metabolic state, are known to 
gain Ca when they  sickle [3--5] and, like normal red cells [6 - -10] ,  possess a 
Ca-sensitive K+-selective channel [ 2, 11 ]. Yet, in the experiments of Glader 
and Nathan [2 ] ,  only those cells which had been substantially depleted of 
ATP showed Ca-dependent activation of  their  K ÷ permeabili ty.  Bookch in  
and Lew [12] recently established that  the fraction of ionized Ca within fed 
sickle cell anaemia cells is no t  less than a fifth of  their total  Ca content ,  a 
fraction similar to that  found in normal red cells [13] .  If the apparent  Ca 2. 
affinity of  the K+-permeability mechanism had been in the 0.4--1 uM range 
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found in ATP-depleted cells [ 14 ] and resealed ghosts [ 15- -17] ,  the intracel- 
lular Ca 2÷ concentration found in the sickle cell anaemia cells which, with 
normal Ca 2÷ buffering, could be estimated to be higher than 5 pM [ 5, 12, 18 ] ,  
should have sufficed for substantial activation of  the K ÷ permeability. 

The main purpose of  the experiments reported here was (a) to establish 
whether the apparent failure of  intracellular Ca 2÷ to activate the K ÷ perme- 
ability in substrate-fed sickle cell anaemia cells could be observed when Ca 
content and K* fluxes were measured simultaneously in the presence and ab- 
sence of  quinine, a well known inhibitor of  the Ca-dependent K ÷ fluxes [10] 
and (b) t o  explore whether the lack of  activation was due to a low Ca-sensi- 
tivity state of  the K ÷ channel which could be converted to a high-sensitivity 
state by the use of  the ionophore A23187,  as had been suggested by Lew 
and Ferreira [19] for normal red cells. 

The experiments of  Figs. 1 and 3 {control period) confirm the earlier 
conclusion from more indirect data in the literature [1--3, 5, 12, 18] that 
the Ca contained or gained experimentally by fed sickle cell anaemia cells is 
not associated with a measurable Ca-dependent quinine-sensitive increase in 
K ÷ permeability. 
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Fig.  1.  The  e f f e c t  o f  q u i n i n e  on  the  42K* i n f l u x  and  4SCa c o n t e n t  o f  s ickle  ceil  a n a e m i a  red  cells pre-  
l o a d e d  wi th  4SCa d u r i n g  a s i ck t ing  pulse .  S ick le  cells a n a e m i a  r ed  cells f r o m  f resh ly  d r a w n  b l o o d  w e r e  
w a s h e d  and  r e s u s p e n d e d  a t  a h a e m a t o c r i t  o f  a b o u t  20% in a m e d i u m  c o n t a i n i n g  ( raM):  NaC],  150;  
KCI,  5; H e p e s - N a  (pH 7.4) ,  10;  and  4SCaCl2 ,1 .  The  cell s u s p e n s i o n  was  i n c u b a t e d  for  3 h at  3 7 ° C  in 
100% a rgon .  A b o u t  80% o f  the  cells were  s i ck led  a f t e r  90  ra in .  The  cells were  t h e n  r e o x y g e n a t e d ,  
w a s h e d  f o u r  t i m e s  and  r e s u s p e n d e d  a t  a h a e m a t o c r i t  o f  a b o u t  10% in a s imi la r  m e d i u m  c o n t a i n i n g  5 

4 2  + . . . . .  m M  K and  1 m M  T • s - E G T A  in s t ead  o f  1 m M  CaCI~.  W h e n  p r e s e n t ,  the  c o n c e n t r a t i o n  of  qu in ine  
4 2  ~ 5  was  1 m M  and t h a t  o f  o u a b a i n ,  0.1 raM. T h e  K and  Ca c o n t e n t  o f  the  cells w a s  m e a s u r e d  s imul -  

t a n e o u s l y  in  the  s a m e  cells f r o m  s a m p l e s  w a s h e d  twice  in  15 vols.  o f  ice-cold  sal ine,  and  lysed  in  10 
vols.  o f  d is t i l led  water~ the  p r o t e i n  was  p r e c i p i t a t e d  w i t h  5% t r i c h l o r o a c e t i c  acid  and  a l iquo t s  o f  the  
t r i c h l o r o a c e t i c  acid  s u p e r n a t a n t  u s e d  f o r  c o u n t i n g .  T h e  4SCa and  42K c o n t e n t  o f  the  cells was  calcu-  
l a t ed  by  d iv id ing  the  r a d i o a c t i v i t y  pe r  u n i t  cell v o l u m e  by  the  e x t e r n a l  speci f ic  a c t i v i t y  o f  the  i so tope .  
A l t h o u g h  the  4Sea c o n t e n t  t h u s  ca l cu l a t ed  u n d e r e s t i m a t e s  the  t rue  Ca c o n t e n t  o f  the  cells, i t  r e f l ec t s  
the  b e h a v i o u r  o f  i n t r aceUula r  f ree  Ca  poo l s  d u r i n g  the  e f f l u x  p e r i o d  [ 1 2 ] .  The  e f f e c t  o f  o u a b a i n  is 
i n c l u d e d  in th i s  f igure  to  i l lus t ra te  t h e  n o r m a l  m a g n i t u d e  o f  t he  42K+ in f l ux ,  la rgely  an ouaba in - sen -  
s i t ive  f lux  t h r o u g h  the  Na  + p u m p ,  m u c h  smal le r  t h a n  t h a t  e x p e c t e d  f r o m  any  a c t i v a t i o n  of  the  Ca-sen-  
s i t ive  K ÷ p e r m e a b i l i t y  (Fig .  2). In  o t h e r  e x p e r i m e n t s  ( n o t  s h o w n ) ,  qu in ine  was  f o u n d  to  i n d u c e  an er- 
ra t ic  K + leak  in  the  p r e s e n c e  o f  o u a b a i n .  T h e  qu in ine  e f f e c t s  will ,  t h e r e f o r e ,  be r e p o r t e d  on ly  for  the  
o u a b a i n - f r e e  c o n d i t i o n s  in  t he  e x p e r i m e n t  o f  Fig .  3. (A, ~:) 4SCa c o n t e n t  o f  the  ceils,  w i t h o u t  and  w i t h  
ouaba in ;  (©, ~) 42K c o n t e n t  o f  t he  cells, w i t h o u t  and  w i t h  ouaba in .  O p e n  s y m b o l s ,  con t ro l s ;  full s y m -  
bols ,  p lus  qu in ine .  
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Fig.  2. T h e  e f f e c t  o f  in trace l lu lar  Ca o n  t h e  42K+-tracer e q u i l i b r a t i o n  rate of  s ickle  ce l l  a n a e m i a  red 
cel ls  in t h e  p r e s e n c e  o f  a h i g h  c o n c e n t r a t i o n  o f  the  i o n o p h o r e  A 2 3 1 8 7 .  Washed  s ickle  cel l  a n a e m i a  
cel ls  w e r e  r e s u s p e n d e d  at  a h a e m a t o e r i t  o f  a b o u t  10% in a m e d i u m  c o n t a i n i n g  (raM): N a t 1 ,  75;  42KC1, 
7 5 ;  H e p e s - N a ,  10 ;  MgCl  2 , 0 . 2 ;  g l u c o s e ,  1 0  and  4 S C a C l 2 , 0 . 0 2 .  T h e  i o n o p h o r e  A 2 3 1 8 7  was  a d d e d  to  the  

• o . 
ce l l  s u s p e n s i o n  at 3 7  C u n d e r  v i g o r o u s  m a g n e t i c  s t irr ing f r o m  a 1 m g / m l  s o l u t i o n  in a b s o l u t e  e t h a n o l  
to  give a f inal  c o n c e n t r a t i o n  o f  1 0  ~M.  T h e  i o n o p h o r e - i n d u c e d  r e d i s t r i b u t i o n  o f  4SCa was  c o m p l e t e d  in 
less  t h a n  3 0  s. The  to ta l  Ca c o n t e n t  o f  the  ce l ls  at  e q u i l i b r i u m  w a s  1 0 0 . 2  +- 1 .3  ( S . E . )  p m o l / 1  ce i ls  and 
the f r a c t i o n  o f  Ca 2÷, e s t i m a t e d  f r o m  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  o f  4SCa [ 1 0 ]  was  0 . 2 2 .  T h e  e x t e r n a l  
Ca :+ c o n c e n t r a t i o n  at e q u i l i b r i u m  was  1 1 . 9  ~ M .  T h e  rate o f  42K+ u p t a k e  w a s  f o l l o w e d  as d e s c r i b e d  be-  
fore  [ 1 9 ] .  The  p e r c e n t u a l  f igures  to  t h e  r ight  o f  e a c h  o f  t h e  e x p e r i m e n t a l  p o i n t s  i n d i c a t e  the  level  o f  
42K+-tracer e q u i l i b r a t i o n  w i t h  the  ce l l  K + p o o l  ( 7 0  m m o l / 1  cel ls ,  e q u i v a l e n t  to  a b o u t  1 0 5  m m o l f l  ce l l  
w a t e r ) .  T h e  rate o f  42K÷-traeer e q u i l i b r a t i o n ,  c a l c u l a t e d  f r o m  the  l o g a r i t h m i c  s l o p e ,  is 1 9 . 2  +- 0 . 4  (S .E . )  
h -1 . A t and  A are the  42K radioact iv i t i e s  c o n t a i n e d  w i t h i n  equa l  v o l u m e s  o f  ce l ls  at t i m e  t and at  equi -  
l ibr ium,  r e s p e c t i v e l y .  

We considered the possibility that all the cell-associated Ca was con- 
tained within a small fraction of  the cells which either lacked the K ÷ channel,  
or represented too  small a proportion of  the total population to produce a 
measurable increase in K ÷ influx. The experiment of Fig. 2, however, shows 
that when sickle cell anaemia cells were loaded with Ca in the presence of  a 
high concentrat ion of  the divalent cation ionophore  A 2 3 1 8 7 ,  all the intracel- 
lular K ÷ could participate in the 42Kttracer equilibration process, and was 
therefore fully accessible to Ca-activatable channels. The 42Kttracer equilibra- 
t ion rate was so high that any gradient-aided 42K* influx from low-K+ media, 
whether through countertransport or potential-coupling [ 2 0 - - 2 3 ] ,  would 
have been easily detectable in the experiments of  Figs. 1 and 3 producing, 
say, a 50% increase over the normal influx rates observed even if only 0.5% 
of  the cells had exhibited a Ca-saturated increase in their K* permeability. 

An alternative explanation of  the failure of  Ca to activate the K* per- 
meability of  sickle cells is that  the K ÷ channels are in a state of  low Ca sensi- 
tivity [19,  2 4 - - 2 6 ] .  Lew and Ferreira [19]  found that when the intracellular 
Ca concentration of  normal red cells was controlled with the use of  the iono- 
phore A 2 3 1 8 7 ,  the Ca-sensitivity of  the K ÷ permeability appeared lower, the 



] 99  

lower the ionophore concentration. Those findings suggested that  in the in- 
tact, undisturbed cells the K ÷ channel was relatively Ca-resistant, and that  ex- 
posure of the cells to ionophore somehow facilitated Ca activation of the 
channel. 

The experiment of Fig. 3 demonstrates such an effect of the ionophore 
and shows that  the Ca originally contained inside sickle cells was capable of 
activating a quinine-sensitive K*-permeability pathway. Sickle cells preincu- 
bated with 4SCa were washed and resuspended with Ca2+free, EGTA-contain- 
ing media and the influx of  42K÷ was measured in the presence and absence 
of  quinine. After a control period, the ionophore A23187 was added to the 
cell suspensions and the 42K* influx followed at closer time intervals. The ra- 
tionale behind this procedure was that  if the ionophore could increase the 

Quii]'ne A 23i87 /m 

_'~° 
- -  ii / iii 

--  • 13./" 

• ~ . I m / D  

42K ~ I 

J -e-e ~ . _ _ o  [ o~ ~ 
o 2S ~o 6b ,~ 

Time (rain) 
Fig. 3. The  e f f e c t  o f  t he  i o n o p h o r e  A 2 3 1 8 7  o n  the  4SCa c o n t e n t  a n d  q u i n i n e - s e n s i t i v e  42K+ u p t a k e  o f  
C a - c o n t a i n i n g  s ickle  cel l  a n a e m i a  r e d  cells.  The  e x p e r i m e n t a l  p r o t o c o l  w a s  i d e n t i c a l  to  t h a t  o f  the  ex-  
p e r i m e n t  o f  Fig .  1 e x c e p t  f o r  the  p r e i n c u b a t i o n ,  w h i c h  w a s  p e r f o r m e d  u n d e r  air .  4SCa c o n t e n t ,  t h e r e -  
f o r e ,  r e p r e s e n t s  m o s t l y  e x c h a n g e  o f  e x t e r n a l  4SCa f o r  in t r ace l lu lax  4°Ca [ 1 2 ,  29 ,  3 0 ]  d u r i n g  the  p r e in -  
c u b a t i o n ,  r a t h e r  t h a n  n e t  Ca  ga in .  D u r i n g  the  f ina l  i n c u b a t i o n ,  t h e  i o n o p h o r e  A 2 3 1 8 7  was  a d d e d  a t  
t he  i n d i c a t e d  t i m e ,  to  give a f ina l  c o n c e n t r a t i o n  i n  t he  cell  s u s p e n s i o n  o f  1 #M.  ( o  o) 4SCa c o n t e n t  o f  
the  cells;  (m u) 42K c o n t e n t  o f  t h e  cells;  fu l l  s y m b o l s ,  c o n t r o l s ;  o p e n  s y m b o l s ,  p lus  1 m M  q u i n i n e  h y -  
d r o c h l o r i d e .  

apparent Ca affinity of  the quinine-sensitive K ÷ channels before complete Ca 
depletion, a transient increase in the 42K÷ uptake by the Ca-containing cells 
should be detectable. It was important  to keep the outside medium strictly 
Ca2+-free so that  a positive result could not  be attr ibuted to Ca other than 
that  contained originally inside the cells. Preliminary trials indicated that  an 
ionophore concentration of  1 pM resulted in an effective balance between 
opposing effects of increasing the Ca sensitivity of the K* channel on the one 
hand, and increasing the Ca permeability and therefore its rate of release 
from the cells, on the other. 

Before ionophore addition, the 42K+ influx was within normal values 
and was not  inhibited by quinine. Ionophore addition produced a sharp but 
transient quinine-sensitive increase in 42K* influx, while the intracellular Ca 2÷ 
concentrat ion fell sharply to levels of about  10 .7 M. Upon Ca depletion, the 
quinine-sensitive 42K* influx became negligible. 

These results show (a) that  Ca must have been contained inside cells, of 
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which the quinine-sensitive K ÷ channels had become substantially activated 
only after ionophore addition, and (b) that the ionophore A23187 could 
somehow facilitate the reaction between intracellular Ca 2÷ and the K*-gating 
mechanism, perhaps through interactions at the lipid-protein interface of  the 
K ÷ channel [27] .  

The low Ca-sensitivity state of  the K ÷ channel in the sickle cells may 
help explain the relatively extended survival (T~/2 ~ 2 days) [28] of irrevers- 
ibly sickled cells in vivo, for if these cells contain most of the cell-associated 
Ca, the rapid shrinkage and reduced cell viability expected from full activa- 
tion of  the K ÷ channels must be considerably delayed. 

We wish to thank the NIH (USPHS), the MRC, SRC (U.K.) and the 
American Heart Association for funds. R.M.B. was a Josiah Macy, Jr., Facul- 
ty Scholar. 
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