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Summary 

In turkey erythrocytes, the hormone-induced, diuretic-sensitive components 
of both unidirectional K ÷ influx and net salt uptake were C1- dependent, 
with Br- partially able, and NO~ and 8042- unable to substitute as the main 
anion. Since the measured fluxes involve Na+/K + cotransport, these observa- 
tions indicate that the unifying concept of an Na+/K+/2C1- cotransport system 
(Geck, P., Pietrzyk, C., Burckhardt, B.-C., Pfeiffer, B. and Heinz, E. (1980) 
Biochim. Biophys. Acta 600, 432--447) may be extended to hormone-induced 
ion transport in avian erythrocytes. 

In avian erythrocytes, unidirectional cation fluxes can be stimulated by 
several special treatments such as activation by ~-adrenergic hormones or 
exposure to hypertonic media [1--3]. Under suitable conditions, activation 
results in net salt transport followed by water: thus, at physiological Na + 
concentrations, cells swell at K ÷ concentrations above, and shrink at K ÷ con- 
centrations lower than 2.5 mM [1--3]. During the last few years, evidence has 
been accumulated linking the stimulated cation fluxes to the action of an 
Na*/K ÷ cotransport system [1,4]. This system appears to be independent of the 
classical Na ÷ pump [5] (see, however, Ref. 6): whilst insensitive towards 
ouabain, it is characteristically inhibited by diuretics such as furosemide 
(for a recent review, see Ref. 1). 

Abbreviations: Hepes, N-2-hydxoxyethylpiperazine-N'-2-ethanesulfonic acid; SF6847 , 3,5-di-tert-butyl- 
4-hydroxybenzylideneraalononitrile. 
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For some time, diuretics have been known to inhibit other ( c o - )  transport 
systems in different cell types, notably C1--dependent K ÷ exchange diffusion 
in ascites cells [7,8]  and Na+/C1 - cotransport in epithelia [9].  In a recent 
development,  Geck et al. [10]  have provided data suggesting a diuretic-sen- 
sitive electroneutral cotransport of  Na ÷ + K ÷ + 2C1- in Ehrlich cells: they 
postulate that the diuretic-sensitive transport activities demonstrated in other 
cells may represent different aspects of  this same Na÷/K÷/2C1 - symport system. 

In this communication,  I present evidence that in turkey erythrocytes the 
hormone-induced, diuretic-sensitive components  of  both unidirectional K ÷ 
influx and cellular volume response are C1- dependent, with Br- partially able, 
and NO~ and SO~- unable to substitute as the main anion. These data strongly 
suggest that the unifying concept of  an Na÷/K÷/2C1 - symport system [10] 
may be extended to hormone-induced ion transport in avian erythrocytes. 

Table I, Expt. A, shows that hormone-induced, diuretic-sensitive unidirec- 
tional K ÷ influx was supported by C1- and to a lesser degree by Br-, but not  
by NO~ or SO~-. That the latter anions did not  inhibit the activation process 
per se (known to involve adenylate cyclase [1--3])  can be appreciated from 
Table I, Expt. B; when cells were hormone-induced in media containing the 
substituting anions and subsequently transferred to C1--saline, diuretic-sen- 

T A B L E  I 

A N I O N  D E P E N D E N C Y  OF H O R M O N E - I N D U C E D ,  D I U R E T I C - S E N S I T I V E  86Rb+ I N F L U X  

E r y t h r o c y t e s  (ob t a ined  f r o m  the  wing vein  of  t w o  y o u n g  female  t u rkeys )  were  washed  twice  in a saline 
so lu t ion  con ta in ing  (raM): N a N O 3 ,  120;  K N O 3 ,  2.5;  M g(NO3 )2 ,  1; glucose,  10; Hepes ,  20,  neu t ra l i zed  
wi th  N aO H ,  10 ( 'NO~-sa l ine ' ) .  The  final pH was 7 .4 - -7 .6  at  38°C.  Fo r  Exp t .  A,  cells were  suspended  
a t  4--6% in saline con ta in ing  the  ind ica ted  an ions  (f inal  i ncuba t ions  co n t a in ed  17 m M  NO~ vs. 103 m M  
C1- or  Br- ,  or  68  m M  SO~-),  a nd  i n c u b a t e d  a t  38°C.  A f t e r  45  rain,  ep inephr in  (1 pM) was  added ,  an d  
a f te r  55 m i n  the  Na + p u m p  was  inh ib i t ed  by  0.1 m M  ouab a ln  [5 ] ;  wh e re  ind ica ted ,  the  d iure t ic  b u m e -  
t an ide  [13]  was added  at  10 pM. A t  60  rain,  86Rb+ as a t r ace r  for  K + [1 ,8 ,11 ]  was a d d e d  to  the  cells 
at  1 0 - - 5 0  nCi /ml .  10  and  30 rain a f te r  add i t ion  of  the  label,  dupl ica te  1-ml samples  were  spun  for  1 rain 
m a B e c k m a n  mic ro fuge ,  the  s u p e r n a t a n t  was d e c a n t e d  an d  saved,  an d  the  tubes  were  b l o t t e d  an d  
swab bed  to  r e m o v e  adher ing  m e d i u m .  Cell pellets  were  e x t r a c t e d  wi th  5% t r i ch lo roaee t i e  acid,  and  radio-  
act iv i ty  of  cell ex t r ac t s  and supe rna t an t s  was m e a s u r e d  m a l iquid sc inh l la t ion  sys tem.  Dupl ica tes  var ied  
b y  m a x i m a l l y  10%. In f lux  was  ca lcu la ted  f r o m  the  d i f fe rence  in cel lular  8 5 R b  + c o n t e n t  b e t w e e n  the  t w o  
t ime  poin ts  and  the  ac t iv i ty  of  the  supe rna tan t .  In  all cases, e x t r a p o l a t i o n  of  u p t a k e  to zero  t i m e  gave 
an 86Rb+ u p t a k e  c o m p o n e n t  co r re spond ing  to  the  ex t race l lu la r  space as d e t e r m i n e d  f r o m  the  d i s t r ibu t ion  
of  [14C] inu l in  [12]  (12- -15%) :  this  shows  tha t  u p t a k e  was  l inear  over  the  first 30  m i n  (see also Ref .  
3). Resul ts  axe expressed  pe r  m l  p a c k e d  cells. F o r  Exp t .  B, cells were  p r e i n c u b a t e d  for  2 h in the  respec-  
tive salines con ta in ing  1 #M ep inephr in ,  spun  d o w n  and  w a s h e d  twice  in ice-cold i so ton ic  Mg(NO3)  2 
so lu t ion .  Pellets were  t a ke n  up in C1--saline con ta in ing  0.1 m M  ouaba in  and,  wh e re  ind ica ted ,  10 ~M 
b u m e t a m d e .  T o t a l  m a n i p u l a t i o n  t ime  a f t e r  h o r m o n e  i ndu c t i o n  was 30  rain. T h e n  8 6 R b  + was added .  
F u r t h e r  details as for  Expt .  A. 

Main an ion  8 6 R b  + inf lux ( n m o l  K+/min pe r  ml )  

Expt .  A Expt .  B 

Cl- 14"/ 47 
Br-  98  85 
NO~_ 3 63 
SO 10 69 
C1- + b u m e t a n i d e  4 16 
C1- + e p i n e p h ~  3 - -  
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Fig. 1. H o r m o n e - i n d u c e d  dit tretic-sensit ive 86Rb+ inf lux  as a funct ion  of  C1- concentrat ion .  Cells were  
washed  as in Table  I,  Expt .  A,  a nd  suspended  in m i x t u r e s  of  Cl--saltne and  NO§-sal ine to  give the  indi- 
ca t ed  C1- concentrat ions .  U p t a k e  was  d e t e r m i n e d  as in Table  I,  Expt .  A. Resul ts  of  t h ree  exper iments  
( ind ica ted  by  d i f fe ren t  symbo l s )  were  pooled .  8 6 R b  + inf lux was  co r r ec t ed  for  the  smal l  res idual  inf lux in 
the  cont ro l s  w i t h o u t  h o r m o n e  or  wi th  10 /~M b u m e t a n i d e  (3 - -12  n m o l  K+/min pe r  ml) .  Inser t :  double-  
loga r i thmic  plot  o f  m a i n  f~gure; slope,  1 .86  (r = 0 .99) .  

sitive K ÷ flux was even higher than that in the cells induced in Cl--saline. 
Moreover, d ibutyryl  cyclic AMP plus theophyllin induced a K ÷ flux compo- 
nent  of  the same anion specificity (results not  shown). 

Fig. 1 shows the effect of  gradual replacement of  C1- by NO~. Note  that,  
as in human red blood cells [15] (see, however, Ref. 11), the dependence of  
the diuretic-sensitive K ÷ flux on C1- concentration appears to be sigmoidah 
the apparent Hill coefficient is 1.86 (Fig. 1, insert). 

As mentioned above, hormone induction at elevated extracellular K ÷ con- 
centrations results in cellular swelling [1--3].  Table II, Expt.  A, shows that 
also this phenomenon was specifically dependent  upon the presence of  C1-. 
For comparison, Table II, Expt.  B, gives values for cell swelling induced by  
the addition of  monensin (an ionophore exchanging Na ÷ for H ÷ [16 ] ) toge the r  
with the pro tonophore  SF6s4~ [14]:  effectively, this combinat ion makes the 
cells permeable towards both  Na ÷ and H ÷. In this set-up, Na ÷ salts of  CI-, Br- 
and NO;  were equally effective, whereas in SO~- the volume increase was 
partially suppressed. 

It has been known for some time that the hormone-induced, diuretic-sen- 
sitive components  of  both  unidirectional K ÷ flux and cellular volume response 
are mediated by an Na÷/K ÷ cotransport  system [1,4]. The data presented here 
indicate that  this system has a very specific anion requirement,  surpassing 
the simple need for compensating negative charge movement:  thus NO; ,  whilst 
capable of  supporting ionophore-induced cell swelling (Table II, Expt. B), 
was unable to substitute for C1- in either manifestation of hormone-induced 
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T A B L E  II  

A N I O N  D E P E N D E N C Y  OF C E L L  S W E L L I N G  

For Expt .  A,  cells were  washed  twice  m NO§-sahne  and suspended  to  a h e m a t o c r i t  of  10- -12% m the  
ind ica ted  salines; in all cases ,  the  K + c o n c e n t r a t i o n  was  raised to  15 raM. Epmeph~_u (1 pM) was ad d ed  to  
hal f  of  the  incubat ions ,  and b u m e t a n i d e  (30  pM) was a dded  wh e re  indica ted .  T n p h c a t e  1-ml samples  m 
p rewe ighed  m m r o c e n t r i f u g e  tubes  were  centr i fuged  af ter  60 rain.  Ne t  v o l u m e  changes  were  d e t e r m i n e d  
essent ia l ly  as descr ibed in Ref .  12. the  tubes  were  d e c a n t e d  and  swabbed ,  r ewe lghed ,  dr ied  overnight  at 
90°C,  and we ighed  again. Wet cell we igh t  was  c or r e c t e d  for  15% extrace l lu lar  water .  For  Expt .  B, cel ls  
were  pre incubated  for 9 0  rain in C1--saline, spun  d o w n  and suspended  in saline conta in ing  the  indicated  
Na + salt  at  150  mM (excep t  f r o m  Na2SO 4,  100 raM);  Na-Hepes ,  10  raM; ouaba in ,  0.1 raM; and  b u m e -  
tanide ,  10 #M. T he  pH was 7.5 (38°C) .  SF5847  (1 pM) and  m o n e n s m  (10 # g / m l )  were  ad d ed  to half  of  
the  incubat ions ,  and tripl icate  1 -ml  samples  were  t a k e n  after  15 r am.  F u r t h e r  detai ls  as m Expt .  A. 
Values in pa ren theses ,  S.D.; n.s., n o t  s ignif icant  (P ~ 0.1 in S tudent ' s  t test) .  

Main an ion  Exp t .  A Expt .  B 

Cell H2O (ml/g dry wt.) % CeU H20 (ml/g dry wt.) % 
swelling swelling 

Contro l  +Epinephr in  Contro l  + I o n o p h o r e s  

Cl-  1.59 (0 .05)  1 .92  (0 .02)  21 1.66 (0 .06)  2 .88  (0 .07)  73 
Br-  1.48 (0 .02)  1 .60  (0 .04)  8 1.51 (0 .06)  2 .74  (0 .10)  81 
N O ~  1.69 (0 .03)  1 .65  (0 .03)  n.s. 1 .53 (0 .01)  2.71 (0 .04)  77 
S 0 2 -  1.58 (0 .01)  1 .58 (0 .01)  n.s. 1 .44  (0 .01)  2 .00  (0 .02)  39 
CI- + b u m e t a n i d e  1 .49  (0 .05)  1 .52 (0 .01)  n.s. - -  - -  - -  

transport activity (Table I and II, Expts. A). It should be mentioned that, in 
contrast to this conclusion, previous observations have been interpreted to 
indicate a lack of  anion specificity [ 1,2 ] : at least in one case [ 1 ], this apparent 
contradiction may be explained by the fact that in those experiments only 
part of  the C1- was replaced by other anions. 

From Fig. 1, there is a sigmoidal relationship between hormone-induced 
K ÷ transport and C1- concentration, with an apparent Hill coefficient close 
to 2. It is tempting to consider this value as evidence for a stoichiometry of  
1 Na : 1 K ÷ : 2 CI-, such as that found [10]  in Ehrlich cells. However, it should 
be stressed that under the conditions applied, intraceUular C1- will vary 
together with the external C1- concentration, which makes such a straight- 
forward interpretation impossible. Be that as it may, C1--dependent cation 
transport may well be ubiquitous: similar anion specificities have been reported 
for K ÷ transport components  in human, ruminant and duck red blood cells, 
as well as in dog kidney cells [11 ,15 ,17- -19] .  

Bumetanide was kindly supplied by Dr. T. Burk (UCHSC, Denver, Co 
80262) ,  and SF6847 by Dr. Y. Nishizawa (Sumimoto  Chemical Industry, Os- 
aka). I am grateful to Dr. Karlheinz Altendorf for his support and encourage- 
ment. Furthermore, I would like to thank the Deutsche Forschungsgemein- 
schaft for a Habilitationsstipendium, and Werner Mangerich and Leszek Wiec- 
zorek for expert help in handling the two blood donors. 
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