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on passive cation permeability in human red blood cells: 

comparison with the Gardos-effect and with the influence 
of PCMBS on passive cation permeability 
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Freshly prepared Inunan red blood cells incubated with 5 m M  ferricyanide, 0.2 m M  iedoacctat- ~ and 2 m M  adenosine in 
the  presence of 5 m M  EGTA d e m o ~ t r a t e  comparable increases in Na + and K + permeability (ferrlcyanide dfe ta) .  This  
effect is unrelated to the  Ca~+-actlvated K + ©luumel (Gardos effect) since influx of Ca 2+ from outside the cell is 
excludedL Also this effect is different f rom the non-speciflc Na + and K + I~ermeabili~ change elicited by P C M B S .  
These dif|ea'ences beeome obvious by using various reagents. For  example, A23187 and quinidine exert  opposite effects 
in Gardos and left[cyanide experiments,  where A23187 and atebrin react oppositely in tile latter and in P C M B S  
experiments.  The  ferricyanide effect described here  does not involve formation of nonspecific channels. The change in 
Na  + permeability separately f rom K + permeability under  certain circumstances suggests a more specific effect. 

Introduction 

In  red blood cells depleted of ATP with iodoacetate 
( IAA) and  adenosine,  calcium can induce potassium 
permeability (Oardos effect) while  sodium permeability 
remains  nearly unchanged (for reviews, see Ref. 1-3).  I n  
contrast  to this selective potassium permeability change, 
substances like mercury and  organic  mercurials react 
wi th  su l fhyd~l  groups of  red cell membranes  to pro- 
duce a loss of  potassium, a gain of sodium and  finally 
hemolysis 14|. 

I n  1963 Passow and  Oruner  [5,61 studied the com- 
bined action of  a small amoun t  of IAA 10.12 m M )  and  
ferrieyanide (5 m M )  on  calcium-dependent potassium 
permeability in h u m a n  red cells. I f  these substances 
were appfied with 10 m M  adenosine and  0.5 m M  

Abb~vlations: EGTA, ethylencglycol bis,-(2-amln~thyl ether)-N.N'- 
tetraaeetie acid; Hep~, 4-(2-hydroxyethylJ-l-piperazinoethan~ulfonlc 
acid; [AA, iodoacetate; mequiv., maliequivalents; FCMBS, p-chlom- 
me~uribe~ene sulronat¢, 

Correspondence: G.F, Fuhrmana. lnstilut far Pharmakologi¢ and 
Toxlkologie, Philipps Univenit~t M~bur 8, Lahnberg©, D-3550 Mar- 
burg. F.R.G. 

calcium, a change in potassium permeability of the cells 
was found to occur comparable  to that  in the Gardos- 
type experiments,  

Since left[cyanide is not able to penetrate :he red cell 
[7] and  glycolysis was only partially blocked by the 
small concenl ta t ion of IAA, the conclusion was drawn 
that  two sets of membrane  SH-groups,  one for ferri- 
cyanide and  another  for IAA, ate involved in the potas- 
sium permeability, with the one  rot  left[cyanide being 
located at  the external cell surface. In  addit ion to the 
permeability change,  Mishra and  passow [71 demon-  
strated in the presence of 0.12 m M  [AA and  5 m M  
adenosine a reduction of ferrieyanide to ferroeyanide 
via a membrane  bound  N A D H  dehydrogenase together 
with intracellular ATP synthesis. 

I n  this investigation we studied potassium permeabil-  
ity in h u m a n  red cells under  experimental  condit ions 
similar to those described by Passow and  Gruner ,  bu t  in 
addit ion we also measured sodium permeability. W e  
found that  the permeability change was not selective for 
potassium, since there is also an  increase in sodium 
permeability. The  change in sodium p e m ~ b i l i t y  was 
not  dependent  on  the presence of  calcium and  the 
change in potassium permeability was only slightly 
st imulated by calcium. 
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The permeability change of  potassium and sodium in 
calcium-free medium induced by ferricyanide in the 
presence of IAA and adenosine will be caned 'ferri- 
cyanide effect'. In brief reporls [8,9] we previously 
demonstrated the ferricyanide effect in h u m a n  red ceils. 
The aim of this study is to investigate the similarities 
and  differences between the 'ferrieyanide effect', the 
Gardos effect and the influence of organic mercurials 
like PCMBS on potassium and  sodium permeability in 
h u m a n  red blood cells. 

Materials and Method_~ 

Materials 
The CaZ+-ionophore A23187 in acid form was 

purchased from Calbiochem-Behring (Frankfur t  am 
Main.  F.R.G.). Quinidine and  adenosine were obtained 
f rom Sigma Chemical Co. (St. Louis. MO, U.S.A.). 
Hepes and iodoaeetate as a sodimn salt were purchased 
from Serva (Heiddberg ,  F.R.G.), EGTA and  inosine 
from Fluka (Buehs, Switzerland). All other chemicals 
were of analytical grade. 

Methods 
H a m a n  red blood cells freshly d rawn with hepar in  as 

anticoagulant  were washed three times in ice cold 150 
m M  NaCI, 1 m M  EDTA and  20 m M  Hepes at  p H  7.4 
and  made  up to a hematocri t  of 50%. Fo r  experiments 
wi th  calcium we omit ted the 1 m M  EDTA in the 
washing solution. Net  flux measurements of potassium 
and  sodium were done  with 0.5% cells incubated at  
3 7 ° C  in the medium given in the  experiments.  M~3bt 
experiments were run  in a Hepes  buffer at  pH 7.4 
(37 ° C) containing 5 m M  EGTA in calcium-free experi- 
ments.  At various times samples of  the  cell suspension 

were added to ice cold 113 m M  MgCl a solution and  the 
cells were washed three times with this solution in order  
to remove extracellular potassium and  sodium. After 
hemolysing the cells by addit ion of  0.01% l i thium and 
by ultrasound, intracellular sodium and  potassium were 
determined by flame photomet ry  and  hemoglobin  was 
measured at its isosbestic point  at  527 nm [10]. 

Results 

Effects on potassium and sodium permeability 
The  first experiment  is similar to tha t  of Gruner  and  

Passow [5.6] in which the combined  action of 5 rnM 
K 3 F e m ( c N ) 6  and  0,2 m M  IAA in the presence of  2 
m M  adenosine and  0,5 m M  calcium on  potassium and  
sodium permeabili ty is investigated (Fig. 1). After  a lag 
period of 2 h there is a potassium efflux comparable  to 
that  measured by Passow [6]: 97 mequ iv . /kg  hemo-  
globin per  h (between 120 and  200 rain) in our  experi- 
ment ,  which is 32.4 mmol  K + / I  cells per  h compared  to 
36 tnmol K + / I  cells per  h in Passow's experiment .  The 
sodium influx also increases after the same lag period of  
2 h: 41 meqdiv . /kg  hemoglobin  per  h (between 120 and  
200 rain). 

Effects of calcium. In  o rder  to test for  possible in- 
volvement of a calcium-mediated effect on  the K + 
channel  we omit ted the calcium f rom the med ium and  
added 5 m M  E G T A  to chelate traces of  calcium. Even 
in the absence of free calcium (Fig. 1) a potassium 
efflux and  a sodium influx occurred after a lag per iod of  
2 h. This K + efflux is significantly smaller than  tha t  in 
the presence of calcium, bu t  there is no  difference in  the  
sodium permeability. Our ' a t t en t ion  in the  nexr  experi- 
ments  is focussed on  the  calcium-independent  permea- 
bility change,  termed the ' ferricyanide effect'. 
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Fig. l. Effect of calcium in [erficyatdde expcrlment~ on K + and Na + content or red blood cel]s as a function of time. The ilteubatioa medium 
~ntalned 1S0 mM NaC], 20 mM Hep~, 5 mM ferricyanide~ 2 mM adenosine, 0.2 mM lAb. and either 5 mM EGTA (cu~e 1) or 0.5 mM calcium 

( ¢ u ~ e  2).  B a H  i nd i ca te  S .D ,  ( n  - 4) .  
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Fig, 2. Effect of di[terenl substrates on ~t ion  p e ~ b i l i l y  in the 
ferrieyanid¢ experiment. "l'hc control medium ~ntaincd 150 mM 
NaCL 2O mM Hep~s~ 5 mM ~r.GTA, 5 mM [~ricyanld~. 0.2 mM IAA 
at pH 7.4 O7 o C). Adenosir~. inosine or g l ~ e  ~ added at a final 

conccmratien of 2 raM. 

Revluirements /or the permeability increase 
T h e  n e x t  e x p e r i m e n t s  will s h o w  w h i c h  c o m p o n e n t s  

a r e  nece s sa ry  for  t h i s  " f e r r i cyan ide  ef fec t ' .  
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Ferricyanide. I f  f e r r i cyan ide  i'; r ep laced  by  5 r a m  
f e r rocyan ide  t he  K " a n d  N a  ~ f luxes  d o  n o t  d i f fer  f r o m  
n o r m a l  leak f luxes  (da t a  n o t  s h o w n ) .  S ince  f e r r i cyan ide  
c a n  ac t  as  a n  e lec t ron  accep te r ,  t he  e f fec t iveness  o f  
ferri- b u t  n o t  f e r r o c y a n i d e  sugges t s  t h a t  o x i d a t i o n  o f  
s o m e  cell o r  m e m b r a n e  c o m p o n e n t  m a y  b e  i m p o r t a n t  in  
inc reas ing  t h e  ca t ion  perr~Leability. I f  s o d i u m  ferri- 
c y a n i d e  is used ,  t h e  f luxes  ar~ t he  ~ m e  as  ~ i l h  po ta s -  
s i u m  fe r r i cyan ide  (da t a  not shown) .  T h i s  is in  c o n t r a s t  
to  t he  G a r d o s  effect ,  where  s t i m u l a t i o n  requi res  ex-  
t racel lular  p o t a s s i u m .  

lodoacetate. T h e  ch ; . nges  in  p o t a s s i u m  a n d  s o d i u m  
pe rmeab i l i t y  will n o t  o c c u r  i f  i A A  is n o t  p r e sen t  ( da t a  
n o t  shown) .  H e n c e  b,~th f e r r i cyan ide  a n d  I A A  are  nec-  

essary  for  t h e  increase  o f  K + a n d  N a  + f luxes  in 

ca l c ium- f r ee  m e d i u m .  E a c h  s u b s t a n c e  a l o n e  is w i t h o u t  
effect .  

Metabofw sulx~trates. A d e n o s i n e ,  i nos ine  o r  g lucose  
h a v e  o n l y  a very  smal l  e f fec t  o n  t he  pe rmeab i l i t y  c h a n g e  
(Fig .  2). 

Comparisor with the Gardo~ system and P C M B S  
I n  the  n e x t  series o f  e x p e r i m e n t s ,  we c o m p a r e  t h e  

ferrieyanide effect with the Gardos effect, to see whether 
o r  n o t  a c o m m o n  m e c h a n i s m  m i g h t  b e  involved,  w i t h  
a n  a l te red  N a * / K  + select ivi ty  in  t h e  case  o f  t h e  ferri-  
c y a n i d e  effect .  A l so  we c o m p a r e  t h e  fe r r i eyan ide-  
i n d u c e d  increase  in  p e r m e a b i l i t y  w i t h  t h a t  c a u s e d  b y  

P C M B S .  I t  h a s  b e e n  p r o p o s e d  t h a t  f e r r i cyan ide  m i g h t  
i n l e r ac t  w i t h  exofac ia l  S H  g r o u p s  [6]. P C M B S ,  w h i c h  
d o e s  h i n d  to  m e m b r a n e  S H  g r o u p s ,  increases  b o t h  N a  + 

al id  K ~ p e r m e a b i l i t y  a f t e r  a l ag  p e r i o d  [4,11]. t h u s  a t  
least  superf ic ia l ly  r e s e m b l i n g  t h e  f e r r i eyan ide  e f f e c t  (F ig .  
1). 
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Fig. 3. Eff~t  of 0.5 mM N a V e  3 in a Gardo~type (A), f©rrieyanlde (B) and PCMBS (C) experimem, Th~ Gard~otyp¢ exper i~nt  is ~ n  at 37 o 17 at 
pH 7A in 150 ram NaCI. 2O mM Hepes. O5 met  CaCI~. 2 mM adenosine. 2,5 raM IAA. The ferricyanide-lype experiment is run in 150 mM NaCI, 
2O mM H©pes, 5 mM EGTA, 5 raM ferncyanide, 2 aiM adenosine, O.2 mM IAA al 370C IpH 7.41. The incubation medium in the ['CMBS 
exp¢fimen! ¢~tained S0/JM PCMBS. 150 mM NaCL 20 mM H©pe~. 5 mM EGTA (pH 74l  at 37 ° C Cu~e  I. K ÷ control: cu~e  2. K ÷ ÷ NaVO~; 

cu~e 3. Na + cent tel; ¢u~e 4. Na + + NaVOj. 
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Fig~ 4. Effect of l I~M A23187 on Na + ~ d  K + content of red cells a~, a function of time in a Gardos-type (A), ferricy~ide (B} and PCMBS (C) 
expenmcnt. "me experimental ~nd~itions are as gi~n in the I=g~d to Fig. 3. 

Effects of vanadate. In  the Gardos-typc expcrimen~ 
(Fig. 3A) the addition of vanadate  stimulates the K ~ 
p o r t a b i l i t y  as demonstrated recently [12-14]. 

In  the case of  the ferrlcyanidc effect, vanadate in- 
creases both potassium and  sodium permeabilitics (Fig. 
3B). The effect of N a V O  3 is exerted inside the cell, 
because addit ion of  the  anion channe] blocker H 2 D I D S  
prevents dlis stimulation [9]. 

The addit ion of vanadate does not  influence the 
catioa permeability increase caused by PCMBS in th~ 
presence of 5 m M  EGTA (Fig. 3C), in contrast  to the 
Oardos-type and ferricyanide experiments 

A22~187. The  addit ion of  the  calcium ionophorc 
A23187 under  the three different condltioli~ has  very 
different consequences: I n  the Gardos-type exp=riment 
the calcium ionophore  increases intracellular free 
calcium [14]. The potassium efflux is extremely st imu- 
lated (notice the t ime axis in Fig. 4A) while the sodium 
flux remains unaffected. Under  ferricyanide-cffect con-  
ditions, the fluxes of bo th  cations are blocked (Fig. 4]3). 

Just  the  opposite is seen in the experi~nent with  [ 'CMBS: 
The  calcium ionophorc has  a st imulatory effect on  the 
permeability changes of potassium and  sodium (Fig. 
4C). These effects of A23187 canno t  be at tr ibuted to 
frce calcium, because; ~ m m o l / l  EGTA are present  in 
both  experiments.  

Awbrin. Since [¢rricy~nidc does not  enter  the cell, 
and since only ferricyanide and  not ferrocyadide is 
effective in elicting the permeabil i ty increase, we previ- 
ously susgested [9] that  a t r ansmembrane  dehydto-  
genase migh t  be involved in  the effect. Therefore,  we 
tested atebrin,  a dehydrngenase  inhibi tor  [15], on  the 
three systems. In  the Oardos-  and  ferricyanidc-type 
experiments a n  inhibi t ion of th= cat ion fluxes occurs 
(Fig. 5A and  5B) in contrast  to the  PCMBS exper iment  
where atebrin causes an  it{crease in cation permeabil i ty  
(Fig. 5C). Al though  the inhibi t ion of the  ferricyanide 
effect by atebrin migh t  be  taken as evidence in favor of  
dehydro~cnase involvement,  the  effects o n  the  other  two  
systems demonstrates  the Jack of specificity of this 
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Fig. 5. Effect of 0.1 mM atebrin on potassium and sodium permeability in a Garden-type (A), ferricyanide (B) and PCMB$ (C) cxpctlmenl, The 
Cxlmrirn=nlal conditions are as given in the legend to Fig. 3. 
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Fig. 6, Effect of l mM quinidine on cation permeability in a Gardos-t~pe (A). ferri;3~anide (BI and PCMBS (C) experiment. The experimental 
conditiom are as given in the lcg~d to Fig. 3. 
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Fig. 7. A dose response for quinidine in the p r i c e  of I /aM A23197 under fvrrlcyanlde experiment t~'n,Jilions (see legend to Fig 3B). Cu~e I, 
COnlrol; curve 2. 0.10 mM quinidine; carve 3. 0.25 raM quimdine: curve 4, 050 mM qninidine: cuwe 5. 0.75 mM quinidine: curve 6, 1.00 mM 

quinldine. 

inhibitor. For example we have found that besides 
inhibiting the transmembrane NADH dehydrogenase 
by 40%. 0.1 mM atebrin reduces the probability of 
CaZ+-induced K + channel opening by 205 [16}. Never- 
tbeless, the differential effects of atebfin do provide 
further evidence that PCMBS-induced and ferri- 
cyanide-induced permeability increases involve different 
mechanisms. 

Quinidine.  Quinidine has been used as an inhibitor of 
the Ca2+-activated potassium channel [1,2,13]. In con- 
trast to the inhibitory action of quinldine in the Gardos 
experiment (Fig. 6A), there is an increase in K ÷ and 
Na + permeability in the experiments with ferrieyamde 
{Fig. 6B) and PCMBS (Fig. 6C). 

Modula l ion  o f  ion selecli~.:y 
Quinidine alone causes a slight increase (Fig. 6B). 

A23187 alone a complete block (Fig. 4B) of the ferri- 
cyanide.induced K ÷ and Na + permeabifity. The com- 
bined action of both substances gives rise to an inter- 
esting phenomenon: The sodium influx increases at 

early t imes w i th  l i t t le effect on the potassium ef f lux.  A 
dose response of quinidine in the presence or A 23187 
shows this effect in more detail (Fi,s. 7). Fig. 8 demon- 
slrates that in the early time period between 40 and 80 

E I °  I 

Fi B. 8. Pota~ium and sodium flux of Fi& 7 in the time I~dod of 40 Io 
80 mln shown as a function of the quilddln¢ ~n~tratmn. 
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min concentrations of  quinidine between 0.l and I mM 
greatly stimulate the Na + flux while the K + flux re- 
mains nearly unchanged. No  permeability changes oc- 
cur  when ferrieyanide is omitted (results not shown). 

Dise~'~ion 

The combined action of ferricyanide and  tAA pro- 
duces an i n ~ s e  in potassium permeability. However,  
in contrast to the opinion of  Passow and  Gruner  [5] that  
this is a highly specific effect on  potassium permeability 
there is als0 a change in sodium permeability. The 
'ferrieyanide effect' is not  related to the  Gardos  effect 
because the influence of calcium can be excluded by 
washing the freshly drawn red blood'cells  in a buffer 
containing EDTA and by measuring the fluxes in the 
presence of  5 m M  EGTA, which prevents calcium entry 
into the cell. The sodium influx remains unchanged,  
while the potassium efflux is diminished slightly bu t  
significantly. The increase of the potassium flux in the 
presence of  calcium may be the consequence of an  
additional Gardos  effect. 

I n  addit ion to the different effects on  K + and  Na  ÷ 
permeabilily, the ferricyanide effect and  the Gardos  
effect differ in terms of their sensitivities to differenl 
agents  (see Table 1). In  particular, A23187 and  quini-  
d ine  have opposite effects on  these two processes. 

The ferricyanide effect is also different f rom Ihe 
nonspecific permeability change elicited by PCMBS. 
Wi th  the ferricyanide system, it is possible to change the 
sodium permeability separately f rom that of potassium. 
Also, A23187 and atebrln have opposite effects on  the 
ferrieyanide effect and the PCMBS effect (Table 1). 
Thus,  if external SH groups are involved in the  ferri- 
cyanide effect, it seems unlikely that  they are the same 
as those involved in the effect of PCMBS. 

Heller et at. [17] have found thai  wi th  0.2 m M  [AA, 
0.5 mM vanadate and  5 m M  ferrieyanide (IVF).  the 
membrane  becomes leaky to small solutes such as ohio. 
ride and erythritol. Under  these conditions Na ~ and  
K ÷ permeability are also increased (see Fig. 3B), and  
the cells begin to hemolyse [17]. These effects were 

interpreted as being due to oxidative damage to the 
membrane.  The  ferricyan!de effect described here. in 
the absence of va .adate ,  seems to be very different 
f rom the effect described by Heller et al. [17]: In  the 
first place, the IVF  effect is very strongly enhanced if  
inosine is added instead of  glucose, whereas the ferri. 
cyanide effect described here is very tittle affecled by 
addit ion of inosine (Fig. 2). Secondly Hailer ¢t ah  [17 l 
found no  increase in permeabili ty to chloride and  
erythritol in the absence of vanadate.  Titus, the ferri- 
cyanide effect described here  does no t  involve forma-  
tion of nonspecifle channels  of the  type described by 
H d l e r  et  at. [17]. 

In  summary,  the data  indieate tha t  the ferrieyanide 
effect is distinct f rom other  mechanisms which increase 
red blood cell potassium permeability,  such as the 
Gardos  effect, the PCMBS effect, and  the I V F  effect. 
The mechanism of this permeabil i ty change  is not  yet 
known,  but  may involve some change  in the  redox state 
of the cell, since the electron aeceptor  ferricyanide, but  
not  ferrocyanide produces the permeabil i ty change. The 
possible mechanism of the permeabili ty change  will 
form the subject of  a subsequent paper.  
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