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Summary. In the presence of 8 rnM external Ca + +, the K + permeability of human 
red cell ghosts increases provided K + is also present in the medium. This increase does 
not represent K +/K + exchange but a stimulation of net K + efflux. The stimulation is half- 
maximal at 0.7_+ 0.15 mM (n= 5). At concentrations above 4.0 raM, external K + inhibits net 
K + efflux. Similar stimulatory and inhibitory effects of external K + were also observed in 
intact cells after exposure to Pb + + or to Ca + + in the presence of fluoride, iodoacetate plus 
adenosine, or propranolol,  suggesting that a common K+-activated K+-specific transfer 
system may be involved under all of these various circumstances. Internal K + also stimulates 
net K + efflux from ghosts, but it is uncertain whether internal K + is an absolute re- 
quirement for the K § permeability increase. 

In contrast to external Na § which slightly stimulates K § efflux, internal Na + inhibits. 
The inhibition by internal Na + is abolished by sufficiently high concentrations of  external 
K +, showing that K + binding to the outer membrane surface and Na + binding to the 
internal surface are mutually interdependent. 

In red cell ghosts the Ca + +-K*-stimulated net K § efflux increases with increasing 
pH until a plateau is reached between pH 7.2 and 8.0. In fluoride-poisoned intact cells, 
the Ca § +-K § stimulated flux passes through a maximum around pH 6.8. 

Neither internal nor external Mg ++ interferes with the combined effects of Ca ++ and 
K +, Similarly, external E D T A  has no influence at concentrations which are far lower than 
the Ca ++ concentration required to produce a maximal response. In contrast, low con- 
centrations of  internal E D T A  prevent the permeability change. 

In human erythrocytes under certain experimental conditions, divalent 
cations such as Pb § § Ca § +, or Mg + § are capable of inducing a selective 
increase in K § permeability, which is not accompanied by a corresponding 
alteration of sodium permeability (for reviews see Passow, 1963, 1964). 
The present report is primarily concerned with the action of Ca r § In 
intact red cells, Ca § § affects potassium permeability only after treatment 
of the cells with certain metabolic inhibitors or drugs. In contrast, in 
ghosts Ca + § acts in the absence of added modifiers. Even in the compara- 
tively simple situation existing in experiments with ghosts, the effect of 
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Ca  + § on K § permeabi l i ty  depends  in a compl ica ted  m a n n e r  on the con-  

cent ra t ions  o f  K +, N a  +, H +, Ca  + +, and  complex ing  agents. The  complex-  

ity o f  the s i tuat ion is fur ther  augmen ted  by the fact  tha t  the same ion 

m a y  have different effects on the inner  and  outer  surface and  that  there 

are t r a n s m e m b r a n e  in teract ions  between the var ious  ion species involved 

(for review, see R i o r d a n  and  Passow,  1973). In  the exper iments  descr ibed 

be low we have charac ter ized  some of  these interact ions,  in par t icu lar  

the effects o f K  + on the Ca  + +- induced permeabi l i ty  change  and the effects 

o f  external K + on K + / N a  + interact ions  at the inner m e m b r a n e  surface. 

This is supplemented  by addi t ional  exper iments  on the effects o f  hyd rogen  

ions, Mg  ++,  and  complex ing  agents.  Pre l iminary  repor ts  o f  this w o r k  

have been presented elsewhere ( R i o r d a n  &Passow,  1973; Knauf ,  R io rdan ,  

S c h u h m a n n  & Passow,  1974). 

Materials and Methods 

Blood taken from apparently healthy donors was stored for not more than three days 
in acid-citrate-dextrose buffer at 4 ~ Cells were washed three times with isotonic choline 
chloride. Ghosts were prepared at 0 ~ pH 6.0 as described by Schwoch and Passow (1973). 
The desired internal ionic compositions were attained by addition of appropriate concentrated 
salt solutions at the time of '~ reversion" to isotonicity. 

For measuring K + efflux, at the end of the resealing period the ghosts were washed 
and incubated in a medium whose composition was identical to that of the final incubation 
medium except that Ca + + was omitted. During this incubation period (40 rain at 37 ~ 
and a subsequent wash in Ca + +-free medium, the leaky ghosts (type III of Bodemann 
and Passow, 1972) of the population lost their potassium. Hence during the final incubation 
in the presence of Ca ++ only K + efflux from successfully resealed ghosts (type II) was 
measured. 

The washed, resealed ghosts (approximately 80% hematocrit) were equilibrated at 37 ~ 
for about 20 rain. The flux experiment was begun by mixing the calcium-containing media 
with the ghosts. The net K + efflux was determined by withdrawing at suitable time intervals 
accurately measured volumes of ghost suspension, dilution with ice-cold isotonic choline 
chloride solution, centrifugation, and determination of the amount of K + in the pellet 
by flame photometry. This procedure yields the amount of K + in an arbitrarily chosen fixed 
number of ghosts, 

In experiments on the effects of Ca + +, the definition of a suitable measure for the 
rate of net K + loss raises problems since the response of the various cells in the population 
to Ca + + may vary and since the rate of loss may be influenced by time-dependent changes 
of membrane potential and ion concentrations in cells and medium. 

Fig. 1 shows that the rate of loss undergoes a marked change after about 2 hr. The 
internal K + concentration at which this change takes place varies with the Ca + + concentration 
in the medium. It reamined unresolved whether this transition from fast to slow rate of 
loss represents a transition in all cells of the population or if some cells lose K + at a 
low rate and the rest at a much higher rate. In the former case, the effect would represent 
a graded response and the initial slope would represent a suitable measure of the rate 
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Fig. 1. K + loss from red cell ghosts at various Ca + + concentrations in the medium. Ordinate." 
K + content in percent of initial content. Abscissa." time in hours. Ghosts containing 140 mM 
KC1, 20 mM Tris-HC1, pH 7.4, suspended in media containing 140 mM NaC1, 20 mM Tris-HC1, 
pH 7.4, and the CaC12 concentrations indicated in the Figure. Hematocrit 10%, 37 ~ 
In this and all other experiments during ghost preparation the ratio between cells and 

hemolysis medium was 1:20 

of loss. In the latter case, the effect would represent an all or none response and the half 
time for the transition from fast to slow rate of K + loss would be a measure for the 
rateoflossin the modified ghosts (cJl Riordan & Passow, 1971). In order to avoid ambiguities 
of the interpretation of the results, all experiments were done at a high Ca § + concentration 
(8 raM) which produces a nearly maximal effect. 

As will be shown below, even at a maximally effective Ca § concentration the rate 
of loss is greatly influenced by the K + concentration in the external medium. At high 
hematocrit values, the K § concentration in the medium will continuously change during 
the time course of K + loss. This should in turn continuously increase the permeability 
coefficient. In all experiments with ghosts we find within the limits of our time resolution 
that K § loss begins immediately after mixing ghosts and medium (Figs. 1 and 2) and that 
the initital rate of loss represents the maximal rate. The initial portion of the curves relating 
K ~ loss to time is close to linear. This suggests that the acceleration of net K + efflux 
associated with the progressive accumulation of K + in the medium leads to the maintenance 
of the initial rate for a longer period of time than one would anticipate on the basis 
of an exponential decay of the rate of efflux. In the present work we chose the initial slope 
of the curve relating K + loss to time divided by the initial K § content to obtain a convenient 
empirical measure of the rate of K + loss. This measure will be designated "rate constant" 
(k). In contrast to the situation with ghosts and intact cells poisoned with lead or Ca § § 
plus propranolol, in intact cells treated with fluoride or iodoacetate plus adenosine, the onset 
of net K + loss is preceded by a lag period. Under these conditions, the maximal rate was 
used in place of the initial rate for calculating k (see Lindemann & Passow, 1960, Fig. 2). 
It should be emphasized that k is not identical to the permeability coefficient. This coefficient 
is likely to vary with time under most of our experimental conditions. However, as discussed 
by other authors (e.g. Blum&Hoffman, 1971 ; Kregenow&Hoffman, 19?2)~under such non- 
steady-state conditions, with time-dependent variations of the permeability coefficient, the 
determination of an empirical rate constant represents the only feasible approach. 

In order to measure the unidirectional efflux of potassium, 42K (Harwell, U.K.) was 
incorporated into ghosts during reversal of hemolysis. The appearance of the isotope in 
the medium was determined by measuring either the gamma radiation in a Packard Auto 
Gamma Spectrometer or the Cherenkov radiation in a Packard Liquid Scintillation 
Spectrometer (Model 3380) without scintillator. The rate constant for unidirectional K + 
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Fig. 2. (a) Time course of K + loss from human red cell ghosts as measured under the 
conditions specified in Fig. 2b. From the initial slopes of the curves in Fig. 2a, relating 
K + content in percent of the initial value (ordinate) to time (abscissa) rate constants (k) 
were calculated. (b) In this Fig. the calculated values of k are plotted against the corresponding 
hematocrit values. In Figs. 2a and 2b corresponding experimental conditions are denoted 
by the same symbols. Note that the scales of the two ordinates in Fig. 2b differ. The tempera- 

ture was 37 ~ 

efflux, ~ was determined from the initial rate of increase in *2K in a measured volume 
of supernatant and dividing this by the total 42K in an equal volume of the cell suspension. 
The latter procedure is permissible since the hematocrit is small (2.5% or less). 

In ghosts prepared under identical conditions and suspended in media of the same 
composition, the standard deviation of eight determinations of k was about 10%. However, 
the absolute values of k or ~ obtained on different days vary to a greater extent (for 
example, compare Figs. 6 and 12). Nevertheless, the described functional relationships are 
consistently observed. Represented in the Figures are individual experiments typical of at 
least 3 and up to 25 replicates. 

Since the numerical value of the rate constants depends on the volume of the ghosts, 
precautions were taken to operate at constant initial ghost volume. In preliminary experiments 
we found that the ghost volume, as measured at pH 7.5, was independent of the ionic 
composition of the ghost interior provided the sum of all electrolyte species present in 
the system (the chlorides of Na § K § and choline) was maintained at a constant value. 
For this reason, in all experiments in which the concentrations of K § and Na § were varied, 
sufficient choline chloride was added to keep the total electrolyte concentration constant, 
usually at 160 m~. We adjusted the pH to 7.2-7.6 with Tris titrated with HC1 (denoted 
Tris-HC1). Tris-HC1 was present inside the ghosts as well as in the medium. The exact 
experimental condition are given for each experiment in the corresponding legends to Figures 
and Tables. 
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It is not clear to what extent choline affects the experimental results described below. 
However, it should be borne in mind that the most striking effect, the activation by K + 
can be observed at relatively low concentrations where the variations of the K + concentration 
cover a wide range while the corresponding percentage changes of the choline concentration 
are more modest. Under these conditions possible effects of varying choline are likely to 
be small. Under the conditions where there are large variations of both K + or Na + on 
the one hand and choline on the other, K + and Na + have opposite effects. Moreover, 
the effects of Na + and Li + which are qualitatively similar show marked quantitative differ- 
ences. This would suggest that in these experiments the critical variables are the alkali 
ions although possible superimposed effects of choline cannot be excluded. 

Results 

I. Effects o f  External Potassium on Potassium Efflux 

(1) Hematocrit and K + Efflux. The start ing point  for the present  

invest igat ion was the observat ion (Fig. 2) tha t  the effect o f  a fixed con- 

cent ra t ion  of  external  Ca + + depends on the hematocr i t .  The relat ionship 

between K + efflux and  hematocr i t  is great ly affected by the internal  K + 
concent ra t ion .  This  made  us suspect tha t  the effect o f  varying the hemato-  

crit could  be related to the presence o f  traces o f  external  po tass ium which 

m a y  be lost f rom the ghosts  by hemolysis  or  leakage dur ing  equi l ibrat ion 
pr ior  to the exposure to Ca + +. At  140 mM internal  K + and  at high hemat-  

ocrit  the K + concen t ra t ion  in the m e d i u m  could  be sufficient to near ly  

max imal ly  s t imulate  net  K + efflux, while at 70 mM K + and  low hematocr i t  

the concent ra t ion  could remain  too low to induce the permeabi l i ty  change.  

(2) External K + and K + EfJlux. The suspicion tha t  traces o f  external 

K + activate the Ca + +- induced net  K + efflux is conf i rmed by the experi- 

men t  in Fig. 3, where the effects o f  external  K + on ghosts  conta in ing  

70 mM K + at a hematocr i t  o f  0.25% are presented.  The Figure  shows 

tha t  external  K + increases the rate cons tan t  for  net K + efflux by abou t  

one order  of  magni tude .  A m a x i m u m  is reached between 2 4  mM K + 

in the medium.  These da ta  indicate that  a s t imula tory  and  an inhib i tory  

effect o f  external  K + K + on net efflux are superimposed.  On the basis 

o f  the a s sumpt ion  tha t  the combined  effect is equal  to the sum of  the 

act ivat ing and  inh ib i tory  effects o f  external K + (Fig. 3), the K + con- 

cent ra t ion  cor responding  to ha l f  maximal  act ivat ion was found  to be 
0.7_+0.15 (Sl?M, n = 5 ) .  

The mos t  interest ing quest ion tha t  arises f rom these observat ions is 

whether  or no t  external K + is a necessary prerequisi te for  the increase 
o f K  + permeabi l i ty  in the presence of  Ca + +. The results in Table 1 demon-  
strate tha t  in the absence o f  external  K +, Ca ++ causes no significant 
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Fig. 3. Rate constant for net K + loss from human red blood cell ghosts in the presence 
of Ca + + as a function of external K + concentration. The ghosts contained 70 mM KC1, 
70 rr~ choline chloride, and 20 mM Tris-HC1 and were suspended in media containing 120 mu 
choline chloride, 8 mM CaCI2, and 40 mM Tris-HC1, pH 7.2. The KC1 concentration was 
varied by isosmotic replacement of choline chloride. The temperature was 37 ~ hematocrit 

0.25% 

Table 1. Rate constants for net potassium efflux (k) in the presence or absence of Ca + + 
in the medium a 

Ca + + (raM) 0 0 8.0 8.0 
K + (mM) 0 2.5 0 2.5 
k x 103 (rain- 1) 2.45 3.44 2.00  b 17.9 
sE _+0.84 - _+0.94 _+5.15 
n 13 3 25 23 

a Internal composition of the ghosts: 70 m~ KC1, 70 mM choline chloride, 20 mM Tris-HC1, 
pH 7.5. Composition of medium: 120 mM choline chloride, 40 m~ Tris-HC1, pH 7.5 and 
either 0 or 2.5 mM KCI. Ca + + and K + represent concentrations of Ca ++ and K + in 
the external media, respectively. Hematocrit, 0.25%. Temperature, 37 ~ 
b Applying Chauvenet's criterion 2 determinations were not included in the average. 

inc rease  o f  K + efflux. Th i s  a b s o l u t e  r e q u i r e m e n t  f o r  ex te rna l  K + is inde-  

p e n d e n t  o f k h e  ex te rna l  C a  + + c o n c e n t r a t i o n  (Fig,  4). 

T h e  s t i m u l a t o r y  effect  o f  i nc r ea s ing  ex te rna l  K + is n o t  due  to  a c h a n g e  

o f  the  d r i v ing  fo rce  fo r  ne t  K + efflux, s ince this  i nc rease  is a s s o c i a t e d  

wi th  a r e d u c t i o n  o f  the  c o n c e n t r a t i o n  g r a d i e n t  a n d  a negl ig ib le  c h a n g e  

in po t en t i a l .  O n  the  bas is  o f  the  G o l d m a n  e q u a t i o n ,  us ing  0.037 m i n -  ~ 

as  the  va lue  o f  the  c h l o r i d e  p e r m e a b i l i t y ,  Pc1 ( H u n t e r ,  1971), c h a n g e s  

in the  d r iv ing  fo rce  u p o n  ra i s ing  ex te rna l  K + f r o m  0 to  4 mM s h o u l d  

cause  the  ra te  c o n s t a n t  fo r  ne t  K + eff lux to  dec rea se  b y  6 % ,  in c o n t r a s t  

to  the  10-fo ld  inc rease  w h i c h  is o b s e r v e d  (Fig.  3). 
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Fig. 4. Rate  constant  for net K + efflux as a function of  external Ca ++ concentrat ion in 
the presence and  absence of  external K+.  The internal and external ion concentrat ions 
were as described in Fig. 2 b (left). Ca + + was varied by isosmotic replacement of  external 

choline. The pH was 7. 5, temperature  37 ~ and  hematocri t  0.25% 

Similar calculations predict a 13 % decrease in the rate constant when 

external K + is increased from 4 mM to 12 raM. Under  the conditions 

of  the experiment depicted in Fig. 3, the change in driving force would 

decrease k to 17.5 x 10 _3 min-1  at 12 mM K § Thus, the inhibitory effect 

of  external K § at high concentrations is at least partially related to a 

decrease of  the K § concentration gradient, which is partially compensated 
by a small potential change that tends to facilitate K § efflux. Nevertheless, 
the demonstrated decrease of  net K + efflux seems to represent some 

genuine inhibition, since K + - K  + exchange shows a dependence on K + 

concentration (see section 4 and Figure 6; c f  B l u m &  Hoffman,  1971) 

which is similar to that of  net K + efflux. 
(3) Internal K + and K + Efflux. Fig. 5 shows the relationship between 

the rate constant of  K + efflux and internal K + concentration as measured 

in the absence or in the presence of  3.0 mM K + in the medium. In the 

absence of  added external K+, there is little if any change of  the rate 

constant for K + efflux up to about  80 mM internal K+. Above  this con- 
centration, there is an increase. 

As has been shown previously (Fig. 2) with ghosts containing high 

internal K + concentrations, even at the lowest hematocrit  used (0.25%), 

the K + concentration in the external medium cannot be maintained below 
the level at which K § efflux is stimulated. Thus, the increase in rate 

constant at high internal K § concentrations is most  likely due to the 
presence of  traces of  K § in the external medium. We suspect therefore 
that in the complete absence of  external K + the rate constant for K § 
exit is independent of  the internal K § concentration. This would resemble 
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Fig. 5. Rate constant for net K + efflux (k) in the presence of Ca + § as a function of internal 
K + concentration. The ion concentrations inside and outside the ghosts were as described 
in Fig. 3, except that the internal K + concentration was varied by isosmotic replacement 

of choline chloride. The pH was 7.5; temperature 37 ~ hematocrit 0.25% 

the behavior of  K + efflux through the leak pathway in the intact cell 

(Shaw, 1955). In the presence of external K +, the rate constant increases 
with increasing internal K +, and seems to approach a plateau above 

60 raM. It would seem plausible to relate this change of  the rate constant 

to variations of the membrane potential (Glynn&Warner ,  1972; Hoff-  

m a n & K n a u f ,  1973). However,  an analysis in terms of  the Goldman equa- 

tion, again using the value of  Pc~ determined by Hunter  (1971), shows 

that the potential changes associated with the alterations of internal K + 
concentration are insufficient to explain the variations of  the net rate 

constant as defined in the present work. For  example, when the internal 

K + concentration is increased from 30 to 60 raM, the rate constant should 

decrease by about  2% whereas approximately a twofold increase is ob- 
served. Hence we conclude that internal K +, like external K +, facilitates 

the increase of  K + permeabili ty in the presence of  Ca ++ 
(4) K + Equilibrium Exchange at Varying K + Concentrations. Since 

there is no unequivocal way of  calculating the membrane potential, it 
seemed useful to measure K +/K + exchange at various K + concentrations 
in the absence of  variations in the electrical potential difference. For  
this purpose 42K efflux was measured with identical K + concentrations 

inside the ghosts and in the media. The result (Fig. 6) demonstrates that 

there are changes of  the rate constant  with the K + concentrat ion which 

cannot  be related to concomitant  changes of  the potential. In experiments 
of  this type the various stimulatory and inhibitory effects of  internal 
and external K + are superimposed and cannot  be separated. However,  
it is obvious by comparison of  Fig. 6 with Figs. 3 and 5 that the results 
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Fig. 6. Rate constant for 42K exchange (~ in the presence of Ca" + as a function of 
internal and external K + concentration. K + concentrations inside and outside the ghosts 
were always identical, and were varied by replacement with choline chloride, such that 
the total concentration of choline plus K + was 140 raM. Both ghosts and media contained 
20 mM Tris-HC1, pH 7.6; the media also contained 8 mM CaC12. The temperature was 37 ~ 
and the hematocrit 2.5%. The rate constant for 42K effiux, ok, was determined as described 

in Materials and Methods 

obtained in the absence of variations in membrane potential and K + 
concentration gradient are compatible with those obtained under net flow 
conditions. 

(5) Effect o f  External K + on Metal-Induced Net K + Efflux from Intact 
Red Cells. Under a variety of special experimental conditions, divalent 
metal ions bring about a specific increase of K + permeability in intact 
cells, similar to that which we have observed in ghosts (see Discussion). 
The question may be asked whether or not this increase is also dependent 
on external K + concentration. Fig. 7 shows the effects of external K + 
on net K + loss induced by Pb + + or by Ca + + in the presence of iodoacetate 
plus adenosine, fluoride, or propranolol. Although the effect of external 
K + on net K + efflux varies with the experimental conditions, stimulation 
and inhibition are always clearly apparent. 

(6) Effect o f  p H  on K + Stimulation o f  Net K + Efflux. The previous 
experiments with ghosts were done at pH values between 7.2 and 7.5. 
Fig. 8 shows that in this pH range the K +-stimulated K + transfer system 
is nearly maximally activated. With decreasing pH there is a continuous 

decrease of the rate constant. At the hematocrit used in these experiments, 
without added external K + the K + concentration in the medium is too 
low to activate the Ca + +-K +-stimulated K + transfer (cf Figs. 2, 4 and 
Table 1). Since the control flux contains no Ca r +-K +-stimulated com- 
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Fig. 7. Dependence of the rate constant for net K + efflux from intact cells on external 
K + concentration under various experimental conditions. A specific increase in K + permea- 
bility was induced by various means as indicated in each panel. The rate constant for net 
K + efflux, k, was calculated from maximal slopes as described in Materials and Methods. 
In c and d, the maximal slopes are identical to the initial slopes, but not in a and b. 
isotonicity was maintained with sodium chloride. The other conditions were as follows: 
(a) pH 6.9, 25 ~ 0,25% hematocrit; (b) pH 7.05, 37 ~ 0.25% hematocrit; (c) pH 7.10, 

37 ~ 0.25% hematocHt; (d) pH 7.5, 37 ~ 1% hematocrit. IAA=iodoacetate 

ponent one may, therefore, conclude that the pH dependence of the control 
in the absence of external K + and that of the fully activated system 
are qualitatively similar. 

Fig. 9 shows that the Ca + +-K +-stimulated K + transfer in fluoride- 
treated intact cells is also markedly pH dependent, but the exact relation- 
ship to pH differs from that observed in ghosts in the absence of fluoride 
and with 8 instead of 0.05 mM Ca + + in the medium (Fig. 8). In the fluoride- 
poisoned intact cells, the Ca + +-K +-stimulated K + transfer passes through 
a maximum around pH 6.8, while in the ghosts a maximal value is 
approached around pH 7.2. Moreover, in the fluoride-poisoned cells, at 
high pH the effect of external K + is very much smaller than in the ghosts. 
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Fig. 8. Effect of external K + on the pH dependence of the rate constant for net K + efflux 
in the presence of external Ca + +. The ghosts contained 70 mg KC1, 70 mM choline chloride, 
and 20 mM Tris-HC1 and were suspended in media containing 40 mu NaC1, 80 mM choline 
chloride, 8 mM CaC12, and 40 m~ Tris-HC1. When KC1 was added to the medium, it replaced 
an osmotically equivalent amount of choline chloride. The temperature was 37 ~ and the 

hematocrit was 0.25% 

k 
rnin-1 

12 -'10 -a ," \ ~  

8 K+ 

615 710 7.'5 pH 810 
Fig. 9. Dependence of the rate constant for net K + efflux from intact cells on external 
pH in the presence of NaF with and without external K +. The cells were suspended in 
media containing 40 mg NaF, 0.05 mM CaC12, 4 mM inosine, 10 mM glycylglycine, and either 
112 n ~  NaC1 or 110.5 mM NaCI and 1.5 mM KC1. The temperature was 37 ~ and the 
hematocrit 0.25%. The rate constant for net K + efflux, k, was calculated from the maximal 
slopes as described in Materials and Methods. In contrast to all other experiments, except 
those in Fig. 7a and 7b, the maximal slopes used in this Figure are not identical to the 

initial slopes 

T h e s e  f i n d i n g s  i l l u s t r a t e  a g a i n  t h a t  the  C a  + + - K  + - s t i m u l a t e d  t r a n s f e r  sys- 

t e m  exh ib i t s  c h a r a c t e r i s t i c  d i f f e rences  i f  a c t i v a t e d  u n d e r  d i f f e r e n t  exper i -  

m e n t a l  c o n d i t i o n s .  
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Table 2. Effect of external Na + in the absence of external K + on the rate constant for 
net K + efflux from K+-loaded red blood cell ghosts 

Na + concentration Rate constant 
(mM) (rain- 1) 

0 4.15 X 10 . 3  

10 6.40 x 10 -3 
30 6.95 x 10- 3 
60 8.90 x 10- a 

120 7.15 x 10- a 

Hematocrit 0.25%; Temp, 37 ~ pH 7.52. Ca + + in the medium 8.0 mM. The external 
Na § concentration was varied by isosmotic replacement of choline chloride with sodium 
chloride. The ghosts contained 70 mM KC1, 70 mM choline-C1 and 20 mM Tris-HC1. 

k k 
min-I min -I 

60/.10 -~ 30[.10 -4 
4 0 ~ :  70ram KOI 2 0 ~ d e : 3 5  rnb4 KO, 

I k, ~ LiCt I\ ~-_. LiCt 
I01%~. ~ ,  

| 

20 40 60 N) 20 40 60 80 100 120 
raM. inside mM, inside 

Fig. 10. Rate constant for net K + effiux in the presence of Ca ++ as a function of Na + 
or Li § concentration inside the ghosts at two different values of internal K +. The ghosts 
contained 20 mM Tris-HC1, the indicated concentration ofK + , the Na + or Li" concentration 
given on the abscissa, and enough choline chloride so that the total Na + or Li + plus 
K + plus choline concentration was 140 mM. They were suspended in media containing 140 mM 
choline chloride, 8 mM CaC12, 20 mM Tris-HC1, pH 7.4. The temperature was 37 ~ and 
the hematocrit 5%. Although no K + was added to the medium, at this hematocrit there 

is sufficient external K + to partially activate K + efflux (see Fig. 2) 

H. Interactions Between Sodium and Potassium 

I n  t h e  a b s e n c e  o f  e x t e r n a l  K +, i n c r e a s i n g  t h e  e x t e r n a l  N a  + c o n -  

c e n t r a t i o n  l e a d s  t o  a s l igh t  a c t i v a t i o n  o f  K + e f f l ux  ( T a b l e  2), a l t h o u g h  

t h e  a c t i v a t i o n  is m u c h  less  p r o n o u n c e d  t h a n  w i t h  e x t e r n a l  K +. 

A t  s t i m u l a t o r y  c o n c e n t r a t i o n s  o f  e x t e r n a l  K +, i n t e r n a l  N a  + (o r  L i  +) 

i n h i b i t s  t h e  C a  + + - K  + - i n d u c e d  K + e f f l ux  (F ig .  10). I n c r e a s i n g  t h e  e x t e r n a l  

K + c o n c e n t r a t i o n  u p  to  0.5 m~a h a s  l i t t l e  o r  n o  e f fec t  o n  t h i s  i n h i b i t i o n .  

H o w e v e r ,  i f  t he  e x t e r n a l  K + c o n c e n t r a t i o n  is f u r t h e r  i n c r e a s e d ,  t h e  i n h i b i -  

t i o n  b y  i n t e r n a l  N a  § d e c r e a s e s  a n d  a t  s u f f i c i e n t l y  h i g h  K § c o n c e n t r a t i o n s  

m a y  c o m p l e t e l y  d i s a p p e a r  (F ig .  11). C o n v e r s e l y ,  t h e  r e s u l t s  c o u l d  b e  d e -  
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Fig. 11. Effects of internal  Na  + on the rate constant  for net K + efflux in the presence 
of Ca ++ as a function of external K + concentrat ion.  The ghosts contained 70 mM KC1, 
70 mM choline chloride or NaC1, and 20 mM Tris-HCl. They were suspended in media contain- 
ing 120 mM choline chloride, 8 mM CaC12, and 40 mM Tris-HC1. The external KC1 con- 
centrat ion was varied by isosmotic replacement of choline chloride. The pH was 7.2, tempera- 

ture 37 ~ and hematocri t  0.25% 

scribed by stating that the effect of external K + is modified by internal 
Na +. In other words, K § and Na § mutually interact across the membrane. 

In the net flow experiments described above, the interactions between 

K § and Na + may be affected by variations of the membrane potential. 
Fig. 12 shows that, at low concentrations of external K +, inhibition by 
Na + is also seen when K§ + equilibrium exchange is measured by 
means of 42K at identical concentrations of K § and Na + on both sides 

of the membrane. At high K § concentrations in ghosts and medium, 
in five out of nine experiments increasing Na § concentrations on both 

sides of the cell membrane led to a stimulation of K § efflux by about 
20%, except in one experiment, where the stimulation was 80%. In the 
other four experiments there was no effect of Na § 

Table 3 supplements these findings by showing that a sodium gradient 
across the membrane does not affect the K+/K § exchange at equal K + 
concentrations of 70 mM in ghosts and medium. 

III. Effects of Magnesium and a Complexing Agent (EDTA) 

It is apparent from Fig. 13 and Table 4 that varying the internal or 
external Mg § concentration is without significant effect on the Ca + + 
K +-stimulated K + transfer. The Table further shows that external EDTA 
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Fig. 12. Rate constant for ~2K exchange in the presence of Ca + + as a function of internal 
and external K + concentration. Both ghosts and media contained identical concentrations 
of K +, Na + and choline, along with 20 m~ Tris-HC1, pH 7.5-7.6. The media also contained 
8 m~ CaC12. The K + concentration was varied by replacement of NaC1 (open circles) or 
choline chloride (closed circles), so that the sum of the concentrations of sodium or choline 

plus potassium was 140 mM. The temperature was 37 ~ and the hematocrit 2.5% 

Table 3. Effect of sodium on rate constant (~ of Ca + § ~2K exchange at equal 
potassium concentrations inside the ghosts and in the media ~ 

Exp. Concentrations in the ghosts Concentrations in the media ~ • 10 3 
No. (mequiv/liter) (mequiv/liter) (min- 1) 

KC1 NaC1 Choline-C1 KC1 NaC1 Choline-C1 

70 0 70 70 0 70 12.2 
70 70 0 70 0 70 11.7 
70 0 70 70 70 0 10.2 

70 0 70 70 0 70 16.4 
70 70 0 70 0 70 20.1 
70 0 70 70 70 0 14.4 

70 0 70 70 0 70 14.8 
70 l0 60 70 0 70 14.0 
70 30 40 70 0 70 16.5 
70 70 0 70 0 70 18.7 

" In contrast to the experiments presented in Fig. 12, sodium is not equally distributed 
between inside and outside. Other experimental conditions as in Fig. 12. 



Ca + +-K +-Dependent Net K + Loss 

k 
minq 

25' • 10 -3 

20 

15 

10 

5 
0.1 mM EDTA 

Mg*+mM within the ghosts 

15 

Fig. 13. Effect of Mg + + or EDTA on the rate constant for net K + efflux as measured 
in the presence of external Ca + +. The ghosts contained 70 rnM KC1, 70 rnM choline chloride, 
20 mM Tris-HC1 and the indicated concentrations of MgSO4 (o) or EDTA ( x ). They were 
suspended at 0.25% hematocrit in media containing 120 mM choline chloride, 8 mM CaC12, 

2.5 mM KC1, 40 mM Tris-HC1, pH 7.5. The temperature was 37 ~ 

Table 4. Effect of external and internal Mg + + and EDTA on rate constant for Ca + +-induced 
net K + efflux from human red blood cell ghosts 

Exp. Inside (mR) Outside (mM) k x 103 
No. (min- 1) 

Mg + + EDTA Mg + + EDTA 

1 8.0 0 0 0 24.4 
0 0 8.0 0 29.8 

2 0 0 0 0 17.6 
0 0 8.0 0 15.7 

3 4.0 0 0 0 16.7 
4.0 0 0 0.1 15.3 

4 0 0.1 0 0 2.6 
0 0 0 0 23.5 

The ghosts contained 70 mM KC1, 70 mM choline-Cl, 20 mM Tris-HC1, and the concentrations 
of EDTA and Mg + + indicated in the Table. The media contained 120 mM choline-C1, 40 mM 
Tris-HC1, 8 mM CaC12, 2.5 mM KC1, and EDTA or MgSO4 at the concentrations listed 
above. The internal concentration of MgSO 4 was varied by isosmotic replacement with 
choline-chloride, pH 7.5. Temperature 37 ~ Hematocrit 0.25%. 

a t  a c o n c e n t r a t i o n  w h i c h  is m u c h  l ower  t h a n  the  e x t e r n a l  c o n c e n t r a t i o n  

o f  C a  ++ a l so  exer ts  n o  effect.  H o w e v e r ,  i f  E D T A  is i n c o r p o r a t e d  a t  

th is  s a m e  l o w  c o n c e n t r a t i o n  i n t o  the  ghos t s  i n  the  a b s e n c e  o f  M g  § +, 

the  C a  + + - K + - s t i m u l a t e d  K + t r a n s f e r  is v i r t u a l l y  a b o l i s h e d .  T h e  c o n -  

c e n t r a t i o n  d e p e n d e n c e  o f  the  i n h i b i t o r y  effect  o f  i n t e r n a l  E D T A  is p re -  

s e n t e d  in  Fig .  14. 
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Fig. 14. Rate constant for net K + efflux in the presence of external Ca ++ as a function 
of internal E D T A  concentration. The ion concentrations were the same as in Fig. 13, except 
that the K + concentration in the media was 3 mM. The pH was 7.2, temperature 37 ~ 

and hematocrit 0.25% 

Discussion 

It has been reported previously that low concentrations of external 
K + stimulate 42K + efflux from metabolically depleted red ceils or ghosts, 
while high concentrations inhibit (Blum & Hoffman, 1971 ; Riordan & Pas- 
sow, 1973). The present results confirm these findings and show in addition 
that the action of external K + does not simply reflect an enhancement 
of K § + exchange by the Ca + +-activated transfer system, but instead 
an activation of that system which, in the presence of a K § concentration 
difference across the membrane, results in an increased net K + efflux. 
They demonstrate that external K + is an absolute requirement for the 
activation of the K + transfer system. It may be stated, therefore, that 
in the presence of Ca § +, K § induces the observed permeability change. 

The described findings with red cell ghosts apply to a variety of other 
experimental situations in which certain divalent metal ions produce a 
similar net K § efflux in intact cells. In addition to lead poisoning these 
conditions include the action of Ca + + in the presence of fluoride, iodoace- 
tate plus adenosine, or propranolol. The permeability change brought 
about under these diverse circumstances shows the following common 
features: (1) It is highly specific for K +, while Na § permeability is little 
if at all affected (Passow, 1961 ; Kregenow & Hoffman, 1962; Ekman, Man- 
n inen& Salminen, 1969); (2) it can be inhibited by oligomycin (Blum 
& Hoffman, 1971; Riordan and Passow, 1971); (3) in all cases the rate 
of net K + efflux is one or two orders of magnitude faster than one would 
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expect from an inhibition of active transport;  (4) under most experimental 
conditions, such as in intact cells after poisoning with Pb + + (Passow & Till- 
mann, 1955) or with Ca ++ in the presence of triose reductone (Passow 
&Vielhauer, 1966) or propranolol (Manninen, 1970), or in ghosts after 
addition of Ca ++ alone (Riordan&Passow, 1971), the time course of 
K + loss can be subdivided into an initial fast phase and a subsequent 
slow phase. The transition from the fast to the very much slower rate 
of K + loss may occur while the system is still far from equilibrium. 
The amount  of K + lost during the rapid phase varies with the concentration 
of the divalent metal ion, while the rate constants of fast and slow K § 
loss are only slightly dependent on that concentration (see Riordan &Pas- 
sow, 1971) 1. The demonstration of similar effects of external K + under 
a variety of conditions adds another common feature which suggests that 
the described changes of K § permeability induced by divalent metal ions 
in intact cells in the presence of drugs or metabolic poisons are due 
to changes of the same K + transfer system which is modified by Ca ++ 
in the experiments with ghosts described above 2. 

In the past the similarity of the underlying mechanism was not readily 
apparent since the conditions under which the divalent metal ions elicit 
the described response show little resemblance. Among the three divalent 
metal ion species known to produce the effect (Ca ++ , Mg +§ and Pb + +), 
only Pb + + is capable of evoking the permeability change in freshly drawn 
intact cells. Ca §247 acts only if added together with metabolic poisons 
such as fluoride or iodoacetate plus adenosine (Gardos, 1958, 1959; Lepke 
& Passow, 1960) ; or with certain drugs such as triose reductone (Passow & 
Vielhauer, 1966) or propranolol (Ekman et al., 1969); or if applied to 
ghosts (Riordan & Passow, 1971 ; Blum & Hoffman, 1972). Mg § § can re- 

place Ca + + in fluoride poisoning of intact cells, but neither in the Gardos 

1 In the case of  lead poisoning this behavior can be explained by an all-or-none effect 
in the individual ceils: with increasing Pb + + concentration there is a shift of  the rate of 
K + loss from a low to a high value in an increasing number of cells (Passow&Tillmann, 
1955). It is not clear whether this all-or-none behavior also applies to the effects produced 
with Ca ++ or Mg ++. In fluoride poisoning another type of  all-or-none effect has been 
demonstrated (Eckel, 1958). With increasing time an increasing number of  cells undergo 
the permeability change, until finally all of the cells of the population are modified. Perhaps 
in these experiments the concentration of alkaline earth ions was sufficient to modify the 
permeability in all of  the cells, but the time at which an individual cell becomes responsive 
to Ca § or Mg ++ depends on the time at which its ATP concentration falls below a 
certain level. 
2 Perhaps the inhibition of K + efflux by internal Na + may also be a common feature, 
since it has not only been observed in Ca + +-treated ghosts but also in ghosts exposed 
to Pb + + (Passow, I969). 
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effect [i.e., in the presence of iodoacetate plus adenosine (Lepke & 
Passow, 1960)] nor in experiments with ghosts (see Table 4). 

The examples described above suffice to illustrate that some divalent 
cation is always required to evoke the permeability change but that under 
different experimental conditions different divalent metal ion species may 
be needed. Hence, without additional information concerning the mode 
of action of these cations, it seems difficult to define the transport  system 

in terms of  the divalent cations and the corresponding experimental condi- 
tions necessary to induce the permeability change. In contrast, the features 
mentioned above which are unrelated to divalent cations, but common 
to the K + loss in all of  these various circumstances are better suited 

to characterize the transport  system. 
Since the K + concentration in the medium is too low to influence 

directly the K + concentration inside the ghosts, one may ask how the 

extracellular K § concentration controls net K + efflux. It is unlikely that 
a reduction of the concentration difference between ghosts and medium 
is a major factor in the observed stimulation, since the variation of that 

difference is small. The possibility cannot be excluded that a reduction 
of the K + gradient contributes to the observed inhibition at higher K + 
concentrations, although it should be pointed out that K § + exchange 
is definitely inhibited (see Figs. 6 and 12 and Blum&Hoffman ,  1971). 
The t ransmembrane potential does not seem to be a decisive factor, because 
a simultaneous increase of  internal and external K + at zero concentration 
difference across the membrane has essentially the same effect as increasing 
the external K + at a fixed and high concentration of internal K + (compare 

Figs. 6 and 3). 
It has been suggested that Ca + + exerts its action at the inner membrane  

surface (Whittam, 1968; Lew, 1971; Romero  & Whittam, 1971; Blum 
& Hoffman,  1972). Since Ca § influx into metabolically depleted cells 
depends on the external K + concentration, it would seem conceivable 
that external K + regulates Ca + + influx and thus controls the Ca + + effect 
at the inner membrane  surface (Lew, 1974). The stimulation by low K + 
concentrations can certainly not be explained in this manner,  since at 
K + concentrations between 0.02 and 4 mM in the medium, the rate of 
Ca + + uptake is maximal and constant. At high K + concentrations, Ca + + 
uptake is inhibited by external K + with a K~ of about 40 50 mM (Lew, 
1974). This could explain why higher concentrations of external K + inhibit 
net K + efflux. In the experiments with ghosts described in this paper 
and in lead poisoning of intact cells (Grigarzik & Passow, 1958) the permea- 

bility change takes place as fast as one can measure it, even if the metal 
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is added in the presence of a high K § concentration in the medium. 
Thus, at least in these cases, the inhibition of divalent cation uptake 

does not seem sufficient to account  for the inhibition of  the K + transfer 

system by high external K § 
The discussion above suggests that the effect of  external K § can neither 

be ascribed to changes in driving forces for K § movements  nor to changes 
in divalent metal ion influx, although these factors may modulate  the 

observed effect. We infer, therefore, that K § stimulation and inhibition 
of net K § efflux are associated with binding of K § to specific control 
sites at the outer cell surface. The apparent dissociation constant of  the 
activating sites is 0.7 + 0.15 mM; that of  the inhibiting sites is much higher. 

Like external K § internal K § can stimulate net K § efflux. This stimu- 
lation does not simply represent an increase in driving force but rather 
an activation of  the K § transfer system. Our experiments were inadequate, 

however, to decide whether  or not internal K § is an absolute requirement 
for the K § permeability increase. 

In ghosts exposed to Pb § § or Ca § § K § efflux is inhibited by internal 
Na § One of the most  remarkable features of  the K § transfer system 
is the interdependence of inhibition by internal Na § and activation by 
external K +. External K § may either reduce the affinity of internal Na § 
sites or affect their accessibility to Na§ Conversely, internal Na § may 
affect the binding of  external K § to the K § control sites. This dependence 
demonstrates again that the system is capable of transferring information 
about the external K § concentration across the membrane.  It is possible 
that Na § on the inside or K § on the outside exert an allosteric effect 
on a molecule which spans the membrane.  

The complexity of these ionic interactions as well as certain observa- 
tions concerning the action of ouabain have led Blum & Hoffman (1971) 
to speculate that the Na § § pump mediates the K § movements.  

Recently, however, Lew (1974) has pointed out that the substrate- 
depleted red cells of  certain animal species do not respond to the action 
of Ca § § although they are capable of  accomplishing active transport  
by means of  the K § § § § ATPase. Similarly, it has been 
indicated (Dunker&Passow,  1953) that Pb § § or fluoride induce the K § 
permeability change in human rabbit and rat erythrocytes but not in 
those of the horse or the pig, even though red cells f rom all of  these 
species actively transport  sodium and potassium (Shaw, 1955; Kirschner 
& Harding, 1958). These findings support the view that the pump is not 
involved. Nevertheless, the specificity and complexity of the ionic interac- 
tions lead one to suspect that the K § permeability change is a manifestation 
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of a specific system with functional significance in the intact cell. In contrast 
to the action of a rigidly coupled pump flow of K § and Na § such 
a K § leak mechanism, operating in conjunction with the K § § 
pump, would permit independent regulation of cell volume and K § con- 

centration (Passow, 1961, 1963). 
The present paper is essentially confined to adding further information 

for an empirical description of the relationships between various variables 
which control the permeability change. No attempt was made to provide 
a discussion of specific molecular mechanisms by which these variables 

may exert their effects since despite the work in many laboratories the 
empirical description of these relationships is still incomplete and since 
some variables may still be unknown. The existence of as yet unknown 
variables is suggested by the variability of the absolute values of the 
rate constants reported in this paper. The ambiguities of attempts for 
an interpretation in terms of molecular mechanisms is easily exemplified 

by considering the effects of pH and complexing agents. The observed 
pH dependence of the net K"  loss could be associated with a competition 
between H § ions and either Ca + § or K +, with a noncompetitive effect 

at a third binding site, or with any combination of such effects. The inhibi- 
tion by internal EDTA in the presence of external Ca § " would simply 
seem to support the theory that the K-- permeability increase is prevented 
by sequestration of penetrating Ca" § inside the ghosts. However, EDTA 
inhibits at a concentration which is lower than the Ca § § concentration 
expected to obtain in the ghosts under our experimental conditions (see 

Porzig, 1972). EDTA might therefore exert its effect either by inhibiting 
Ca" § uptake or else by forming a ternary complex with a divalent metal 
ion normally present in the membrane, thereby preventing the displace- 
ment of that divalent metal ion by Ca-- ". Obviously, further experimental 
work is needed until one could think of a theoretical interpretation of 

the effects of divalent cations on alkali ion permeability. 

We thank Drs. Peter Lauf and Jack Kaplan for their comments on the manuscript, 
Dr. Richard Williams for his contributions to the work with propranolol, and Miss Sigrid 
Lepke for her collaboration. 
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