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comparison with the Gardos-effect and with the influence
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Freshly prepared human red blood cells incubated with 5 mM ferricyanide, 0.2 mM i

the presence of 5 mM EGTA
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in Na* and K * permeability (ferricyanide effect). This

effect is wnrelated to the Ca?*-activated K* channel (Gardos effect) since influx of Ca’* from outside the cell is
excluded. Also this effect is different from the non-specific Na* and K* permeability change elicited by PCMBS.

These differences become obvious by using various

For le, A23187 and quinidine exert

effects

in Gardos and ferricyanide experiments, where A23187 and atebrin react oppositely in the latter and in PCMBS
experiments. The ferricyanide effect described here does not invelve of pecific ‘The change in

Na* p itity from K* p

Introduction

In red blood cells depleted of ATP with iodoacetate
(EAA) and adenosine, calcium can induce potassium
permeability (Gardos effect) while sodium permeability
remains nearly unchanged (for revlews, see Ref. 1-3). In

to this sek bility change.
substances like mercury and organic mercurials react
with sulfhydryl groups of red cell membranes to pro-
duce a loss of potassium, a gain of sodium and finally
hemolysis {4}

In 1963 Passow and Gruner [5.6] studied the com-
blned action of a small amount of 1AA (0 12 mM) and

bility under certain circumstances suggests a more specific effect.

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

Since ferricyanide is not able to penetrate the red celi
[7] and glycolysis was only partially blocked by the
smatl ion of 1AA, the 1 was drawn
that two sets of membrane SH-groups, one for ferri-
cyanide and another for IAA, are involved in the polas-
sium permeability, with the one for ferricyanide being
located at the external cell surface. In addition to the
permeability change, Mishra and Passow [7] demon-
strated in the presence of 0.12 mM [AA and 5 mM
adenosine a reduction of ferricyanide to ferrocyanide

ferri ide (5 mM) on calcium-d

permeability in human red cells. If these sub

via a b bound NADH dehydrogenase together

with intracell ATP L

were applied with 10 mM adenosine and 0.5 mM

EGTA, bis-(2-ami ether)-N.N"-
tetraacetic acid; Hepes, 4-(2. 1-pij h Ifoni
acid; [AA, iodoacetate; mequiv., milliequivalents; PCMBS, p-chloro-

mercuribenzene sullonate.
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In this i we studied ium p bil-
ity in human red cells under experimental conditions
similar to those described by Passow and Gruner, but in
addition we aiso measured sodium permeability. We
found that the permeability change was not selective for
potassium, since there is also an increase in sodium
permeability. The change in sodium permcability was
not dependent on the presence of calcium and the
change in potassium permeability was only slightly
stimulated by calcium.
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The permeability change of rotassium and sodium in
caicium-free medivm induced by ferricyanide in the
presence of IAA and adenosine will be calied ‘ferri-
cyanide effect’. In bref reports [8,9] we previously
demonstrated the ferricyanide effect in human red cells.
The aim of this study is to investigate the similarities
and differences between the ‘ferricyanide effect’, the
Gardos effect and the influence of organic mercurials
like PCMBS on potassium and sodium permeability in
human red blood cells.

Materials and Methods

Materials

The Ca®*-jonophore A23187 in acid form was
purct d from Calbi Behring (Frankfurt nm
Main, F.R.G.). Quinidine and ad ine were ot
from Sigma Chemical Co. (St. Louis, MO, US.A.).
Hepes and iodoacetate as a sodium salt were purchased
from Serva (Heidelberg, F.R.G.), EGTA and inosine
from Fluka (Buchs, Swi d). All other
were of analytical grade.

Methods

Human red blood cells freshly drawn with heparin as
anticoagulant were washed three times in ice cold 150
mM NaCl, 1 mM EDTA and 20 mM Hepes at pH 7.4
and made up to a hematocrit of 50%. For experiments
with calcium we omitted the 1 mM EDTA in the
washing solution. Net flux measurements of potassium
and sodium were done with 0.5% cells incubated at
37°C in the medium given in the experiments. Most
experiments were run in a Hepes buffer at pH 74
{377 C) containing 5 mM EGTA in calcium-free experi-
ments. At various times samples of the cell suspension

200
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foequiv K 7 kg H

mequiv. Na /kg Hb

were added to ice cold 113 mM MgCl, solution and the
cells were washed three times with this solution in order
to remove extracellular potassivm and sodium. After
hemolysing lhc cells by addition of 0.01% lithium and
by ul d sodium and were
determined by flame photometry 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 that of Gruner and
Passow [5.6} in which the combined action of 5 mM
K;Fe™(CN); and 0.2 mM IAA in the presence of 2
mM adenosine and 0.5 mM calcium on potassium and
sodium permeability is investigated (Fig. 1). After a lag
period of 2 h there is a potassium efflux comparable to
that measured by Passow [6]: 97 mequiv./kg hemo-
globin per h (between 120 and 200 min) in our experi-
ment, which is 32.4 mmol K* /1 cells per h compared to
36 mmol K*/1 cells per h in Passow’s experiment. The
sodium influx also increases after the same lag period of
2 h: 41 mequiv. /kg hemoglobin per h (between 120 and
200 min).

Effects of calcium. In order to test for possible in-

3} of a calci diated effect on the K*
channel we omitted the calcium from the medium and
added 5 mM EGTA 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 period of
2 h. This K* efflux is significantly smaller than that in
the presence of calcium, but there is no difference in the
sodium permeabl]lty Our*; allenuon in the next experi-
ments is d on the calci d d permea-
bility change, termed the ‘ferricyanide effect’.
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Fig. 1. Effect of calcium in ferricyanide experiments on K* and Na* content of red blood cells as a function of time. The incubation medium
contained 150 mM NaCl, 20 mM Hepes, 5 mM ferricyanide, 2 mM adenosing, 0.2 mM IAA and either § mM EGTA (curve 1) or 0.5 mM calcium
{curve 2). Bars indicate S.D. (n = 4).
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Fig. 2. Effect of different substrates on cation permeabilily in the
ferricyanide ¢xperiment. The control medium contained 150 mM
NaCl, 20 mM Hepes, 5 mM EGTA. 5 mM ferricyanide, 0.2 mM 1AA
at pH 74 (37°C). Adenosire. inosine or glucose were added at a final
concentratian of 2 mM.
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Ferricyanide. |f ferricyanide is replaced by 5 mM
ferrocyanide the K * and Na " fluxes do not differ from
normal leak fluxes (data not shown). Since ferticyanide
can act as an electron acceptor, the effectiveness of
ferri- but not ferrocyanide suggests that oxidation of
some cell or membrane component may be important in
increasing the cation permeability. If sodium ferri-
cyanide is used, the fluxes are the same as with potas-
sium ferricyanide (data nca shown). This is in contrast
to the Gardos effect, where stimulation requires ex-
tracellular potassium.

fadoacetate. The chinges in potassium and sodium
permuability will not occur if IAA is not present (data
not shown). Hence both ferricyanide and IAA are nec-
essary for the increase of K* and Na* fluxes in
calcium-free medium. Each substance alone is without
effect.

Merabolic substrates. Adenosine, inosine or glucose
have only a very small effect on the permeability change
(Fig. 2).

Comparisor with the Gardos system and PCMBS

In the next serics of experiments, we compare the
ferricyanide effect with the Gardos effect, to see whether
or not 4 common mechanism might be involved, with
an altered Na* /K™ selectivity in the case of the ferri-
cyanide effect. Also we compare the ferricyanide-
induced increase in permeability with that caused by
PCMBS. It has been proposed that ferricyanide might
interact with exofacial SH groups [6]. PCMBS, which
does bind to memt SH groups, i both Na*
and K * permeability afler a lag period [4,11]. thus a1
least superficially resembling the ferricyanide effect (Fig.
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Fig. 3. Effect of 0.5 mM NaVO, in a Gasdas-1ype (A), ferricyanide (B) and PCMBS (C)

“The Gard

isfunat 37°Cat

pH 74 in 150 mM NaCl. 20 mM Hepes. 0.5 mM CaCl;. 2 mM adenosine, 2.5 mM IAA. The ferricyanide-type cxpenm:nl is run in 150 mM NaCi,

20 mM Hepes, 5 mM EGTA, 5 mM ferricyanide, 2 mM adenosine, 0.2 mM IAA al 37°C (pH 7.4). The incubation medium in the PCMBS

experiment contained 50 pM PCMBS, 150 mM NaCl, 20 mM Hepes, 5 mM EGTA (pH 7.4) at 37°C. Curve 1, K* control; curve 2, K* + NaVO,;
curve 3, Na* control; curve 4, Na” + NaVO,.
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Fig. 4. Effect of 1 pM A23187 on Na* und K* content ol red cells aa function of time in a Gardos-type (A}, ferricyanide (B) and PCMBS (C)
The

Effects of vanadate. In the Gnrdns lype experiment
(Fig. 3A) the addition of the K*
permeability as demonstrated recently [12-14].

In the case of the ferricyanide effect, vanadate in-
creases both potassium and sodium permeabilities (Fig.
3B). The effect of NavQ; is exerted inside the cell,
because addition of the anion channel blocker H,DIDS
pravents this stimulation [9]).

The addition of vanadate does not influence the
cation permeability increase caused by PCMBS in the
presence of 3 mM EGTA (Fig. 3C), in contrast io the
Gardos-type and ferricyanide experiments

A23187. The addition of the calcium ionophore
A23187 under the three different conditions has very
different consequences: In the Gardos-type experiment
the calcium jonoph llular  free
calcium [14]. The potassium efflux is extremely stimu-
lated (notice the time axis in Fig. 4A) while the sodium
flux remains unaffected. Under ferricyanide-effect con-
ditions, the fluxes of both cations are blocked (Fig. 4B).

are as given in the legend 1o Fig. 3.

Just the opposite is seen in the experiinent with PCMBS:
The calcium ionophore has a stimulatory effect on the
permeability changes of potassium and sodium (Fig.
4C). These effects of A23187 cannot be attributed to
free calcium, becausc 5 mmol/]1 EGTA are present in
both experiments.

Atebrin. Sinee ierricyanide does not enter the cell,
and since only ferricyanide and not ferrocyanide is
effective in elicting the permeability i mcrease, we previ-
ously d [9] that a ¢ Jehydro-
genase might be involved in the effect. Therefore, we
tested atebrin, a dehydrogenase inhibitor [15), on the
three systems. In the Gardos- and ferricyanide-type
experiments an inhibition of the cation fluxes occurs
(Fig. 5A and 5B) in contrast to the PCMBS experiment
where atebrin causes an increase in cation permeability
(Fig. 5C). Although the inhibition of the ferricyanide
effect by atebrin might be taken as evidence in favor of
dehydrogenasc invalvement, the effects on the other two
systems demonstrates the lack of specificity of this
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Fig. 5. Effect of 0.1 mM atebrin on and sodium bility in a Gardos-type (A),

experimental conditions are as given in the legend to Fig. 3.

{B) and PCMBS (C) experimenl. The
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inhibitor. For example we have found that besides

the tr t

NADH dehydrogenase
by 40%, 0.1 mM atebrin reduces the probability of
Ca?*-induced K* channel opening by 20% [16}. Never-

theless, the differential effects of atebrin 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 Ca®*-activated potassium channel [1,2,13]). In con-
trast to the inhibilory action of quinidine in the Gardos
experiment (Fig. 6A), there is an increase in K* and
Na* permeability in the experiments with ferricyanide
(Fig. 6B) and PCMBS (Fig. 6C).

Modulation of ion selectiv.y

Quinidine alone causes a slight increase (Fig. 6B).
A23187 alone a complete block (Fig. 4B) of the ferri-
cyanide-induced K* and Na* permeability. The com-
bined action of both substances gives ris¢ to an inter~
esting phenomenon: The sodium influx increases at

Mnutes
¢ in the presence of 1 xM A23187 under ferrivyanide experiment censditions (see legend to Fig. 3B). Curve 1,
control; curve 2, 0.10 mM quinidine; corve 3. 0.25 mM quimdine; curve 4, 0.50 mM quinidine; curve 5. 0.75 mM guinidine: curve 6, 1.00 mM

quinidine.

early times with litile effect on the potassium efflux. A

dose of

in the p of A 23187

P
shows this effect in more detail (Fig. 7). Fig. 8 demon-
strates that in the early time period between 40 and 80

mequiv k [T orva [ 7kgte mn

°
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MM quinidine.

Fig. 8. Potassium and sodium flux of Fig. 7 in the time period of 40 1o
80 min shown as a function of the quinidine cancentration.
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min ions of 0.1 and 1 mM
greatly stimulate the Na* flux while the K* flux re-
mains nearly unchanged. No permeability changes oc-
cur when ferricyanide is omilted (results not shown).

Discussion

The combined action of ferricyanide and IAA pro-
duces an increase in potassium permeability. However,
in contrasl to the opinion of Passow and Gruner 5] that
this is a highly specific effect on potassium permeability
there is also a change in sodium permeability. The
‘ferricyanide effect’ is not related to the Gardos effect
becausc 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 3 mM EGTA., which prevents calcium emry

mterpreted as being duec to oxidative damage to the

The ferri ide effect described here, in
the absence of vanadate, seems to be very different
from 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 little affected by
addition of inosine (Fig. 2). Secondly Heller et al. [17]
found no increase in permeability to chloride and
erythritol in the absence of vanadate. Thus, the ferri-
cyanide effect described here does not involve forma-
tion of nonspecific channels of the type described by
Heller et al. [17].

In summary, the data indicate that the ferricyanide
effect is distinct from other mechanisms which increase
red blood cell potassium permeability, such as the
Gardos effect, the PCMBS effect, and the IVF effect.

into the cell. The sedium influx remains t
whnle the potassmm efflux is diminished slightly but
ifi ly. The i of the p flux in the
presence of calcium may be Ihe consequence of an
additional Gardos effect.
In addition to the different effects on K* and Na*
permeability, the ferricyanide effect and the Gardos
effect differ in terms of their iti to di

The i of this p ility change is not yet
known, but may involve some change in the redox state
of the cell, since the electron acceptor ferricyanide, but
not ferrocyanide produces the permeability change. The
possible mechanism of the permeability change will
form the subject of a subsequent paper.

Ack 2

agents (see Table I). In particular, A23187 and quini-
dine have opposite effects on these two processes.

The ferricyanide effect is also different from the
nonspecific permeability change elicited by PCMBS,
With the ferricyanide system, it is possible to change the
sodium permeability separately from that of potassium.
Also, A23187 and atebrin have opposite effects on the
ferricyanide effect and the PCMBS effect (Table I1).
Thus, if external SH groups are involved in the ferri-
cyanide effect, it scems unlikely thai they are the same
as those involved in the effect of PCMBS.

Heller et al. {17] have found that with 0.2 mM LAA,
0.5 mM vanadate and 5 mM ferricyanide (IVF), the
membrane becomes leaky to small solutes such as chlo-
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

TABLE I

This work was supporied by Deutsche Forschungs-
gemeinschaft and by National Institute of Health, Grant
No. DK 27495. We are grateful to Mrs. Helga Radler
for excellent technical assistance.

References

1 Sarkadi, B. and Gardos. G. (1984) in The Enzymes of Biological
Membranes, Vol. 3 (Martonosi, A., ed.), pp. 193-234, Plenum
Press, New York.

2 Schwarz, W. and Passow, H. (1983) Annu. Rev. Physiol. 45,
359-3714.

3 Passow, H., Shields, M., Lacelle, P., Grygorczyk, R., Schwarz, W.
and Peters, R. (1986) in 16th Rochester Conference {Clarkson, T..
ed.), pp. 177-186, Plenum Press, New York.

4 Sutherland, R.M., Rothstein, A. and Weed, R.I. {1967) J. Cell.
Physiol. 69, 185-198.

Changes of potassium efffux and sodium influx for different types of experiments in the presence of various additives

i, increase; d, decrease; 0, no effect; s, slight; -, nat done.

Gardos Ferricyanide PCMES
K* Na* K* Na* K* Na*
Control i si i i i i
+adenosine i 0 si si - -
+vanadate i 0 i i 0 ]
+A23187 i [ 4 d i i
+atebrin d sd d d i i
+quinidine d sd i i i i




5 Passow. H. and Gruner, H. (1963) Pffugers Arch. Ges. Pysiol.

78, 2.

6 Passow, H. (1963) in Cell Interface Reactions (Brown, H.D.. ed.).
Pp. 57107, Scholar’s Library New York, New York.

7 Mishra, RK. and Passow. H. (1969) 1. Membr. Biol. 1. 214-224.

8 Fuhrmann, G.F. and Schneider. H. (1980) Naunyn Schmiedeberg's
Arch. Pharmacol. 311, R2.

9 Fuhrmann, G.F. and Knzuf. P.A. (1984) Hoppe-Seyler's Z. Phys-
iol. Chem. 365, 234-235.

10 Grey, L.E. and Lauf, P.K. (1980) Membr, Biochem. 3, 21-33.

11 Knauf, P.A, and Rothsiein, A. (1971) J. Gen, Physiol. 58, 190--210.

185

12 Siemon, H.. Schneider, H. and Fuhrmann, G.F. (1982) Toxicology
22, 271-278,

13 Fuhrmann, G.F., Hittermann, J. and Knauf. P.A. (1984) Biochim.
Biophys. Acta 769, 130~140

14 Fuhrmann, G.F. Schwarz, W.. Kersten. R. and Sdun. H. (1985)
Biochim. Biaphys. Acta 820. 223-234.

15 Crane, F.L. und Léw, H. (1976) FEBS Leut. 68, 153-156.

16 Fehlau, R.. Grygorczyk. R. Fuhrmann, G.F. and Schwarz, W.
{1989) Biochim. Biophys. Acta 978, 37-42.

17 Heller, K.B., Jahn, B. and Deuticke, B. (1987) Biochim. Biophys.
Acta 901, 67 T7.




