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Summary. The conductance of the Ca**-activated K* channel
(gx(Ca)) of the human red cell membrane was studied as a func-
tion of membrane potential (V) and extracellular K* concentra-
tion ([K*].,). ATP-depleted cells, with fixed values of cellular K+
(145 mm) and pH (~7.1), and preloaded with ~27 um ionized Ca
were transferred, with open K+ channels, to buffer-free salt solu-
tions with given K* concentrations. Qutward-current conduc-
tances were calculated from initial net effluxes of K*, corre-
sponding V,,, monitored by CCCP-mediated electrochemical
equilibration of protons between a buffer-free extracellular and
the heavily buffered cellular phases, and Nernst equilibrium po-
tentials of K ions (Ex) determined at the peak of hyperpolariza-
tion. Zero-current conductances were calculated from unidirec-
tional effluxes of 2K at (V,, — Ex) = 0, using a single-file flux
ratio exponent of 2.7. Within a [K*]., range of 5.5 to 60 mm and
at (V,, — Ex) = 20 mV a basic conductance, which was indepen-
dent of [K*].,, was found. It had a small voltage dependence,
varying linearly from 45 to 70 u.S/cm? between 0 and —~100 mV.
As (V,, — Eg) decreased from 20 towards zero mV gg(Ca) in-
creased hyperbolically from the basic value towards a zero-cur-
rent value of 165 uS/cm?. The zero-current conductance was not
significantly dependent on [K*]. (30 to 156 mMm) corresponding
to V,, (—50 mV to 0). A further increase in gx(Ca) symmetrically
around FE is suggested as (V,, — Ex) becomes positive. Increas-
ing the extracellular K* concentration from zero and up to ~3
mM resulted in an increase in gg(Ca) from ~50 to ~70 uS/cm?.
Since the driving force (V,, — Ex) was larger than 20 mV within
this range of [K*]., this was probably a specific K* activation of
gx(Ca). In conclusion: The Ca’*-activated K* channel of the
human red cell membrane is an inward rectifier showing the char-
acteristic voltage dependence of this type of channel.
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Introduction

During the past few years strong support has devel-
oped for the view that the Ca?*-activated conduc-
tance of the human red cell membrane takes place
via a K*-specific, Ca?*-activated ion channel. Ap-
plying the patch-clamp technique, Hamill (1981)
showed that the currents across patches of Ca’*-

activated human red cell membranes occurred in
discrete steps of unitary amplitude, indicating the
existence of a K*-specific ion channel with a single-
channel conductance (y) of ~18 pS (100 mm K-,
symmetrically, 19°C). In a later patch-clamp study
of the human red cell membrane, Grygorczyk and
Schwarz (1983) confirmed a y value of ~20 pS (150
mM K*, symmetrically, 20 to 22°C) and in addition
they demonstrated that the channel showed inward
rectification. The inward rectification of the K*
channel of the human red cell membrane observed
by Grygorczyk and Schwarz (1983) and later con-
firmed (Grygorczyk, Schwarz & Passow, 1984) is,
however, not as pronounced as that of the inward
rectifier of striated muscle membrane (Hodgkin &
Horowicz, 1959) or a starfish egg cell membrane
(Hagiwara & Takahashi, 1974).

The concept of a K*-specific ion channel as the
Ca?*-activated conductance pathway received inde-
pendent support by the demonstration that the uni-
directional K* fluxes across the membranes of
Ca’*-activated human red cells did not obey the
flux-ratio equation of Ussing (1949). Under net ef-
flux conditions the ratio between the unidirectional
K* fluxes followed the equation of Hodgkin and
Keynes (1955) with a flux ratio exponent of ~2.7,
and the conductance pathway thus exhibited single-
file diffusion characteristics (Vestergaard-Bogind,
Stampe & Christophersen, 1985a). The single-file
exponent was found to be independent of the extra-
cellular K* concentration within the range of 1 to 17
mM and probably up to 156 mm, independent of V,,
and independent of the K* conductance. Thus in
terms of the single-file model the channel does not
resemble the inward rectifier of striated muscle
membranes, where the exponent was found to be a
function of the extracellular K* concentration
(Horowicz, Gage & Eisenberg, 1968; Spalding et
al., 1981).

A complex relationship between the rate con-
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stant of the Ca?"-activated net efflux of K ions from
human red cells or ghosts and the extracellular con-
centration of K* and H* has been reported by
Hoffman and co-workers (for a review see Hoffman
et al., 1980) and Passow and co-workers (for a re-
view see Schwarz & Passow, 1983).

The conductance pathway being a K*-selective
ion channel showing single-filing and inward rectifi-
cation, the relationships between net or unidirec-
tional fluxes and the membrane potential, extracel-
lular K* concentration, etc., are not described by
the constant-field regime and rate constants cannot
easily be related to the K* conductance of the mem-
brane. In the present paper we attempt to character-
ize in detail gg(Ca) at fixed values of cellular con-
centrations of K* (145 mm), and ionized Ca (~27
uM) as a function of the extracellular concentration
of K* and the membrane potential. Since the Ca?*-
activated K* conductance varies markedly with cel-
lular pH (Stampe & Vestergaard-Bogind, 1985), all
experiments were made at a cellular pH value of
~7.1.

Materials and Methods

CHEMICALS

All inorganic salts (pro analysis) were purchased from Merck.
Trizma base! and CCCP were from Sigma. The ionophore A23187
was from Calbiochem. DIDS was from Pierce Chemical Co. Di-
n-butylphthalate and sucrose (Aristar) were from BDH. The test-
combination for determination of hemoglobin was from
Boehringer.

CELLS

Freshly drawn blood from healthy human donors was heparin-
ized and centrifuged. Plasma and the buffy coat were aspirated,
and the cells were washed twice in 5 vol high-K salt solution (90
mM KCl/66 mm NaCl/150 um MgCl,, pH ~ 7.4) containing 50 uM
EGTA. The cells were depleted of ATP and 2,3-diphosphogly-
cerate as previously described (Vestergaard-Bogind & Stampe,
1984), and washed three times in high-K salt solution.

The cells were then suspended at a cytocrit of ~20% in
high-K salt solution containing in addition 500 um CaCl, (with
4Ca). Ionophore A23187 was added to a concentration of 0.5
pmol per liter of cells. After 20 to 40 min of incubation at 25°C
(see below) the cell suspension was centrifuged and the cells
were washed once in 10 vol of high-K salt solution containing §
uM of EGTA. By this incubation of ATP-depleted cells in the
presence of A23187 and Ca the cells were loaded with Ca. The
cellular content of Ca was determined from the cellular content

1 Abbreviations: CCCP, carbonyl cyanide m-chlorophenyl-
hydrazone; DIDS, 4,4'-diisothiocyanostilbene-2,2'-disulfonic
acid; Trizma base, Tris (hydroxymethyl) aminoethane; EGTA,
ethylene glycol bis (8-aminoethyl ether)-N,N’-tetraacetic acid.
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of Ca, and the concentration of ionized Ca in the intracellular
phase was then taken as the total content of Ca per liter cells
times 0.2 (¢f. Stampe & Vestergaard-Bogind, 1985).

In our experience, ionophore A23187 once added to the
cells cannot be washed out. In the presence of the very low
concentration of ionophore A23187 used, even more than 1 hr of
incubation did not result in an equilibrium distribution of Ca>*
between cells and medium. A predetermined cellular concentra-
tion of ionized Ca was therefore obtained in the following way.
Samples of the incubation medium were taken at intervals of ~5
min and the cellular content of *Ca was determined by the phtha-

"late method (see later). The values obtained were plotted against

time, and the time necessary to obtain the chosen cellular con-
centration of ionized Ca (~27 um) was found by linear extrapola-
tion. The very low concentration of ionophore was used in order
to avoid ionophore-mediated changes in the cellular concentra-
tion of ionized Ca during the experimental period. In the experi-
mental series the CCCP-mediated electrochemical equilibration
of protons established proton concentration gradients across the
cell membranes from 0 up to 1.5 units of pH as a result of the
various degrees of hyperpolarization of the membranes. The cor-
responding variation in ionophore A23187-mediated equilibrium
distribution ratio of ionized Ca across the cell membranes would
be from 1 to 1000 (Vestergaard-Bogind & Stampe, 1984), and it
would be almost impossible to adjust the Ca?* activity of the
various extracellular phases so that Ca?* would always be in
equilibrium. In all experiments the extraceliular phases were free
of added Ca?* and 5 uM EGTA was present to neutralize the
Ca’*-contamination from the various chemicals.

PHTHALATE METHOD

Cellular contents of K*, Na*, “K and *Ca and extracellular
concentrations of K+ were determined by the phthalate method
as previously described (Vestergaard-Bogind et al., 19854).

During an experiment 100-ul samples of the cell suspension
(hematocrit = 3.1%) were transferred to the cold phthalate
tubes, and 5 sec later the tubes were centrifuged for 30 sec at
18,000 X g. The ~3.1 ul of cells were now isolated as a pellet
under the phthalate layer. The extracellular concentration of K*
was determined by flame photometry on the top phases of the
phthalate tubes. The rest of the top phase and the phthalate were
removed and the cell pellets were processed for scintillation
counting of the 4Ca or “K content and flame photometric deter-
mination of the K+ and Na* contents.

MEMBRANE POTENTIAL

Changes in membrane potential (V,,) were determined according
to the method of Macey, Adorante and Orme (1978). The experi-
ments were carried out with cells suspended in buffer-free salt
solution at a hematocrit of 3.1% in the presence of 20 uMm of the
protonophore CCCP, which mediates a fast electrochemical
equilibration of protons across the cell membranes. Since the
intracellular phase is heavily buffered, a change in V,, results ina
shift in the extracellular pH to a new equilibrium value, deter-
mined by the constant intracellular proton activity and the mem-
brane potential. At the end of an experiment Triton X-100 was
added, resulting in immediate hemolysis of all cells. Since all
buffering capacity was confined to the cellular phase, the pH of
the hemolysate reflected the original cellular pH which remained
constant during the experiment. Absolute V,, values were then
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calculated from the differences between the peak values of extra-
cellular pH and the corresponding cellular pH values (see Fig. 1).

EXPERIMENTAL PROCEDURE

In all experiments one vol of packed cells loaded with about 27
uM of ionized Ca were transferred into 30 vol of buffer-free salt
solution with a given K* concentration (156 mm (NaCl + KCI)),
containing 20 um CCCP, thermostatted at 37°C and vigorously
stirred. Since the cells were transferred into the salt solutions
with open K* channels the efflux started instantaneously.

During the first ~90 sec of each experiment 100-ul samples
of suspension were transferred to cold-stored phthalate tubes
(see above) at intervals of about 7 sec, to determine the net efflux
of K* (or #K) from the cells, while extracellular pH was re-
corded. In Fig. 1 the results of a typical experiment are shown.
At the end of an experiment samples were taken for determina-
tion of the total compartments of K+ (*?K) and hemoglobin (com-
partments, whether intracellular, extracellular or total, are here
taken as an amount per liter of cells). In a sample of extracellular
phase the final hemoglobin concentration was measured for cal-
culation of hemolysis during the experiment. The results pre-
sented in the following are all from experiments in which hemo-
lysis was less than 1%. The experiments were terminated by
addition of Triton X-100 to the suspension resulting within a few
seconds in a decrease of pH to the value of the hemolysate, a
value which is equal to the cellutar pH. In each experimental
series the initial cellular contents of water and K were deter-
mined on samples from the packed cells stored on ice.

Three main types of experiments were performed. In the
first type the initial net efflux of K ions and the corresponding
values of the Nernst equilibrium potential of K ions (Ey) and V,,
were determined at various [K*],, values. In the second type of
experiment cells were transferred into salt solutions containing
20 to 156 mm KCl and 25 uM DIDS. The cells were loaded with
4K in addition to Ca (without °Ca). In these experiments, where
only very small or no net fluxes occurred the initial unidirectional
efflux of K* was determined. The chosen concentration of ion-
ized Ca (~27 uM) was obtained by way of a paralle! loading-
incubation containing “Ca (see section on Cells). In the third
type of experiment the Nernst potential and conductance of the
dominating anion were varied (see later) and V,, and net efflux of
K+ were determined as described above.

CALCULATIONS

The net efflux of K* in mmol per liter cells per hr was calculated
from the initial, constant decrease in cellular K* content. In the
same way, the unidirectional effluxes were calculated from the
initial, constant decreases in cellular 2K content and the con-
stant cellular K+ content. The amount of cells in each experi-
ment was determined from the concentration of total hemoglobin
in the suspension. The value of the Nernst potential for K ions at
the peak of hyperpolarization was calculated from the extracellu-
lar K* concentration at that time and the initially determined
intracellular concentrations. Assuming that the initial loss in cel-
lular K* takes place as an outflow of isotonic KCl (or KNO5)
solution the calculated change in [K+].. will lower the Ex value
less than 1 mV within the first 30 sec, even in experiments with
net effluxes of 3 mol per liter cells per hr.

The membrane potential (V,) was calculated from the
CCCP-mediated new electrochemical equilibrinm of protons
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Fig. 1. Results of a typical experiment with K* net efflux from
ATP-depleted cells preloaded with Ca (~27 um). The abscissa is
time in minutes and the ordinates are cellular content of K* in
mmol per liter cells (K,), cellular concentration of ionized cal-
cium in uM (Ca?"), pH and membrane potential (V,,) in mV. The
arrow indicates addition of Triton X-100, which causes immedi-
ate hemolysis of all cells, the pH of the hemolysate becoming
equal to the cellular pH. The membrane potential is calculated
from the difference between the extracellular and the cellular pH
(see section on Calculations). The net efflux of K* is calculated
from the slope of the curve showing K.. Note that the change in
Ca®* during the experiment is negligible

across the cell membranes (see Fig. 1 and section on methods). A
pH difference (pH.,-pH,) of one unit was taken to be equivalent
to a membrane potential of 61.5 mV (inside negative). It has
previously been shown {Stampe & Vestergaard-Bogind, 1985)
that the net efflux of K+ is not affected by the increases in extra-
cellular pH mediated by the CCCP-mediated redistribution of
protons.

The Ca’*-activated K+ conductance gx(Ca) was, in the case
of net efflux, calculated from the equation of Hodgkin and Hux-
ley (1952)

Iy = Jx - F = (V, — Ex) - gx(Ca). 0

Here Ix is the current of K ions across the membrane, that is
Jx - F, where Ji is the net flux of K ions in wmol/(cm? - sec) and
F is the Faraday constant. In the calculation of Jx per cm? of
membrane it was assumed that the area of one liter of cells equals
1.75 x 107 cm?. The conductance is accordingly obtained in uS/
cm?,

In the experiments, where the unidirectional efflux was de-
termined at V,, = Ex, the zero-current conductance was calcu-
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Fig. 2. K* net efflux (Jx) in mmol per hr per liter of cells, mem-
brane potential (V,,) in mV, and calculated Nernst equilibrium
potential of K ions (Ex) in mV versus extracellular potassium
[K*]ex in mM. Cellular concentration of K+ was 145 mM

lated according to Hodgkin and Keynes (1955), using the equa-
tion:

gx(Ca) = J o V)

n-F .
R-T

where J g is the unidirectional efflux and # is the flux ratio expo-
nent for an ion channel exhibiting single-file diffusion. The previ-
ously determined r value of 2.7 (Vestergaard-Bogind et al.,

1985a) was inserted in Eq. (2). R, T and F have their usual
meaning.

ESTIMATED STANDARD DEVIATIONS AND
SYSTEMATIC ERRORS

The net effluxes, determined on the basis of the initial, constant
decrease in cellular K+ content, varied between 200 and 3000
mmol per liter cells per hr, the corresponding number of K
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values obtained within the initial phase varying between S and
10, respectively (compare Fig. 1). The relative standard devia-
tion of the fluxes was 2 to 5% depending on the magnitude of the
flux.

In a series of control experiments where V,, was 40 to 60
mV the sp was less than 1% (n = 24) and the relative standard
deviation on the determination of cellular K* content was less
than 0.2% sem (n = 10). In each experimental series the Eg
values were calculated from the concentration of extracellular
K* determined in each experiment and a separately determined
cellular K+ concentration of the stock of depleted cells (stored
on ice).

Based on these values the standard deviation of the gx(Ca)
values was estimated to be maximally 5%, an error which in the
present context is of minor importance. In addition to random
errors there is probably a systematic error in the (V,, — Eg)
values, predominantly originating in the Ex values. Thus, the
activity coefficient of intra- and extracellular K* are assumed to
be identical; the water content of the cells may, because of
trapped extracellular volume and other factors, be systematically
calculated too low or too high. In net flux experiments at (V,, —
Ey) values of 1 to 2 mV we always found gg(Ca) values higher
than the zero-current conductances determined in unidirectional
flux experiments. The uncertainty of the zero-current conduc-
tances is dominated by the standard deviation of the unidirec-
tional flux estimate (see above) and the standard deviation of the
mean of the flux-ratio exponent #. The latter has previously been
determined to be 2.66 + 0.04 (n = 16) (Vestergaard-Bogind et al.,
1985a) and thus the error of the zero-current conductances
should be low compared to the error on the outward-current
conductances at low (V,, — Ex) values. These relationships indi-
cate that the standard deviation is of minor importance, whereas
the Ex values seem to be determined with a systematic error of
about plus 1 mV. We have therefore omitted gx(Ca) values deter-
mined in net flux experiments with (V,, — Ex) values < 3 mV.

Results

gr(Ca) As A FUNCcTION OF [K*]ex

The influence upon gx(Ca) of variation in the extra-
cellular K* concentration has been determined over
a wide span. The cellular concentration of ionized
Ca was 27 uM, the cellular K* concentration was
145 mMm and the cellular pH 7.1. Figure 1 shows the
results of a typical flux experiment. The net effluxes
and the corresponding V,, and Ex values are shown
in Fig. 2. In Fig. 3 each filled circle represents the
conductance calculated from the data shown in Fig,
2. The different [K t]. values were obtained by sub-
stituting KCl for NaCl maintaining a constant total
concentration of NaCl + KCI of 156 mm. At all
extracellular K* concentrations the net effluxes of
K* were determined on the basis of the decrease in
cellular K* content with time. The net efflux of K*
in the absence of extracellular K+ was determined
on cells (not preloaded with Ca) washed several
times in K*-free Ringer’s. The K* channels were
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activated by addition of A23187 (8 umol/liter cells)
to the cell suspension (extracellular Ca concentra-
tion ~500 um) as previously described (Vester-
gaard-Bogind, 1983). Thus, the initial net efflux of
K* was determined while the cellular concentration
of ionized Ca increased sharply, surpassing within
~5 sec the concentration necessary for maximal
gk(Ca) activation and the result is therefore not
quite comparable to the main results. On the other
hand, it was found to be the best way to establish an
experimental situation with [K*].x = 0.

The filled triangles in Fig. 3 represent zero-cur-
rent conductances determined at V,, = Ex. In these
experiments the K effluxes were measured at dif-
ferent extracellular Kt concentrations. At 90 mm
KCl extracellularly, we have Ex = E¢c = V,,, and
(V,, — Ex) should be exactly zero. The conductance
of K ions can therefore be calculated from the un-
directional efflux, using Eq. (2).

The experiments with extracellular K* concen-
trations different from 90 mm were performed in the
presence of DIDS (25 um), the decreased chloride
conductance resulting in a (V,, — Ex) value within
+2mV. Within the experimental period of ~2 min
the net efflux of K* amounted to less than 3% of the
corresponding unidirectional efflux and Eq. (2) was
used for calculation of gx(Ca).

In the experiment with [K*].x = 20 mM the net
efflux was 135 mm per liter of cells per hr, corre-
sponding to more than 10% of the unidirectional
efflux, and Eq. (2) was not applied. Instead, the
unidirectional influx and then the flux ratio were
calculated. Inserting the flux ratio and the flux ratio
exponent (2.7) in Hodgkin and Keynes (1955) sin-
gle-file equation:

Jef~_ n'(Vm—EK)'F
n—exp T

€)

S

the driving force (V,, — Ex) was now calculated (in a
situation where the usual determination of the value
would be too inaccurate). Finally, gx(Ca) was cal-
culated from the measured net efflux and the calcu-
lated (V,, — Ex) value (see Fig. 7).

' Assuming that the zero-current conductance is
independent of [K*].x within the [K*].x range of 30
to 156 mM, an average value of 166 * 2 uS/cm?
(seM, rn = 13) was found.

THE CONDUCTANCE AS A FUNCTION OF V,,
All measurements have shown that during the ex-

perimental period the Na* content of the cells re-
mained constant. Accordingly, the membrane po-
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Fig. 3. K* conductance (gx(Ca)) in uS per cm? as a function of
extracellular potassium [K*]., in mM. @ represents the results
calculated from the data shown in Fig. 2. B represents the result
of a special experiment with cells not preloaded with Ca (see
Results). A represents gg(Ca) values calculated from “K fluxes
determined in experiments where the membrane potential was
almost equal to the Nernst equilibrium potential of K ions. This
condition was obtained by maximal DIDS inhibition of the Cl
conductance (25 uM DIDS) (see section on Calculations)

tential of Ca-loaded red cells is determined by the
Nernst potentials and conductances of potassium
and the dominating anion, respectively. Under con-
ditions where no net current crosses the mem-
branes, that is at the peak of hyperpolarization, the
membrane potential is given by

Ean - 8an + Ex - gx(Ca)

vV, =
gan T gk(Ca)

)

where An normally represents Cl ions, but in some
of the experiments, in which all chloride had been
replaced by NOs ions, represents the last men-
tioned.

Partly, the aim of the present study was to de-
scribe gg(Ca) (at fixed cellular values of pH and con-
centrations of K* and ionized Ca) as a function of
[K+]ex. Variation in the extracellular concentration
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Fig. 4. Net current of K* (Ig) in pA/cm? as function of mem-
brane potential (V,,) in series of experiments at different concen-
trations of extracellular K* (the numbers to the right of the
curves) at a fixed value of cellular potassium of 145 mMm. V,, was
varied in the way described in the legend to Fig. 5

of K* leads, however, to variations in Ex, which are
directly reflected in a variation in V,, (Eq. 4). In
series of experiments gg(Ca) was therefore deter-
mined at different values of V,, at constant values of
Ex.

Variations in the magnitude of V, were
achieved in two ways. In order to obtain values of
V.. approaching Ex, gc; was decreased (see Eq. 4)
by pretreatment of the cells with DIDS (0 to 25 um)
(Knauf et al., 1977). In this way gc; was varied from
the normal value of ~25 uS/cm? (Bennekou, 1984)
down to ~3 uS/cm?. [Previously, it has been shown
(Vestergaard-Bogind et al., 19854) that there is no
influence of DIDS upon the zero-current conduc-
tance of the K* channels.] To obtain V,, values
close to zero mV, extracellular NaCl was replaced
by sucrose, thereby shifting Eq from its normal
value of —12 mV to initial values as high as +90
mV. In addition, all Cl ions were in some experi-
ments replaced by NO; ions resulting in a higher
anion-conductance (Vestergaard-Bogind et al.,
19854). Replacement of extracellular NaNO; by su-
crose therefore had a more pronounced depolariz-
ing effect than the corresponding replacement of
NaCl.

In Fig. 4 the outward-going currents of K* (in
uA per cm? of membrane) at various extracellular
K* concentrations are plotted against the mem-
brane potential. The intercepts with the abscissa
axis of the extrapolated current curves, the Ex val-
ues, were the values calculated from the indepen-
dently, directly determined concentrations of K* in
the intra- and extracellular phases. The data of Fig.
4 have been used to calculate the K* conductances
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Fig. 5. Results from experiments where the conductance
(gx(Ca)) was determined at different membrane potentials (V).
The concentration of extracellular potassium was 2.8 mm and the
concentration of cellular potassium was 145 mM corresponding
to a Nernst potential (Ex) of —105.4 mV. The vertical broken line
indicates the K* equilibrium potential. Variation in V, was ob-
tained by means of DIDS-treatment (5 uM) (O), substitution of
sucrose for extracellular NaCl (@) and substitution of sucrose
for extracellular NaNO; in experiments where all Cl- was re-
placed by NOj (O)

in Figs. 5 and 6. In Fig. S is shown the small, linear
increase in gg(Ca) with decreasing V,, found at an
extracellular K+ concentration of 2.8 mm. How-
ever, at increased extracellular K* concentrations
quite a different picture was obtained.

In Fig. 6 gx(Ca) at various extracellular K* con-
centrations are plotted versus the membrane poten-
tial, the zero-current conductances from Fig. 3 be-
ing represented by the dot-and-dash line. Since,
with increasing extracellular K* concentrations, re-
placement of the remaining NaCl or NaNO; with
sucrose resulted in Nernst equilibrium potentials of
the anion which were less and less positive, then it
became increasingly difficult to achieve V,, values
close to 0 mV. All the same, it is obvious that with
decreasing extracellular K* concentration the volt-
age range, within which a strong voltage depen-
dence of gk(Ca) exists, is displaced towards in-
creasingly negative membrane potentials. In Fig. 7
gx(Ca) as a function of V,, at an extracellular K+
concentration of 20 mm is shown separately. For
explanation of the broken line see Discussion.

Discussion

gx(Ca) as A FuNcTtioN oF [K*],

The relationship between gx(Ca) of the human red
cell membrane and the extracellular K* concentra-
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Fig. 6. Conductances (gg(Ca)) calculated from the data shown in
Fig. 4 are depicted as functions of membrane potential (V,,). The
vertical broken lines indicate the K+ equilibrium potentials cal-
culated at the different extracellular potassium concentrations
(the numbers on top of the broken lines). The dot-and-dash line
represents the zero-current conductances from Fig. 3. The line
representing the results at 2.8 mm of extracellular potassium
(detailed in Fig. 5) is shown without the experimental points

tion has not been dealt with previously, whereas in
a number of studies the rate constants of net and
unidirectional effluxes have been examined as a
function of this parameter.

In Fig. 2 we have plotted the determined net
effluxes and the corresponding V,, and Ex values
versus the extracellular K* concentration in order
to compare our data to the studies mentioned
above. The result, a monotonically decreasing net
efflux with increasing [K*].x does not conform to
the results reported by Knauf et al. (1975), Hoffman
et al. (1980) and Yingst and Hoffman (1984). They
found that at pH values between 7 and 8 the rate
constants of Ca?"-activated net effluxes from de-
pleted red cells or resealed red cell ghosts increased
sharply as the extracellular K* concentration in-
creased from zero to 2 to 3 mm and then decreased
slightly with a further increase in [K*]).,. At pH 6.15
the maximum was displaced towards a [K*].x of
~30 mM (Hoffman et al., 1980).

We are at present unable to explain the discrep-
ancy between our results and those cited above. It
should thus be noted that a similar relationship be-
tween net efflux and [K*], as that presented in Fig.
2 was found in experiments without CCCP.

Heinz and Passow (1980) have reported an al-
most total block of net efflux of K* from ghosts pre-
exposed to a K*-free salt solution. As seen from
Fig. 3 such a block was not observed with intact
cells with a normal intracellular K* concentration
but suspended in a K*-free salt solution. Under
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Fig. 7. Conductance (gx(Ca)) as a function of the membrane
potential (V,,) from two different experimental series, at an ex-
tracellular K* concentration of 20 mm. V,, was varied in the way
described in the legend to Fig. 5. The zero-current conductance
(extrapolated from Fig. 3) is marked by (A). W represents the
result of an experiment where gx(Ca) was obtained from a mea-
sured net efflux and a calculated (V,, — Ex) value (see Results).
The vertical broken line indicates the K* equilibrium potential.
The other symbols are similar to the ones in Fig. 5. The broken
line indicates the suggested shape of the gx(Ca) curve at inward-
going currents (see Discussion)

these conditions fluxes corresponding to gx(Ca) val-
ues of ~50 wS/cm? were found.

In Fig. 3 the gx(Ca) values at large outward-
going currents (same experiments as in Fig. 2) and
at zero current are shown as functions of the extra-
cellular K* concentration. In abstract form, we
have previously reported on gx(Ca) as a function of
[K*]lex (Vestergaard-Bogind, Stampe & Chris-
tophersen, 1985h). At a cellular concentration of
ionized Ca of ~12 umM, gx(Ca) was determined in
net efflux experiments where [K*]., varied between
1 and 30 mM, and zero-current conductance was
determined at 90 mm extracellular K. gg(Ca) was
found to be a saturating function of {[K*].,. As will
appear from the following, this reproducible, good
fit (not shown) to a saturating function is fortuitous
in the sense that it is a combined function of [K*].y,
Ex, V,, and correspondingly (V,, — Ex).

Since at (V,, — Ek) values below about 20 mV a
strong voltage dependence is turned on (see later),
it is important to notice that, for all gg(Ca) values in
Fig. 3 obtained at large outward-going currents, the
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magnitudes of the driving force (V,, — Ex) were
higher than 20 mV only at extracellular K* concen-
trations below about 3 mm (see Fig. 2). The activa-
tion of gg(Ca) by increasing the K* concentration
on the trans side from zero up to about 3 mm might
therefore represent a specific K* activation of the
conductance and not the above-mentioned strong
voltage dependence. This assumption is supported
by the finding that as (V,, — Eg) increases above
about 20 mV the gx(Ca) values determined at vari-
ous [K*]., values (5.5 to 60 mm) approach the con-
ductance determined for [K*]., = 2.8 mM at the V,,
in question (see Fig. 6). We shall return to this prob-
lem in the discussion of the voltage dependence. It
is questionable whether this phenomenon can be
related to the reported sharp drop in single-channel
conductance (y) determined at large inward cur-
rents, at an extracellular K* concentration some-
where below 10 mm (Grygorczyk & Schwarz,
1983). It might well be important that in the patch-
clamp experiments y was determined as a function
of the cis-side K* concentration whereas in the
present experiments gx(Ca) was determined as a
function of the trans-side K* concentration. Work
is however in progress to characterize further the
specific effect of [K*].x on gx(Ca).

As mentioned, the zero-current conductances
were calculated from unidirectional fluxes at the re-
versal potentials using Eq. (2) (Hodgkin & Keynes,
1955), inserting the previously reported value of the
flux ratio exponent of 2.7 (Vestergaard-Bogind et
al., 1985a). As seen from Fig. 3 this conductance
was perhaps slightly dependent on [K*].. In their
patch-clamp studies Grygorczyk and Schwarz
(1983) found that the zero-current conductance
stayed almost constant at a y value of about 20 pS
as the extracellular K* concentration was varied
between 10 and 140 mmMm. Thus, it is probable that
the insignificant decrease in zero-current gx(Ca)
with decreasing extracellular K* concentration (156
to 30 mMm) reflects that, besides the single-channel
conductance, the open-state probability p also is in-
dependent of [K*]ex, when (V,, — Eg) = 0.

gk(Ca) As A FuNcTION OF V,,

The results represented in Figs. 4 and 6 indicate that
for outward-going currents the conductance be-
comes strongly voltage dependent as the membrane
potential approaches the value of Ex. Alternatively
formulated, the conductance is voltage dependent
and with increasing extracellular K* concentration
(trans concentration) the voltage dependence shifts
towards less negative V,, values.

Unfortunately, it was impossible with sus-
pended red cells and the present technique to deter-
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mine inward currents at V,, values more negative
than Ex, whereas zero-current values of gg(Ca)
could be obtained from the unidirectional fluxes de-
termined at zero net flux. Accordingly, the probable
saturation value of gg(Ca) could not be determined.
Neither has it been possible to determine outward
currents at positive V,, values.

Taking into account the limited voltage range
within which the strong increase in conductance
could be followed it seems important first to analyze
the reliability of the steep sections of the conduc-
tance curves. The net effluxes were determined
with a small error (see discussion on errors in Mate-
rials and Methods). The problem here would be
whether the determined net effluxes concealed an
underlying small electro-silent net efflux, which re-
sulted in an apparently high conductive net efflux of
K ions at low (V,, — Eg) values. Since the cellular
Na® content stayed constant during the experi-
ments, KCl cotransport is the only likely candidate.
However, in the experiments with critically low net
effluxes the driving force of a possible KCI cotrans-
port is at a minimum compared to the experiments
with sucrose replacement of extracellular NaCl or
the experiments at lower extracellular K* concen-
trations. Especially in the last-mentioned experi-
ments the calculated outward currents from DIDS-
treated cells should rise very steeply from the zero
value at V,, = Ex (Fig. 4), since the driving force of
a possible KCI cotransport should be at its maxi-
mum, and since KCl cotransport is not inhibited by
DIDS (Hoffmann, Sjgholm, & Simonsen, 1983).
Furthermore, in experiments where all chloride was
replaced by nitrate ions, the gx(Ca) values were of
the expected magnitudes, yet cotransport of Kt
takes place only with Cl~ as the co-ion (Kramhgft,
et al., 1986). Accordingly, we don’t believe that
quantitatively significant KCl cotransport takes
place.

As V,, approaches Fx the uncertainty of the cal-
culated gg(Ca) increases sharply with the decreas-
ing (V,, — Eg). As discussed in Materials and Meth-
ods we believe that (V,, — Ex) values =3 mV are
reasonably reliable. This assumption is supported
by the fit of the independently determined Ex values
to the net flux curves in Fig. 4 and the relatively
good fit of the zero-current ggx(Ca) values (which
are determined on an experimentally and theoreti-
cally different basis) to the conductance curves in
Fig. 6.

In Fig. 5 the linear V,, dependence of gx(Ca)
found at a fixed extracellular K* concentration of
2.8 mM is shown. The slope corresponds to a weak
voltage dependence of 0.25 uS/(cm? - mV). The
conductances found at different [K*].x values at
(V.. — Ex) = 20 mV (see Fig. 6) seem to fit the linear
function represented in Fig. 5, and this function has
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accordingly been used as the base line in Fig. 6. It
shall be referred to as the basic conductance.

As mentioned above, these facts support the
idea that at a concentration of about 3 mm the con-
ductance is maximally activated by extracellular
K*. At (V,, — Ex) values higher than about 20 mV,
where the voltage dependence of the gating process
is negligible, the gx(Ca) values therefore all become
identical to the basic conductance at the V,, in ques-
tion. Thus, increasing [K*]., from 3 to, for example,
30 mMm does not in itself lead to an increase in
gx(Ca), but with increasing [K*].x the (V,, — Ex)
values will decrease and voltage activation of
gx(Ca) will subsequently become more and more
pronounced. The result represented in Fig. 5 illus-
trates the opposite situation, namely that at an ex-
tracellular K* concentration of 2.8 mM it is impos-
sible, even with high DIDS concentrations, to
achieve (V,, — Ex) values below the critical ~20
mV.

In patch-clamp studies, at 5 uM ionized Ca and
probably 140 mm K* symmetrically, the open-state
probability increased by about 60% as V, was
changed from zero to —100 mV (Grygorczyk & Sch-
warz, 1983). The corresponding increase in gg(Ca)
at ~27 uM ionized Ca and cellular and extracellular
K* concentrations of 145 and 2.8 mM, respectively
(Fig. 5), was about 55% and might thus reflect an
increase in the open-state probability when (V,, —
Ex) is larger than 20 mV.

In Fig. 7 an extrapolation of gg(Ca) at negative
(V,, — Eg) values is shown. Within the range of
extracellular K concentration of ~20 to 140 mm
Grygorczyk and Schwarz (1983) found an almost
constant ratio of about 1.7 between the single-chan-
nel conductances at large inward-going currents and
at zero current. This ratio has been applied to our
gk(Ca) values so that the saturating gg(Ca) values at
large inward-going currents has been taken as 1.7
times the zero-current gx(Ca) values. One obvious
objection to this procedure is the aforementioned
fact that in the experiments of Grygorczyk and Sch-
warz (1983) the variation in K* concentration took
place on the cis side whereas in the present experi-
ments the frans-side K* concentration was varied.
Another objection is that correction for the open-
state probability as a function of voltage alone at
large inward currents has not been included. There
may be other objections, but semiquantitatively the
function seems reasonable. It should be noted that,
estimated in this way, the ratio between gg(Ca) at
large outward net currents and at zero current be-
comes larger than the corresponding ratio for large
inward currents and zero-current conductances.

A (V,, — Ex) dependence of the same type as
that outlined in Fig. 7 has been reported by Hagi-
wara, Miyazaki and Rosenthal (1976) for the inward
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rectifier of the Mediaster egg membrane. If the in-
dependence of [K*]., of the zero-current conduc-
tance gx(Ca) can be taken as a reflection of a corre-
sponding [K™*]., independence of the zero-current
single-channel conductance vy, it seems reasonable
to assume that the marked voltage dependence (cf.
Figs. 6 and 7) reflects a voltage dependence around
the Ex value of the gating process only. Thus the -
results represented in Fig. 6 support the concept
that inward rectifiers open with steep voltage de-
pendence on hyperpolarization, the voltage depen-
dence of their gating depending on the extracellular
Kt concentration, shifting along the voltage axis
with the quantity R - T - In[K*]. (Hille, 1984). It is
important to notice, however, that in the case of the
human red cell K* channel we deal with a Ca?*-
activated inward rectifier which in addition to the
voltage-gated conductance, possesses a Ca’*-acti-
vated basic conductance. Furthermore, Ca?*-acti-
vated K* channels in general are voltage dependent
in the opposite direction: They open at depolariza-
tion and close at hyperpolarization (Latorre &
Miller, 1983; Hille, 1984).

Conclusion

The K* channel of the human red cell membrane
seems to combine several central characteristics of
K™ channels in a unique way. It is a Ca?*-activated
ion channel and at the same time an inward rectifier.
In a flux ratio analysis this inward rectifier shows
single filing with a flux ratio exponent of 2.7 inde-
pendent of [K*].. This is similar with the delayed
rectifier of squid axons but is in contrast to the in-
ward rectifier of striated muscle membrane where
the flux ratio exponent increases from 1 to 2 as the
extracellular K* concentration increases.

The voltage dependence resembles that of an
inward rectifier and is opposite to that of Ca?*-acti-
vated K* channels in general. Our results indicate
that, like the inward rectifier of a starfish egg mem-
brane (Hagiwara & Takahashi, 1974), a strong voit-
age-dependent change in conductance around the
zero-current value takes place within a relatively
narrow range of about += 20 mV around Ex. How-
ever, in contrast to the starfish egg cell inward recti-
fier the maximally Ca?*-activated rectifier of the red
cell membrane shows in addition a substantial basic
conductance which is independent of [K*].x from 60
mM and down to at least 5.5 mM. This basic conduc-
tance is only weakly dependent on membrane po-
tential (0 to —100 mV).

Finally, since no disagreement exist between
our results and those obtained with the patch-clamp
technique it should be possible to calculate the aver-
age number of open channels per cell. With a zero-
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current gg(Ca), at saturating level of cellular ion-
ized Ca of ~27 um, of about 165 uS/cm® and a
zero-current y of about 20 pS (Grygorczyk & Sch-
warz, 1983) this number is about 15.
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