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Summary. The voltage dependence for outward-going current of 
the Ca-activated K* conductance (gK(Ca)) of the human red cell 
membrane has been examined over a wide range of membrane 
potentials (V,,,) at constant values of [K'I~,, [K'],. and pH,, the 
intact cells being preloaded to different concentrations of ionized 
calcium. Ohtward-eurrent conductances were calculated from 
initial net el'fluxes of K + and the corresponding (V,,, - EK) values. 
The basic conductance, defined as the outward-current conduc- 
tance at (V,,, - EK) --> 20 mV and [K+I~, >- 3 mM (B. Vestergaard- 
Bogind, P. Stampe and P. Christophersen. J. Membrane Biol. 
95:121-13(I, 1987) was found to be a function of cellular ionized 
Ca. At all degrees of Ca activation g,K(Ca) was an apparently 
linear function of voltage (V,,, range -41) to +70 mV), the abso- 
lute level as well as the slope decreasing with decreasing activa- 
tion. In a simple two-state model the constant voltage depen- 
dence can, at the different degrees of Ca activation, be 
accounted for by a Boltzmann-type equilibrium function with an 
equivalent valence of -0.4,  assuming chemical equilibrium at 
V,,, = 0 mV. Alternatively, the phenomenon might be explained 
by a voltage-dependent block of the outward current by an intra- 
cellular ion. Superimposed upon the basic conductance is the 
apparently independent inward-rectifying steep voltage function 
with an equivalent valence of ~5 and chemical equilibrium at the 
given E~ value. 

Key Words Ca-'+-activated K § conductance, human red cell 
membrane �9 function of cellular calcium �9 voltage dependence 

Introduction 

The Ca2+-activated K + channel of the human red 
cell membrane has been shown to exhibit a moder- 
ate inward rectification of the single-channel con- 
ductance (Grygorczyk & Schwarz, 1983). Recently, 
it was demonstrated that, in addition, an inward 
rectification in the proper sense (cf. Hille, 1984) of 
the Ca2+-activated conductance, gK(Ca), exists 
(Vestergaard-Bogind e t  a l . ,  1987). ATP-depleted 
red cells, containing 145 mmol K + per liter cell wa- 
ter and preloaded with ionized calcium to maximal 
activation of the K + channels, were suspended in 
salt solutions with different K + concentrations 
([K+]~0. During outward-going currents gK(Ca) in- 

creased exponentially from a basic value o f -45 /xS /  
cm 2 (extrapolated value at V,,, = 0 mV, s e e  b e l o w )  
towards a zero-current conductance of about 165 
/ x S / c m  2 a s  V,,, approached the EK value in question. 

The conductances at zero current were deter- 
mined (at [K+]~ = 30 to 150 mm) by measuring the 
equilibrium isotope flux at V,,, = EK. Inserting the 
single-file flux-ratio exponent, n = 2.7, previously 
reported (Vestergaard-Bogind, Stampe & Chris- 
tophersen, 1985) in the equation of Hodgkin and 
Keynes (1955), gK(Ca) was then calculated. 

At (V,,, - EK)  :> 20 mV it was found that gK(Ca) 
increased by about 35% as [K+]c.~ increased from 
about 0.1 to - 3  mM. At the latter concentration the 
specific effect of extracellular K ions apparently 
saturated. At [K+]~ ~ 3 m M  gK(Ca) was found to 
decrease constantly with increasing V,,, within the 
range of -90  to - 4  mV, the slope of the line being 
0.25/xS/(cm 2 �9 mV). Moreover gK(Ca) determined 
at [K+]~x values > 3 mM and at (V,,, - EK)  >-- 20 mV 
always resulted in values which fitted the line giving 
gK(Ca) at [K+]e., - 3 mM as a function of V,,,, con- 
firming that the specific effect of extracellular K 
ions had saturated at [K+]ex ~ 3 raM. The linear 
function was, therefore, defined as the basic con- 
ductance. The absolute level of this conductance 
will of course be a function of the cellular pH (pH,) 
(Stampe & Vestergaard-Bogind, 1985) and the cel- 
lular concentration of ionized calcium, which in the 
above-mentioned case was saturating with respect 
to activation of the K + conductance. 

In the present paper we report the results of a 
study of the basic conductance at lower concentra- 
tions of ionized calcium. 

ABBREVIATIONS 

CCCP, carbonyl cyanide m-chlorophenylhydra- 
zone; DIDS, 4,4'-diisothiocyanostilbene-2,2'-disul- 
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fonic acid; HEPPS, N-2-hydroxyethyl-piperazine- 
N'-3 propanesulfonic acid; MES, 2-(N-morpholino) 
ethanesulfonic acid; HEPES, N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulfonic acid: EGTA, eth- 
yleneglycol bis (/3-aminoethylether)-N,N'-tetraace- 
tic acid. 

mediated new electrochemical equilibrium of protons across the 
cell membranes. A pH difference (pH~ - pH, ) of one unit was 
taken to be equivalent to a membrane potential of 61.5 mV tin- 
side negative). 

The Ca-'*-activated K* conductance, gK(Ca) was calculated 
from the equation of Hodgkin and Huxley (1952a) 

IK = JK ' F = (V,,, - EK) " gK(Ca). (I) 

Materials and Methods 

CELLS 

Cells from freshly drawn blood from healthy human donors were 
depleted of ATP and 2,3-diphosphoglycerate as previously de- 
scribed (Vestergaard-Bogind & Stampe, 1984). In experiments 
where all chloride was replaced by nitrate, the cells were washed 
and Ca-loaded in nitrate salt solutions. The cells were loaded 
with Ca to given concentrations of ionized Ca using 0.5 to I/xmol 
of ionophore A23187 per liter cells (for details s e e  Vestergaard- 
Bogind et al., 19,87). 

PHTHALATE METHOD 

Cellular contents of K +, Na +, and 45Ca and extracellular concen- 
trations of K + were determined by the phthalate method as pre- 
viously described (Vestergaard-Bogind et al., 1985). 

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 p.M of the 
protonophore CCCP, which mediates a fast electrochemical 
equilibration of protons across the cell membranes (for details 
s e e  Vestergaard-Bogind et al., 1987). 

EXPERIMENTAL PROCEDURE 

In all experiments packed cells loaded with appropriate Ca were 
transferred into buffer-free salt solution 13 mM KCI, 0 to 153 mM 
NaCI. isotonic conditions maintained by addition of sucrose (264 
mM sucrose taken as isotonic)], containing 20/xM CCCP, ther- 
mostatted at 37~ and vigorously stirred. Since the cells were 
transferred into the salt solutions with open K ~ channels the 
efflux started instantaneously (for further details s e e  Vester- 
gaard-Bogind et al., 1987). 

CALCULATIONS 

The net efflux of K + in mmol per liter cells per hr was calculated 
from the initial, constant decrease in cellular K § content by lin- 
ear regression. The correlation coefficient, r ~ 0.97. The value of 
the Nernst potential for K ions at the peak of hyperpolarization 
was calculated from the extracellular K § concentration at that 
time and the initially determined intracellular concentrations. 
The membrane potential (Vm) was calculated from the CCCP- 

Here IK is the current of K ions across the membrane, that is JK ' 
F, where JK is the net flux of K ions in gmol/(cm 2 - sec) and F is 
the Faraday constant. In the calculation of JK per cm 2 of mem- 
brane it was assumed that the area of one liter of cells equals 
1.75 x 107 cm 2. The conductance is accordingly obtained in 
/zSlcm -~. 

Results 

In ATP-depleted human red blood cells, preloaded 
with calcium to a cellular concentration of Ca ,-+ suf- 
ficient to activate the K + channel to a significant 
degree, only two important conductance pathways 
are present. Besides the Ca2+-activated K* conduc- 
tance there is an anion conductance, which under 
physiological conditions is based on net flux of chlo- 
ride ions. 

At zero net current across the cell membranes, 
that is at the peak of hyper- or depolarizations (c:/i 
Fig. i), Vm is therefore given by the equation: 

EAn "gAn + EK " g~(Ca) 
V,~ = (2) 

g A n +  gK(Ca)  

where EA. is the Nernst equilibrium potential of the 
anion and gAn the corresponding conductance. As 
mentioned, it has previously been demonstrated 
that at constant cellular pH (-7.1) and concentra- 
tion of ionized calcium (-30 tzM), gK(Ca) appar- 
ently saturated with respect to activation by extra- 
cellular K + ions at a concentration of - 3  mM 
(Vestergaard-Bogind et al., 1987). In the present ex- 
periments the [K+]~x value was -3 .6  mM at the peak 
of hyper- or depolarizations. With ATP-depleted 
cells with a normal K + concentration of -145 
mmol/liter cells water the EK value was therefore 
constantly about -98  mV. 

In order to obtain positive values of Vm, EA, 
was shifted to positive values by substituting su- 
crose for extracellular salt. The effect of this substi- 
tution was enhanced by replacement of extracellu- 
lar as well as cellular chloride with nitrate ions. In 
this way gan was increased by a factor of -2 .5  (Ves- 
tergaard-Bogind et al., 1985) compared to the situa- 
tion with chloride as the conducting anion, where 
gAn would have a value of -20/xS/cm 2 (Bennekou, 
1984). In addition, the depleted cells were only 
loaded with calcium to given concentrations of ion- 
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Fig. 1. Results of a typical experiment with K* net efflux from 
ATP-depleted cells preloaded with Ca to a cellular concentration 
of ionized calcium of 1.6 /xM. The abscissa is time in minutes 
and the ordinates are cellular content of K § in mmol per liter 
cells [K,., (@)], cellular concentration of ionized calcium in #.M 
[Ca~*, [�9 pH (--), and membrane potential IV,n, (same curve 
as pH)] in mV. The arrow indicates the determination of cellular 
pH by addition of Triton X-100. The membrane potential is cal- 
culated 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 

ized calcium which were submaximal with respect 
to activation of  the K + conductance,  the basic con- 
ductance hereby being reduced from the above- 
mentioned maximum value of - 4 5 / x S / c m  2 at Vm = 
0 inV. 

The lowest concentrat ion of extracellular salt 
used in the experiments was 3 mM (3 mM KC1 or 
KNO3), corresponding to an  EAn value of +94 mV. 
Net effluxes of  KC1 from human erythrocytes  sus- 
pended in media with low ionic strength have re- 
cently been described by Jones and Knauf  (1985). 
At - 5  mM extracellular salt these fluxes were half- 
maximal ( - 135  mmol K + net efflux per liter cells 
per hr) and at 15 mM extracellular salt their magni- 
tude was insignificant. It is not clear whether all or 
only a fraction of  these fluxes are electrogenic. The 
best way to estimate the importance of  the interfer- 
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Fig. 2. Results of two experiments illustrating the effect of low 
ionic strength (3 mM KNO3, 2 mM NaNO3, 256 mM sucrose) 
upon K § net efflux from cells preloaded (2) with calcium (Ca 2~ 
30/xM) and cells not preloaded (1) with Ca. The abscissa is time 
in minutes and the ordinates are cellular content of K + in mmol 
per liter cells (K,.). membrane potential (V,,,) in mV and pH~x. The 
broken line indicates the equilibrium potential of the anion ENo3 

ence from this effect of low ionic strength proved to 
be a comparison of the net efflux- and Vm values 
determined in experiments  where cells with acti- 
vated K + channels and cells with nonactivated K + 
channels were suspended in identical salt-sucrose 
media (see  Fig. 2). 

The results of  an experiment,  in which a moder- 
ate depolarization of  the cells took place, is shown 
in Fig. I. The salt concentrat ion was 30 mM (3 mM 
KNO3, 27 mM NaNO3, 213 mM sucrose) and the 
cellular concentrat ion of ionized Ca was 1.6/aM. Vm 
adjusted to +3 mV, corresponding to a driving force 
(Vm - EK) of  --105 mV. The net efflux of K + was 
quite large, namely I000 mmol/(liter cells �9 hr). In 
Fig. 2 an exper iment  with cells transferred to a salt 
solution containing only 5 mM salt (3 mM KCI, 2 mM 
NaCI, 256 mM sucrose) is represented. In this ex- 
periment Vm adjusted to a value of  +65 mV, corre- 
sponding to a (Vm - EK) value of about 170 inV. In 
spite of  the very  large driving force the net efflux of  
K + was only 200 mmol/(liter cells �9 hr). As seen 
from the Figure, the control experiment with de- 
pleted cells, which were not preloaded with cal- 
cium, showed that about half of the K + net efflux 
could be ascribed to the " l e a k "  of  KCI induced by 
the low ionic strength of  the extracellular phase. 
Assuming that the leak fluxes are electrogenic they 
correspond to g values of  1 and 2 /zS /cm 2 at extra- 
cellular salt concentrat ions of  5 and 3 raM, respec- 
tively. This magnitude is insignificant in all experi- 
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Fig. 3. Results of a control experiment at low extracellular pH 
and a cellular pH of 7.2. To avoid breakdown of the pH gradient 
the cells were treated with DIDS and no CCCP wits present. The 
extracellular phase was buffered with 2 mg M ES. The abscissa 
is time in minutes. The ordinates are cellular content of potas- 
sium (K,) in mmo[ per liter cells and pHi,. Note the constant 
extracellular pH 

ments apart  from the two at Vm = +71 and +77 mV 
at the lowest  level of  ionized Ca (compare Fig. 6). 
No correct ion has been applied to these values. 

At positive Vm values and with CCCP-mediated 
electrochemical  equilibration of protons as Vm indi- 
cator  a decrease  in pH,x at a constant pHc takes 
place (compare Fig. 2). It has previously been 
shown (Stampe & Vestergaard-Bogind, 1985) that 
the net efflux of  K § is not affected by the increase in 
extracellular  pH resulting from the CCCP-mediated 
redistribution of  protons  in case of a hyperpolariza- 
tion. It was now necessary  to control the possible 
influence of  a decreasing pi le ,  on gK(Ca). 

The protocol  of  these control  experiments was 
as follows. ATP-deple ted cells with all chloride re- 
placed by nitrate were loaded with calcium (Ca~ + 

30/ZM) and at the same time treated with DIDS. By 
the DIDS treatment  the anion-exchange mechanism 
was inhibited strongly (Cabantchik & Rothstein, 
1974) and an imposed pH difference between the 
intra- and extracellular phases was now sufficiently 
stable for minutes (compare Fig. 3). As in the depo- 
larization experiments ,  nitrate was used in the con- 
trol experiments as the conducting anion. In addi- 
tion to comparabil i ty a reasonably large net efflux 
could now be obtained since the residual anion con- 
ductance of  DIDS-treated cell membranes was 
larger than in a corresponding chloride experiment. 
In these control experiments  the cells were loaded 
to maximal Ca -,+ activation of  the channels in order 
to get as large fluxes as possible. Since CCCP would 
degrade an imposed pH difference across the mem- 
branes even more effectively than the anion ex- 
change mechanism, the control experiments were 
performed in the absence of CCCP, and accordingly 
V,, and gK(Ca) could not be calculated. 

Net effluxes of  K + were determined in experi- 
ments where cells with open K + channels were 
transferred to salt solutions containing 3 mM KNO3, 
150 mM NaNO3 and 2 mM of an appropriate buffer 
(MES, H EP ES ,  HEPPS)  titrated to the desired pH. 
With 100/zl cells, in 3000/xl buffered salt solution 
the buffering capacity of  the extra- and intracellular 
compartments  were of  the same magnitude and a 
shift in pHex should reflect a reverse shift in pH,  of 
almost identical magnitude. The experiment repre- 
sented in Fig. 3 shows that the change in pH~x, and 
accordingly pH,., was insignificant. In Fig. 4 the net 
efflux_of K +, JK, is plotted as a function of pHe~ 
within the range of  8.0 to 6.0 pH. As the Figure 
shows, the net flux increased significantly with de- 
creasing pH~x. However ,  as shown in the same Fig- 
ure, an identical increase in K + net efflux with de- 
creasing pH~x was found in a series of experiments 
where valinomycin was the electrogenic carrier of 
K ions. In these experiments ,  where depleted cells 
with all chloride replaced by nitrate ions were used, 
the cells were t reated with DIDS, but not preloaded 
with Ca. Valinomycin was added in the appropriate 
amount  to a stock suspension of  the cells in a K +- 
equilibrium nitrate solution; the cells were centri- 
fuged and the packed cells were stored on ice. As 
usual, samples of  100/xl packed cells were used in 
each experiment .  Since the valinomycin-mediated 
K + transport  would be expected to be little affected 
by pHex and since it is most  unlikely that the elec- 
trogenic val inomycin-mediated K § transport and 
the net efftux through the Ca2+-activated K + chan- 
nels should have exact ly  identical pHe~ dependen- 
cies, then the conclusion of the combined results 
represented in Fig. 4 was that gNo~, but not gK(Ca) 
is a function of  pH~x within the range of 6.0 to 
8.0 pH. 
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Fig. 4. K + net efflux UK) in mmol per liter cells per hour  as a 
function of  extracellular  pH at a fixed value of  cellular pH of 7.2. 
Each net efflux was determined in an exper iment  of the type 
shown in Fig. 3. (0 )  The net efflux of  KNO~ was induced by the 
addition of  val inomycin (see text). (�9 The net efflux of KNO) 
from cells, preloaded with Ca to a concentrat ion of  ionized Ca of 
~30 /zg ,  t ransferred to a salt solution of  the given pH. For 
compar ison  with Fig. 6 a scale with corresponding V,,, in mV is 
shown below the pHi., scale 

The net effluxes of K + determined in the main 
series of experiments, exemplified in Figs. 1 and 2, 
could accordingly be considered as a function of 
membrane potential exclusively, and in Fig. 5 the 
values of JK and (V,, - EK) are shown as a function 
of V,,. As seen from the Figure the net efflux de- 
creases slightly with increasing Vm values in spite of 
the simultaneously large increase in the driving 
force. The calculated gK(Ca) values plotted versus 
Vm (Fig. 6) resulted in apparently linear relation- 
ships with slopes from 0.04 to 0.17/xS/(cm 2 �9 mV). 

Discussion 

The following discussion of present and previously 
reported (Vestergaard-Bogind et al., 1987) results is 
based on the assumption that the human red cell 
membrane contains only a single class of Ca>-acti - 
vated K + channels. These channels exhibit inward 
rectifier properties and the basic conductance as in- 
trinsic characteristics. In favor of this assumption is 
the fact that after several years of patch-clamp ex- 
periments with human red cells only one type of K + 
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Fig. 5. K § net efflux (JK) in mmol per hour  per liter of  cells and 
(V,,, - EK) as funct ions  of  V,,, in inV. Cellular concentrat ion of  
ionized Ca was - 3  txM. Each flux was determined as shown in 
Fig. I, and E~; was - 9 8  mV in all exper iments  

channels has been reported (Hammil, 1981; Gry- 
gorczyk & Schwarz, I983, 1985; Grygorczyk, 
Schwarz & Passow, 1984; Christophersen & Ben- 
nekou, 1987). In addition, under different experi- 
mental conditions involving large variations in Vm, 
[K+]ex, pH,., etc., there has never been found any 
kinetic evidence, which could be interpreted as the 
result of two or more classes of channels. 

The main experimental result of the present 
study is represented in Fig. 6. At cellular concentra- 
tions of ionized Ca corresponding to submaximal 
activation of the K § conductance (cellular ionized 
Ca 0.3, 1.6 and 3.0/xM), and at a fixed [K+]ex value 
of -3 .6  mM, gK(Ca) for outward-going currents 
were found to be apparently linear functions of volt- 
age over a wide range of V,,. The slope of these 
linear voltage functions [0.04, 0.11 and 0.17 tLS/ 
(cm z �9 mV)], were lower than the 0.25 tLS/(cm-' �9 
mV) previously found at maximal activation of the 
conductance (Vestergaard-Bogind et al., 1987). 
Thus, the level as well as the slope of the basic 
conductance are strongly dependent on the degree 
of Ca > activation of the K + conductance. These 
apparently linear relationships between gK(Ca) and 
Vm extend far into the range of positive Vm values. 

That the concomitant decrease in extraceIlu- 
lar pH and ionic strength are insignificant compared 
to the influence of Vm has been dealt with in the 
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Fig. 6. Conductance (gK(Ca) in p.S/cm z) as a function of mem- 
brane potentials (V,, in mV) at three different levels of cellular 
ionized Ca [0.3 txM (IlL 1.6 tzM (@) and 3.0 IzM (A)}. Each point 
represents an experiment of the type shown in Fig. 1. In all 
experiments EK was about -98 mV. Variation in V,, was ob- 
tained by substitution of sucrose for extracellular NaNO~. The 
solid lines are calculated from Eq. (3) assuming V0 = 0 mV and 
z' = 0.4 (see Discussion) 

Resu l t s  sec t ion .  Tha t  the decrease  in gK(Ca) to- 
wa rds  zero  at h igher  Vm va lues  reflects a vol tage 
d e p e n d e n c e  o fgK(Ca)  and  not  the decrease  in extra-  
ce l lu lar  ionic  s t rength  is also seen from Fig. 7, 
whe re  the  gK(Ca) va lue  of 45 /xS/cm 2 at Vm = - 2  
mV (cel lu lar  Ca  2+ c o n c e n t r a t i o n  - 30 tXM) was ob-  
t a ined  in an  e x p e r i m e n t  with on ly  10 mM salt in the 
ex t r ace l lu l a r  phase .  Accord ing ly ,  the only  impor-  
t an t  va r i ab le  is the m e m b r a n e  potent ia l .  

Whi le  the  level  of  basic  c o n d u c t a n c e  was ex- 
pec ted  to be d e p e n d e n t  on cel lular  Ca 2§ concen t ra -  
t ion  the m a i n t a i n e d  l inear i ty  of  the vol tage func t ion  
ove r  such  a wide  range  was no t  obvious .  A compar -  
i son  of  the resu l t s  r ep re sen t ed  in Figs.  6 and  7 with 
those  of  the pa t ch -c l amp  s tudies  of  Grygo rczyk  and 
S c h w a r z  (1983) p r e sen t s  several  p rob lems .  In ex- 
p e r i m e n t s  with symmet r i c a l  concen t r a t i ons  o f -  140 
mM KCI  they  find tha t  the s ing le -channe l  conduc-  
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Fig. 7. gK(Ca) in/J.S/cm 2 as functions of V,,, (in mY) at about half 
(curve C) and maximal (curve A and B) Ca-'* activation of the 
conductance (concentration of cellular ionized calcium 3, respec- 
tively, 22 p.M). Curves A and B are based on previously pub- 
lished data (Vestergaard-Bogind et al., 1987) and curve C is 
based on the same data as the upper curve in Fig. 6. In a simple 
two-state model the curves B and C were calculated from Eq. (3), 
inserting an equivalent valence z' of 0.4 and assuming chemical 
equilibrium at V,, = 0 mV. Curve A was calculated as the sum of 
two Boltzmann-type equations: the basic conductance (z' = 0.4, 
chemical equilibrium at V,, = 0) and an independent, inward- 
rectifying gating process (z' = 5, chemical equilibrium at the EK 
value, in this case -50 mV). The solid lines represent experimen- 
tal results were [K+]~x was -3.6 (curve B and C), respectively, 20 
mM (curve A). The broken lines represent extrapolations into Vm 
ranges experimentally unachievable with the present technique 

t ance  3' var ies  f rom - - I 0  to --40 pS as V,, is var ied 
f rom + 100 to - 2 0 0  mV ,  the I -V  func t ion  be ing  sig- 
n i f icant ly  supra l inear .  At  a c o n c e n t r a t i o n  of ionized 
Ca of  5 tzM the o p e n  state probabi l i ty  p was a 
sl ightly supe r l inea r  f unc t i on  of  m e m b r a n e  potent ia l  
va ry ing  f rom - 0 . 3 5  to - 0 . 7 0  as Vm was var ied f rom 
+75 to - I00 inV. Us ing  chord  c o n d u c t a n c e  values  
e va l ua t e d  f rom their  F igures  we have  ca lcu la ted  the 
p r o d u c t  y �9 p at va r ious  vol tage va lues .  As expec ted  
this p roduc t ,  which  should  be propor t iona l  to the 
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membrane conductance, was found to be a superlin- 
ear function of V,. within the range of +50 to - 5 0  
m V .  

Unfortunately, outward-current 3' values at 
lower, physiological [K+]~ values have not been 
determined in these patch-clamp studies and it is 
also uncertain whether the reported voltage depen- 
dence of the open state probability shifts along the 
voltage axis with changes in cellular ionized Ca or 
[K+]~x. All the same, compared to the single-chan- 
nel data reported by Grygorczyk and Schwarz 
(1983) the apparently linear relationships between 
gK(Ca) and Vm shown in Fig. 6 are somewhat sur- 
prising. 

Most probably the linear relationships between 
gK(Ca) and V,, are apparent and reflect fractional 
decreases in gK(Ca) with increasing V,,. This as- 
sumption is supported by the decrease of the slope 
with decreasing Ca 2+ activation of the channels (see 
Fig. 6). In a simple two-state theory (Hodgkin & 
Huxley,, 1952b) the slopes of the basic conduc- 
tances at the three different degrees of Ca activation 
shown in Fig. 6 correspond to a gating particle with 
an equivalent valence z' of ~0.4, if in a Boltzrnann- 
type equation 

1 
gK(Ca) = A (3) 

exp[Z'F(Vm- V,,)] 
L �9 + I  

chemical equilibrium is assumed at 0 mV, that is if 
V,, = 0 mV and therefore A = 2 gK(Ca) at Vm = 0 
mV. R, T, and F have their usual meaning. The 
solid lines in Fig. 6 and curves B and C in Fig. 7 (C 
equal to upper curve of Fig. 6) have been calculated 
from Eq. (3). Curve B (solid line) in Fig. 7 repre- 
sents the basic conductance as a function of V,, at 
maximal Ca activation (cellular concentration of 
ionized Ca was 27/xM) previously reported (Vester- 
gaard-Bogind et al., 1987). The fit of the experimen- 
tal values to the calculated line (z' = 0.4) was here 
just as good as seen from Fig. 6. 

Thus the z' value calculated on the basis of  four 
very different slopes, is calculated with a very low 
uncertainty. In contrast, the corresponding chemi- 
cal equilibrium, assumed to be at Vm = 0 mV, could 
be anywhere within the interval of  - 10 to + 10 mV, 
since the sigmoid part of the curves, because of  the 
low z' value, are not within the actual Vm range. 

The curves in Fig. 7 summarize our present 
knowledge ofgK(Ca) as a function of V,, at different 
degrees of Ca activation including the previously 
reported (Vestergaard-Bogind et al., I987) voltage 
dependence of the inward-rectifying process. As 
mentioned, the curves B and C have been calcu- 
lated from Eq. (3) with a z' value of 0.4. 

The steep inward-rectifying voltage depen- 
dence around EK represents a different and inde- 
pendent gating process superimposed upon the ba- 
sic conductance.  Calculated from the sum of two 
Boltzmann-type equations the equivalent valence of 
the gating particle is here - 5  with chemical equilib- 
rium at the Ek value in question. The equivalent 
valence of the gating particle of the inward rectifica- 
tion is thus very close to the one found for the de- 
layed rectifier in the squid axon (Hodgkin & Hux- 
ley, 1952a). 

In Fig. 7 the solid lines represent I'm values 
covered by experimental data while experimental 
verification of dash-line sections has been impos- 
sible at present. Thu s , at maximal Ca activation the 
magnitude ofgK(Ca) is so high that V m values higher 
than about 0 mV cannot be obtained even with all 
cellular chloride replaced by nitrate ions and maxi- 
mal replacement of extracellular NaNO3 by sucrose 
(see Eq. 2). On the other hand gcl is so high that 
even with DIDS it is not possible, at an extracellular 
K + concentration o f - -3  mM, to achieve Vm values 
which are close enough to the EK value to demon- 
strate the steep inward-rectifying voltage depen- 
dence. This voltage dependence is therefore repre- 
sented by a series of  experiments performed at 
[K+]ex = 20 mM (curve A and the corresponding EK 
line in Fig. 7). At an [K+]e~ value of - 3  mM curve A 
would have the same shape but be displaced to the 
left to a voltage range around -100 mV. At lower 
degrees of Ca activation of the K + conductance the 
steep voltage dependence of the rectification pro- 
cess would only be demonstrable at a correspond- 
ingly higher [K+]~. (For a further discussion see 
Vestergaard-Bogind et al., 1987.) 

With respect to the voltage dependence of the 
basic conductance an alternative to a gating particle 
with an equivalent valence of 0.4 would be a volt- 
age-dependent block of  gK(Ca) by an intracellular 
ion. Thus, higher intracellular concentrations of Na 
ions have been found to diminish the efflux of K 
ions from resealed ghosts, a depression released by 
increased [K+]e~ (cf. Yingst & Hoffman, 1984). Ex- 
periments, depicting a characterization of gK(Ca) as 
a function of the intracellular concentrations of K- 
and Na-ions, are in progress in our laboratory, and 
in these experiments a possible voltage dependence 
of the Na inhibition of  gK(Ca) should be demon- 
strable. 
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