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Summary. We have studied the all or none cell response of Ca?*-
dependent K* channels to added Ca in human red cells depleted
of ATP by incubation with iodoacetate and inosine. A procedure
was used which allows separation and differential analysis of
responding and nonresponding cells. Responding (H for heavy)
cells incubated in medium containing 5 mM K lose KCl and water
and increase their density to the point of sinking on diethyl-
phthalate (specific gravity = 1.12) on centrifugation. Nonre-
sponding (L for light) cells do not lose KCl at all. There is no
intermediate behavior. Increasing the Ca concentration in the
medium increases the fraction of cells which become H. No
differences in the sensitivity to Ca?* of the individual K* chan-
nels were detected in inside-out vesicles prepared either from H
or from L cells. The Ca content of H cells was higher than that of
L cells. Cells depleted of ATP by incubation with iodoacetate
and [nosine sustain pump-leak Ca fluxes of about 15 wmol/liter
cells per hour. ATP seems to be resynthesized in these cells at
the expense of cell 2,3-diphosphoglycerate stores at a rate of
about 150 pmol/liter cells per hour. Inhibition of 2,3-diphos-
phoglycerate phosphatase by tetrathionate increased 6—8 times
the measured rate of uptake of external “’Ca. This was accompa-
nied by an increase in the fraction of H cells. All or none cell
responses of Ca’*-dependent K channels have also been evi-
denced in intact human red cells on addition of Pb. They have the
same characteristics as those in responding and nonresponding
cells. The detailed study of the kinetics of Pb-induced shrinkage
of red cells suspended in medium containing 5 mm K showed that
changes of Pb concentration changed not only the fraction of H
cells but also the rate of shrinkage of responding cells. H cells
generated by Pb treatment contained significantly more lead than
L cells. The above results suggest that the two all or none cell
responses studied here can be explained by heterogeneity of ago-
nist distribution among cells. Since pump-leak fluxes exist in
both cases, differences of agonist distribution could be generated
by heterogeneity of pumping among cells. This interpretation
turns interest from K channels to Ca pumps to explain the heter-
ogeneous behavior of red cells in response to a uniform stimulus.
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Introduction

Many animal cells possess in their membranes K
(Rb)-selective channels which are activated by in-
tracellular Ca?* (Sarkadi & Gardos, 1985). In red
cells Pb?* can substitute for Ca?* in the activation
of K channels (Passow, 1981; Grygorczyk &
Schwartz, 1983; Shields et al., 1985; Simons, 1985).
Ca-dependent K channels have been found to re-
spond, under certain conditions, in an *‘all or none”’
fashion in intact red cells (Riordan & Passow, 1973;
Szédsz, Sarkadi & Gardos, 1974), resealed ghosts
(Knauf et al., 1975; Heinz & Passow, 1980) or in-
side-out vesicles derived from red cells (Garcia-
Sancho, Sanchez & Herreros, 1982; Lew, Muallem
& Seymour, 19824): At a given Ca?* (Pb%**) concen-
tration some cells (ghosts, vesicles) become acti-
vated and equilibrate at maximal rate with external
K (Rb) whereas the others do not activate at all
maintaining its characteristic low permeability to K
(Rb).

In inside-out vesicles, where the mean number
of channels per vesicle is close to one (Lew et al.,
1982a; Alvarez & Garcia-Sancho, 1987), the all or
nothing behavior has been proposed to reflect the
properties of individual channels. Several papers
dealing with different aspects of this matter have
been published (Lew et al., 1982a; Garcia-Sancho et
al., 1982; Alvarez, Garcia-Sancho & Herreros,
1986). In intact cells the all or none response cannot
be entirely explained in terms of the properties of
individual channels. This behavior would addition-
ally require that the activation thresholds of all the
channels belonging to the same cell were identical,
and different from those belonging to another cell
(Lew, Muallem & Seymour, 1983). Coordination of
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thresholds within each cell would strongly suggest
the existence of modulating mechanisms whose de-
gree of operation would differ from cell to cell, even
though the entire population is exposed to identical
conditions. This heterogeneity of behavior could
have important implications if it should apply to
agonist-induced physiological responses.

The simplest explanation for all or none cell
responses is heterogeneity of agonist distribution
among cells. It has been shown recently that, when
a uniform Ca influx is imposed to inosine-fed red
cells using the divalent cation ionophore A23187,
two extremely different cell subpopulations evolve.
Some cells take up Ca to near equilibrium levels
whereas others balance the imposed leak by an in-
crease of the Ca extrusion through the Ca pump
with little modification of their intracellular Ca con-
tent. This behavior can be explained by heterogene-
ity of the Ca-pumping capacity among cells (Garcia-
Sancho & Lew, 19884).

We examine here the all or none cell response
to added Ca in ATP-depleted erythrocytes (Szdsz et
al., 1974) and the all or none cell responses of intact
red cells to added Pb (Riordan & Passow, 1973;
Shields et al., 1985). The subpopulations of re-
sponding (permeable to K) and nonresponding cells
have been separated and their contents analyzed
and compared. In both cases the all or none behav-
jor of Ca-dependent K transport has been con-
firmed, but, contrary to previous suggestions (Rior-
dan & Passow, 1973), it can be explained by
heterogeneity of agonist (Ca or Pb) distribution
among cells. The results could be rationalized in
terms of differences in the rates of calcium or lead
pumping among cells which take place, although at
very different rates, in both cases. This conclusion
does not solve the problem of the heterogeneity of
the response of individual cells but displaces the
origin from the K channels to the Ca pumps.

Materials and Methods

Blood was obtained by venous puncture using heparin as the
anticoagulant. Cells were sedimented by centrifugation and, af-
ter removing plasma and buffy coat, they were washed three
times with at least 10 volumes of standard incubation medium,
which had the following composition (mM): NaCl 145, KCl1 5,
Na-HEPES (pH 7.4) 10. For experiments with ATP-depleted
cells the erythrocytes were resuspended at 20% hematrocrit, and
10 mM inosine, 2.5 mM sodium iodoacetate and several amounts
of CaCl, or EGTA, as indicated in each experiment, were added.
Samples of the cell suspension were taken after different periods,
and the cells were sedimented by centrifugation at 12,000 X g
during 1 min over phthalate oils (see below). The supernatant
solutions were used to measure K or pyruvate and the cell pellets
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were processed for determination of Na and K, Ca, hemoglo-
bin, Pb or ATP contents as described below.

SEPARATION OF HEAvVY (H) AND
LicHT (L) CELLS

On activation of Ca?"-dependent K*-channels KCI is lost from
the cells with the subsequent decrease in cell volume and in-
crease in cell density. This property was used to separate the two
subpopulations of cells which evolve in the all or nothing re-
sponses described here: heavy (H) cells, which have shrunk by
KCl loss, and light (L) cells which remain at their normal volume
and density, below 1.1 g/ml. Samples containing 20-100 mg of
cells suspended in 0.5~1 ml of incubation medium were placed
over 0.4 ml of phthalate oil in a 1.5 ml Eppendorf tube and
centrifuged at 12,000 x g for 30 sec. In each case two identical
aliquots of the cell suspension were placed either over dibutyl-
phthalate (DBP, sp. gr. 1.043), to obtain a cell pellet containing
all the cells (H + L), or over diethyl-phthalate (DEP, sp. gr. 1.2),
to obtain a cell pellet containing H cells only. In some cases the
cells which floated over DEP were recovered and recentrifuged
over DBP to obtain a sample of L cells only, but in most in-
stances the contents of L cells were estimated by difference
between data from all the cells (DBP pellet) and H cells (DEP
pellet). Other details on this separation procedure have been
provided before (Garcia-Sancho & Lew, 19885).

After centrifugation the aqueous supernatant and most of
the oil were aspirated, the walls of the tube were cleaned with
cotton swabs and the pellet was lysed in distilled water over
a vortex mixer. The lysate was centrifuged during 5 min at
12,000 X g and samples of the supernatant were used for mea-
surement of hemoglobin or, after suitable deproteinization, for
determination of Na, K, ¥Ca, ATP or lead (see below).

The fraction of dense cells (FD) was estimated from the
ratio hemoglobin in H cells (DEP pellet)/hemoglobin in all cells
(DBP pellet). The other data in H cells were referred to hemoglo-
bin content. Data in L cells were usually obtained by difference:
Value in L = (Value in all — Value in H x FD)/(1 — FD).

MEASUREMENTS OF CELL VOLUME CHANGES
BY LIGHT SCATTERING

In some experiments the changes in cell volume were followed
by measuring the changes of light transmittance in the cell sus-
pension at 650 nm. The changes in cell volume were due tonet K
loss through Ca-dependent K channels. When Ca’*-dependent
K* channels are maximally activated the permeability to K* (Px)
becomes much larger than Pg so that net K* loss is limited by
Cl- movement. Under these conditions the half-time for KCl loss
is 15-30 min. In the present experiments we replaced a part of
the medium Cl- for the more permeant anion SCN-. External
SCN- exchanges within a few seconds for internal CI~ and, when
Py is activated, SCN~ exits quickly with K* without limiting its
rate of loss. In this way the half-time for net K loss is reduced to
less than 1 min. A SCN- concentration of 15-20 mM is enough to
allow K movements without any limitation imposed by anion
permeability (Garcia-Sancho & Lew, 1988b).

For light-scattering measurements cells were suspended in
medium containing 150 mM NaCl and 10 mm K-HEPES (pH 7.5).
TJust before the measurements 2 mi of cell suspension (usually at
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10% hematocrit) were mixed with 1 ml of a solution containing
150 mm NaSCN and 10 mm K-HEPES (pH 7.5) in a spectropho-
tometer cuvette and transmittance at 650 nm was adjusted to
100%. Activation of Ca?*-dependent K+ channels was started by
adding Pb(NOs), from a concentrated stock solution, and the
changes of T¢s, with time were recorded. In some experiments
cells treated with Pb in SCN~-containing medium were separated
through phthalate oils as described above.

LLoADING WITH BENZ2

Calcium chelator benz2 was loaded in red cells following pre-
vious guidelines (Lew et al., 1982b). Briefly, cells were incubated
with 0.2 mM benz2 acethoxymethyl-tetraester during 90 min at
37°C in a medium of the following composition (mm): NaCl 73,
KC1 75, K-HEPES (pH 7.5) 10, MgCl, 0.2, EGTA 0.1. Sodium
pyruvate, 10 mM, was added to prevent ATP depletion of the
cells (Garcia-Sancho, 1985). By the end of this incubation period
the cells were washed twice and resuspended in the adequate
medium.

EXPERIMENTS WITH ONE-STEP
INSIDE-OUT VESICLES

One-step inside-out vesicles were prepared separately from H or
L cells. In these cases separation of H and L cell fractions were
performed in aqueous medium. For these purposes one volume
of 20% cell suspension was centrifuged for 10 min at 4000 rpm
over one volume of a solution containing; 5% hypaque, 2% ficoll,
17.7% metrizamide, 5 mmM KCI and 5 mm Na-HEPES, pH 7.4
(sp. gr. 1.11). A compact pellet of cells formed at the bottom of
the tube (H cells), and a net band floated over the cushion
(L cells). A few cells remaining along the cushion were dis-
carded. The two cell bands were recovered and incubated during
2 hr at 37°C in a high K-medium containing 150 mm KCl, 10 mMm
K-HEPES, pH 7.5, and 1 m CaCl,. During this incubation
shrunken cells swell to about their initial volume (Sz4sz et al.,
1974). Finally, the cells were washed and incubated during 2 hr at
37°C in Ca?*-free (2 mM EDTA) medium in order to remove Ca
from the cells. The cell pellets obtained after this treatment were
used to prepare one-step inside-out vesicles.

One-step inside-out vesicles were prepared as described
previously (Garcia-Sancho et al., 1982; Lew et al., 19824, Al-
varez, Garcia-Sancho & Herreros, 1984). Briefly, packed cells
were lysed at 4°C with 40 volumes of a solution containing 0.1
mM EGTA and 2.5 mm K-HEPES, pH 7.5, at 4°C. The lysate
was centrifuged in the cold during 15 min at 27,000 x g. The
pellet was resuspended in about 2 volumes of medium and incu-
bated during 45 min at 37°C to allow vesiculation. After vigorous
vortexing the vesicles were washed and resuspended in an incu-
bation medium of the following composition (mm): EGTA 0.1,
KCl 16, K-HEPES 16.5; pH 7.5.

For measurements of Ca?*-dependent ¥Rb uptake, aliquots
of the inside-out vesicle suspension were mixed with incubation
medium containing *Rb and different amounts of Ca and EGTA
to give the required Ca®* concentrations. Samples were taken
after 10, 20, 30 and 40 min and passed through Dowex-50
columns to remove extravesicular radioactivity. The activity in
the eluent was measured by Cerenkov counting. The fraction of
activated vesicles at each Ca?* concentration was calculated as
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described previously (Garcia-Sancho et al., 1982; Alvarez et al.,
1984).

ANALYTICAL PROCEDURES

Hemoglobin concentration in cell lysates was estimated from
absorbance measurements at 540 nm (Tiffert, Garcia-Sancho &
Lew, 1984). Na and K were measured by flame photometry.
Pyruvate was measured by a NADH-coupled fluorimetric assay
(Lowry & Passoneau, 1972). ATP was determined in neutralized
perchloric acid extracts by a radioenzymatic procedure (Gonza-
lez & Garcia-Sancho, 1981). Pb was measured in trichloroacetic
acid extracts of the cells using a Mod. 2380 Perkin-Elmer atomic
absorption spectrophotometer equipped with an HG-400 graph-
ite furnace. Ca was determined in perchloric acid extracts by
liquid scintillation counting. Results were always standardized
with reference to the hemoglobin content and referred to liter of
original cells.

CHEMICALS AND RADIOCHEMICALS

Benz2-AM was obtained from Dr. V.L. Lew, The Physiological
Laboratory, Cambridge, U.K. Metrizamide (Amipaque®) was a
gift from Laboratories Alter, S.A. Phthalate oils were obtained
from BDH Chemicals, Ltd. Tetrathionate was obtained from
Fluorochem Ltd. All other chemicals were obtained either from
E. Merck, Darmstadt or from Sigma Chemical Co. ¥Ca and ¥Rb
were purchased from Amersham International, Buckingham-
shire, England.

Results

ALL oR NONE CELL RESPONSE IN ATP-DEPLETED
ERYTHROCYTES INCUBATED WITH DIFFERENT
EXTERNAL Ca CONCENTRATIONS

For these experiments cells were incubated at about
20% hematocrit in standard medium containing
iodoacetate and inosine and different Ca concentra-
tions. The activation of Ca-dependent K channels
was followed by measuring the increase of K con-
centration into the medium (Fig. 1, upper panel).
When the incubation medium contained no Ca al-
most no K had been released from the cells after 5
hr of incubation at 37°C. With 10 mM Ca the K
concentration of the medium increased during the
first 2 hr, indicating a release of K from the cells. It
did not change during the next 3 hr. Higher Ca con-
centrations did not increase further the release of K
(not shown). With 1 mM Ca the release K was com-
pleted after about 3 hr of incubation, to give a value
which was 55-60% of that obtained with Ca concen-
trations giving maximal release.

Determination of the dense cell fractions in the
same experiment (Fig. 1, lower panel) showed that
H cells were not formed in the absence of Ca; at 10
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Fig. 1. Release of cell K and dense cell formation induced by
external Ca in human red cells depleted of ATP by incubation
with iodoacetate and inosine. Cells were suspended at 20% he-
matocrit in standard medium containing 2.5 mM sodium iodoace-
tate and 10 mM inosine and either 1 (triangles) or 10 mMm Ca
(squares) or 1 mMm EGTA (circles). The cell suspension was then
incubated at 37°C and samples were taken at the indicated times
for determination of the K concentration in the incubation me-
dium (upper panel) and the H cell fraction (lower panel)

mM Ca more than 90% of the cells became dense
after 2 hr, and with 1 mmM Ca 50-60% of the cells
became dense after 3 hr. The tight relation between
K release and H cell formation suggests that the K
loss takes place only from a subpopulation of cells,
which become H, the others remaining unmodified
with regard to their volume and K content. In order
to check this point, the K content was determined
within each cell fraction and referred to the hemo-
globin content. The K content of H cells, obtained
by incubation either with 10 mm Ca or with 1 mm
Ca, decreased from 250 to 50-60 mmol/kg hemoglo-
bin whereas the K content of L. cells remained at
levels not significantly different from the control
values (data not shown). It seems, then, that a true
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Fig. 2. Activation of *Rb uptake by Ca’* in one-step inside-out
vesicles prepared either from H or from L cells. Cells were incu-
bated at 20% hematocrit in standard medium containing iodoace-
tate and inosine and 1 mm CaCl, for 4 hr at 37°C. Then H and L
cell fractions were separated by centrifugation in aqueous me-
dium and one-step inside-out vesicles were prepared as de-
scribed in Materials and Methods. The yield of everted mem-
brane surface, measured by acetylcholine-esterase accessibility
(Steck & Kant, 1974), was 41% for vesicles prepared from L cells
and 34% for vesicles prepared from H cells. Both values are
within the usual range obtained in vesicles prepared from fresh
cells. The measurements of uptake of #Rb by the vesicles were
performed and quantified as described previously (Garcia-San-
cho, Sanchez & Herreros, 1982; Alvarez, Garcia-Sancho & Her-
reros, 1984)

all or none response applies: some cells lose all their
K whereas the remaining do not show any loss.
Results of six additional experiments with different
bloods were qualitatively similar: Maximum K re-
lease, accompanied by 90-100% H cell formation
was obtained with 10-20 mm Ca, and it was com-
pleted within 23 hr. Half-maximal K release was
obtained with 0.5-2.5 mM Ca and was completed
within 3—4 hr. The measured H cell fractions were
always consistent with K losses.

In order to check whether the all or none cell
response to added Ca depended on differences in
the threshold to Ca?* between the K channels be-
longing to H or L cells we prepared one-step inside-
out vesicles from each cell subpopulation. Uptake
of Rb at different Ca?* concentrations by the vesi-
cles obtained from both cell fractions is compared in
Fig. 2. The sensitivity to Ca?* of ¥Rb uptake was
similar in the vesicles prepared from both cell frac-
tions, 50% activation being obtained at a pCa of
about 6.8. Similar results were obtained in another
two experiments performed with different bloods. It
is therefore likely that the all or nothing behavior
observed in ATP-depleted cells is not due to the
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Fig. 3. Uptake of “Ca by human red cells depleted of ATP by
incubation of iodoacetate and inosine. Cells were suspended at
20% hematocrit in medium containing 1 mM CaCl, at 37°C and
samples were taken at 3 to 6 hr for separation of H and L frac-
tions. The fraction of H cells was 20-25% in this experiment.
Uptake of “*Ca is expressed as umol/liter original cells, calcu-
lated with reference to the hemoglobin content

heterogeneous distribution of channels with intrin-
sically different Ca sensitivity among the respond-
ing and nonresponding cells. The vesiculation pro-
cedure may have created, however, a uniformity
which did not exist in the original cells. This is not
ruled out by the present experiments.

In order to check possible differences in Ca
contents between H and L cells, erythrocytes were
incubated at 37°C in standard medium containing
iodoacetate and inosine and 1 mm “CaCl,. Dupli-
cate samples were taken 3 to 7 hr after the start of
the incubation and centrifuged over DEP and over
DBP and the “Ca content of each cell fraction was
measured. The results are shown in Fig. 3. In this
particular experiment the H cell fraction amounted
to 20-25% of the cells. At all times most of the Ca
taken up by the cells was associated with the H cell
fraction. For example, after 4-hr incubation the 4Ca
content of H cells was (in wmol/liter original cells;
mean + SD; n =4) 15.6 = 0.4 compared to 2.2 = (.3
in the L fraction. These results prove that there is a
heterogeneity of Ca distribution among H and L cell
fractions, which could explain the apparent all or
none behavior of the K channels.

How is the heterogeneity of Ca distribution gen-
erated? In fed cells in which a uniform Ca influx is
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imposed using the ionophore A23187 a heteroge-
neous Ca distribution arises as a result of the heter-
ogeneity of Ca pumping among cells (Garcia-San-
cho & Lew, 1988a). But Ca-pumping ability should
be severely restricted by ATP depletion in the ex-
periment of Fig. 3, where measured mean cell ATP
levels were about 1 umol/liter original cells. How-
ever, when these cells were washed and resus-
pended in medium of the same composition (includ-
ing 1 mMm CaCly) except that ¥Ca was omitted,
cellular ¥Ca was lost at a rate of 4.4 umol/liter orig-
inal cells per hour (not shown), much larger than the
measured rate of uptake (1.6 wmol/liter original
cells per hour, Fig. 3). These results suggest that
there is some active Ca pumping from the cells. In
these cells glycolysis is blocked at the glyceralde-
hyde-3-phosphate dehydrogenase level by iodoace-
tate, but still some ATP could be derived from 2,3-
diphosphoglycerate. Fig. 4(A) shows the effects of
inhibiting 2,3-diphosphoglycerate phosphatase with
tetrathionate (Duhm, Deuticke & Gerlach, 1968) on
the uptake of Ca by cells incubated with iodoace-
tate and inosine. The uptake of 4°Ca was acceler-
ated 7-8 times, from 2.1 umol/liter original cells per
hour in the controls to 15.9 wmol/liter original cells
per hour in the tetrathionate-treated cells. Simulta-
neously the formation of H cells increased to give
near 100% during the first hour of incubation with
tetrathionate (Fig. 4B).

The increased “Ca uptake produced by te-
trathionate could be attributed either to an increase
of the passive permeability to Ca or to an inhibition
of Ca extrusion. To test this point we measured the
extrusion of ¥*Ca from cells first incubated during 4
hr in low-K medium containing iodoacetate and in-
osine and 1 mm #CaCl, and then washed and resus-
pended in the same medium containing 1 mm CaCl,
without tracer. Under these conditions the rate of
extrusion of “Ca measured during the first 15 min of
incubation was decreased from 5.5 to 1.4 umol/liter
original cells per hour by the presence of tetrathio-
nate (Fig. 5).

In order to check directly the effects of te-
trathionate on the rate of uptake of “*Ca without
interference of possible effects on pumping, the up-
take was measured in cells first loaded with the Ca
chelator benz2. Under these conditions Ca taken up
does not increase the cell Ca?* levels to the point of
activating the Ca pump. Consequently the true rate
of influx can be approached. The results are shown
in Fig. 6. Comparison of curves g and 4 shows again
the stimulating effect of tetrathionate in cells not
loaded with benz2. The rate of uptake of ¥Ca by
benz2-loaded cells (curve ¢) was increased 3—4
times over the control value, obtained in cells not
loaded with the chelator, and the presence of te-
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depleted human red cells. Cells were first incubated at 20% he- g‘
matocrit in standard medium containing 2.5 mm sodium iodoace- L Control a
tate, 10 mM inosine and 1 mm “CaCl for 4 hr at 37°C. Then the )
cells were washed twice and resuspended at 20% hematocrit in p”
medium containing iodoacetate and inosine and 1 mm CaCl, and &
divided into two aliquots to one of which (filled circles) 5 mm ~ 0 [ { |
sodium tetrathionate was added. Both cell suspensions were 0 1 2 3

then incubated at 37°C and samples were taken after different
times for determination of “*Ca content of the cells. Other details
as in Fig. 3

trathionate did not additionally increase the rate of
uptake of ¥*Ca by benz2-loaded cells (curve 5).
These results demonstrate that the increased rate
4Ca uptake induced by tetrathionate in ATP-de-
pleted cells is not due to an increased passive per-
meability to Ca, but to the inhibition of Ca extrusion
through the Ca pump. On the other hand, it seems
clear that the rate constant for Ca uptake esti-
mated from the time course of the uptake by ATP-
depleted cells is an underestimate of the true rate
constant for influx. This is due to the extrusion of

incubation time in hours

Fig. 6. Effects of tetrathionate and preloading with benz?2 on the
uptake of ¥Ca by human red cells depleted by ATP by incubation
with iodoacetate and inosine. Cells suspended at 20% hematocrit
were loaded with benz2 by incubation with benz2-acethoxy-
methyl tetraester, 0.2 mM, for 1 hr at 37°C. Control cells were
incubated similarly without the benz2 derivative. Then both cell
suspensions were washed twice and resuspended at 20% hemato-
crit in standard medium containing 2.5 mM sodium iodoacetate,
10 mM inosine and 0.1 mM EGTA. After 4-hr incubation at 37°C
cells were washed and resuspended at 20% hematocrit in stan-
dard medium containing iodoacetate and inosine. Each suspen-
sion was divided into two aliquots and sodium tetrathionate (5
mM) was added to one of them (closed symbols). Immediately 1
mM $CaCl, was added and samples for determination of the ¥Ca
content of the cells were taken after the indicated times of incu-
bation at 37°C. Other details as in Fig. 3
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Fig. 7. Volume changes of intact human red cells induced by
different Pb concentrations. Crude records of the transmittance
of the cell suspensions at 650 nm are shown. Pb was added at 7 =
0 at the concentrations shown in the Figure. Hematocrit was 5%.
For details see Materials and Methods

Ca by the Ca pump, even in ATP-depleted cells.
With regard to the difference observed between the
uptake of ¥Ca by tetrathionate-treated ATP-de-
pleted cells (curve d) and by benz2-loaded cells
with or without tetrathionate (curves ¢ and b) we do
not have a clear explanation. Perhaps membrane
hyperpolarization subsequent to the activation of
Ca**-dependent K* channels, which should be larg-
est in the tetrathionate-treated cells not loaded with
benz2, accelerates ¥Ca uptake.

In order to estimate the rate of ATP production
derived from 2,3-diphosphoglycerate in cells
treated with iodoacetate and inosine, the rate of py-
ruvate output with and without tetrathionate was
measured. Pyruvate was produced at a rate of 327
wmol/liter cells per hour in the control and the rate
was reduced to 150 uwmol/liter cells per hour by the
addition of tetrathionate (data not shown). This
result suggests that 2,3-diphosphoglycerate is me-
tabolized at a rate of at least 177 wmol/liter cells per
hour in ATP-depleted cells, which implies the pro-
duction of the same amount of ATP from ADP.

AvrLL OrR NoNE CELL RESPONSE OF HUMAN RED
CELLS TO ADDED Pb

As stated in the introduction, the addition of lead to
a suspension of human red cells produces an in-
crease of K permeability which takes place through
the same pathway activated by Ca (Riordan & Pas-
sow, 1973; Passow, 1981). The uptake of lead by red
cells is extremely quick (Simons, 1983, 1986a,b).
This represents a technical advantage for the study
of the all or nothing response. Lead-induced activa-
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tion of Ca’*-dependent K channels was estimated
from the changes of cell volume of red cells sus-
pended in low-K SCN~-containing medium, fol-
lowed by scattering measurements. Figure 7 shows
the changes of Teso induced by the addition of sev-
eral amounts of Pb. At 100 uM Pb a maximal re-
sponse was obtained. At the smaller concentrations
of Pb there was a measurable lag between the addi-
tion of Pb and the start of shrinkage and, after an
initial shrinkage, volume stabilized at a level which
depended on the concentration of Pb. These results
are consistent with previous reports (Riordan &
Passow, 1973; Shields et al., 1985) and suggest that
the loss of KCI induced by Pb has an all or none
nature. The presence of two subpopulations of cells
was first suggested by measurements of the osmotic
resistance of lead-treated human erythrocytes. Pas-
sow and Tillmann (1955) showed that at lead con-
centrations that caused about 50% K loss the fre-
quency distribution of lysed cells at different
tonicities showed two peaks of about equal size (see
also Riordan & Passow, 1973). In order to check
this hypothesis we separated cell subpopulations by
centrifugation over phthalate oils after treatment
with Pb and found that: a) The percent of H cells in
each case was the same as the decrease of Ty if
that was expressed as percent of the decrease ob-
served with the concentration of lead giving maxi-
mal effect (data not shown). b) The cells which did
not sediment through DEP (L cells) had in all cases
the same K content as the controls, not treated with
Pb, whereas H cells sedimenting through DEP had
lost K (Table 1).

The use of Pb is tricky and a few technical re-
marks are pertinent. We confirmed previous reports
(Simons, 1984) showing that Pb is much more effi-
cient (3-5 times) to activate K permeability if the
cells are depleted of inorganic phosphate by prein-
cubation with inosine. We also found that preincu-
bation of the cells before Pb addition rendered them
less susceptible to the effect of Pb on K permeabil-
ity. This effect was due to release of inorganic phos-
phate from the cells to the medium and was faster
the higher the temperature of preincubation. For
example, the effect of 30 um Pb was decreased by
50% by a 60- to 70-min preincubation at 25°C and by
100% by a 120-min preincubation (data not shown).
The inhibitory effect could be avoided by resus-
pending the cells in fresh medium. These observa-
tions may be relevant for the interpretation of
results obtained using long incubation periods.

Kinetics of Pb-induced K release were studied
in some detail. Figure 8 shows a logarithmic plot of
the change of transmittance at 650 nm referred to
the change of transmittance at ¢ = e, Table 2 shows
a summary of the results of 18 similar experiments.
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Table 1. Potassium contents of H and L cell fractions after treat-
ment of human red cell suspensions with different Pb concentra-
tions?
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Table 2. Kinetic parameters of lead-induced swelling of human
red cells incubated in low-K medium containing SCN-2

Added Pb (ny Lag Komax Percent
Added Pb Percent K content (nmol/liter cell (min) (min~") activation
(um) dense cells (mmol/kg hemoglobin) suspension)
L cells H cells 100 3 04-06 080002 100
50 2) 04-08 079-085 100
4 13.8 308 177 30 2 15 0.36 —0.45 91 —9%4
5 19.1 306 178 10 (7 40=x14 021006 8l 6
6 36.0 302 163 5 4 65+x06 013+002 58 7
7 34.3 298 154
8 51.9 300 132 2 All the experiments were performed at about 5% hematocrit
10 71.3 305 106 with similar design as those shown in Figs. 7 and 8. n stands for

a Cells were suspended at 5% hematocrit in a solution containing
75 mM of each NaCl and NaSCN, and 10 mM of K-HEPES, pH
7.5. To aliquots of this cell suspension the amounts of Pb indi-
cated below were added. After 20-min incubation at 20°C sam-
ples were taken and centrifuged over either diethyl-phthalate or
dibutyl-phthalate oil and the hemoglobin and K contents of the
cell pellets were determined. K content in L cell fraction was
estimated by difference. Each value shown below is the mean of
two individual determinations differing by less than 10%. The K
content of control cells, not treated with Pb, was 305 mmol/kg
hemoglobin.

25

Time in minutes

Fig. 8. Kinetics of the changes of volume induced by different
Pb concentrations in intact human red cells. Transmittance re-
cords as those shown in Fig. 7 have been linearized by plotting
Lo{(T, — T.)AT, — T.)}, where the subfixes indicate the time of
measurement. Dotted lines are extrapolations to calculate the
time lag before maximal rate of shrinkage is reached. Hematocrit
was 5%. Pb concentrations were: 100 (circles), 30 (triangles), 10
(squares) or 5 uM (inverted triangles)

At Pb concentrations higher than 50 um 100% of the
cells became H and shrinking was extremely fast,
with a half-time of about 0.9 min. Even in these
conditions there was a lag after Pb addition of 0.4-

number of determinations. Values are given as mean * SD or
range of individual determinations. Lag was estimated by extra-
polation of the maximum slope portion of the lines to the initial
volume, as shown by discontinuous lines in Fig. 8.

0.6 min before the rate of shrinkage reached its
maximal value. At smaller Pb concentrations the
fraction of cells which shrunk decreased and the
rate of shrinkage of these cells also decreased (Ta-
ble 2). In addition, the time lag before maximal rate
of shrinkage was reached increased. These results
are consistent with previous observations (Shields
et al., 1985) and suggest that the response to Pb is
not strictly all or none since Pb concentration modi-
fies not only the fraction of cells which respond but
also the rate at which K is lost.

Analysis of the Pb content of H and L cell sub-
populations was also attempted. Table 3 shows the
results of two experiments. On the average H cells
contained 65% more lead than L cells. By compar-
ing the mean cell content of lead (all the cells) with
that associated with the H cell fraction using the
paired r-test the difference was significant (P <
0.01) in spite of the large variability of individual
data.

Discussion

Human red cells incubated with iodoacetate and in-
osine take up Ca from the medium at a very slow
rate of about 1-2 umol/liter cells per hour. We have
presented evidence, however, that unidirectional
fluxes of Ca are much faster suggesting that most of
the Ca entering from the medium is extruded
through the Ca pump. To stress this discrepancy
between net and exchange fluxes we shall refer be-
low to a ‘“‘pump-leak steady state’” even though a
true steady state is not established in these cells
since net flux never becomes zero. This pump-leak
steady state is established at transmembrane ex-
change rates of Ca of about 15 pmol/liter cells per



J. Alvarez et al.: All or None Cell Responses of K(Ca) Channels

Table 3. Lead distribution in H and L cell fractions of human red
cells incubated with different Pb concentrations®

Exp. no. Added Pb  %H Pb contents

(M) (umol/liter original cells)
All cells Hcells L cells

1 2.0 21 15 32 11
2.5 54 24 23 25
2.5 40 25 35 19
2.5 47 29 41 18
3.0 63 28 33 20
3.0 44 28 49 13

2 2.2 21 17 14 8
2.2 28 17 15 8
2.5 46 17 23 12
2.5 43 20 29 13
2.7 58 22 29 12
2.7 56 21 18 24

« Cells were first incubated during 2 hr at 37°C in inosine-contain-
ing medium in order to reduce their inorganic phosphate content.
This has been shown to decrease the amount of Pb bound to the
cell by nonspecific mechanisms (Simons, 1984). Then the cells
were resuspended at 6.2 (Exp. 1) or 7.9% (Exp. 2) hematocrit in
inosine-containing medium and the amounts of Pb indicated be-
low were added. After 10 min at 37°C NaSCN was added from a
0.15 ™M solution to give a final concentration of 30 mM in the
suspension. After 20 more min of incubation duplicate aliquots of
the cell suspension were centrifuged over dibutyl-phthalate and
over diethyl-phthalate oils and the Pb content of cell extracts was
determined by atomic absorption spectrophotometry and nor-
malized with reference to the hemoglobin content. The Pb con-
tent of L cells was estimated by differences. The treatment with
Pb did not decrease the ATP content of the cells by more than
15%.

hour. This exchange rate is not very different from
that measured in fed cell (Lew et al., 19825) but it
should require higher intracellular Ca?* levels in or-
der to activate the Ca pump, depressed because of
the low ATP levels. The increased cytoplasmic
Ca’* concentration is enough, in some cells, to acti-
vate the K channels. Although cell ATP goes as low
as 1 um, turnover rates as high as 150-300 wmol/
liter cells per hour should take place according to
our measurements of pyruvate output. Most of ATP
formation is supported by hydrolysis of 2,3-diphos-
phoglycerate. The values obtained here 'are in ac-
cordance with turnover rates for ATP of about 200
wmol/liter cells per hour measured previously in red
cells poisoned with iodoacetamide plus inosine
(Glynn & Lew, 1970) and for maximum hydrolysis
rates estimated for 2,3-diphosphoglycerate (Mom-
sen, 1981).

It has been shown previously that, in inosine-
fed red cells, the imposition of a uniform Ca influx
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with the ionophore A23187 leads to the develop-
ment of an extremely heterogeneous Ca distribution
in steady state. This behavior is due to heterogene-
ity of the Ca-pumping capacity among cells (Garcia-
Sancho & Lew, 1988a). Since, as discussed above,
ATP-depleted cells also maintain a pump-leak
steady state for Ca, the heterogeneity of Ca distri-
bution found here could be attributed to the same
reason: differences of Ca-pumping ability among
cells.

The all or none cell response of Ca-dependent
K channels can then be attributed to heterogeneity
of Ca distribution. There is no need then of postu-
lating a coordination of channels threshold within
each individual cell nor differences of the threshold
sensitivity to Ca?* from cell to cell. Direct compari-
son of the Ca?* sensitivity to the K channels in
inside-out vesicles derived from H and L cell frac-
tions (Fig. 2) showed no differences in their sensi-
tivity to Ca?*. It could be argued, however, that
differences among cells are lost by the release of
cytoplasmic contents or other modifications pro-
duced by the vesiculation procedure. The mem-
brane hyperpolarization resulting from activation of
the K channels could exaggerate the differences of
Ca content between H and L cell fractions since
hyperpolarization has been reported to increase Ca
uptake by red cells (Szdasz, Sarkadi & Gardos,
1978). Should this situation apply, a positive feed-
back mechanism would be established which would
sharpen the all or none cell response and the hetero-
geneity of Ca distribution between H and L cell
fractions.

We confirm in this paper the basic characteris-
tics of the all or none cell response to Pb described
previously (Riordan & Passow, 1973; Shields et al.,
1985). The rate of shrinkage of responding cells
changed with Pb concentration, suggesting that the
response is not strictly ‘‘all or nothing.”” Heteroge-
neity of lead distribution between the responding
(H) and nonresponding (L) cells was also detected,
although it was smaller than that described above
for Ca. It has been reported recently that Pb can be
extruded from red cells through the Ca pump (Si-
mons, 1984). Individual differences in pumping ca-
pacity among cells, could therefore also explain the
heterogeneity of Pb distribution.

The experimental evidence presented suggests
that the all or none cell response of the red cell K
channels can be explained by heterogeneity of ago-
nist distribution among cells in the two cases stud-
ied here. The Ca pumps rather than the K channels
would seem to generate the heterogeneous response
of the individual cells. The all or none cell response
of Ca**-dependent K channels reported for red cell
ghosts loaded with Ca buffers (Heinz & Passow,
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1980) remains now the only case which cannot be
attributed to heterogeneity of agonist distribution.
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