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Astivation by [Ca®*], of Ca®*-sensitive K™ channels has long been known to cause dehydration of red cells
suspended in low-K, plasma-like media. However, the fundamental question of the extent to which Ca influx
must be increased to trigger dense cell formation in conditions likely to arise in the circulation has not been
established. We report here that in ionophore permeabilized red cells, increasing Ca influx above 0.7
mmol /litre cells per h induces the formation of subpopulations of dehydrated cells within 1-2 howrs, The
presence or absence of glycolytic substrates had Litle effect supgesting that ATP deplefion was not large
enough to significantly iphibit the pump within that period. Below maximai dehydrating Cz influxes of 2bout
1.2 mmol /litre cells per h, the trend was for the fraction of dense cells formed fo remain steady in time. As
Ca influx was increased, both the rate of dense cell formation and the fraciion of dense cells formed
increased. These results are analyzed in relation to mechanisms and to possible states of increased Ca?*

permeabllity in physiclogical and physiopathological conditions.

Introduction

Ca®* permeabilization of red cells in vivo has
been suggested to occur under normal and
abnormal conditions, but was only convincingly
demonstrated under certain abnormat conditions
{1,2]. Shear stress in the microcirculation, and the
process of normal red cell senescence were claimed
to pecur with states of increased Ca®* permenbil-
ity [3-6). In sickle cell anaemia, the ¢levated red
cell {Ca']; [7.8], mostly accumulated by inward
transporting Ca®* pumps within endocytic vesicles
{9-11], documents past episodes of intracircula-
tory Ca®** permeabilization with iransient in-
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creases in [Ca®"];. More recent evidence suggests

that these transient [Ca™*); increases may also
activate the K¥ channels of some cells and cause
their dehydration [1,2]. This is imporiant and a
subject of intense research because such a mecha-
nism may explain critical steps in the physiopa-
thology of sickle cell anaemia, where the presence
of dense and irreversibly deformed red cells (ISCs)
is thought to participate in vaspocclusive episodes
responsible for the main symptoms in this disease.

What has not been investigated vet is the more
peneral and basic question of the precise level of
Ca®" permuabilization required to trigger dehy-
dration of normal red cells through K channel
aciivation in plasma-like media. Aside from its
intrinsic interest, this investigation represents a
necessary ‘normal cell calibration’ for comparison
with the results in abnormal red cells. The results
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presented here show that ionophore-induced Ca
influxes representing less than 3% of the maximal
Ca extrusion capacity of the Ca?" pump can gen-
crate subpopulations of dense cells, as dense as
I8Cs, within one hour of Ca%* permeabilization,
that dehydration of all cells is readily obtained
with only twice the threshold influx, and that
belaw maximal response different cells show dif-
feremt degrees of dehydration and terd to remain
partially debvdrated despite sustained Ca®* per-
meabilization.

Materials and Methods

Blood was gbtained from the blood bank (less
than two weeks old) or from healthy volunteers by
venipuncture into heparin-containing sysinges. The
cells were washed four times in a medium (solu-
tion A) centaining {in mM): NaCl, 145; KCl, 3;
Tris-HCl or Hepes (pH 7.6-7.7 at 37°C), 10;
MgCl,, 0.2; EGTA, 0.1. The buffy coat and top-
most cell layer were removed after cach wash, The
remaining washed red cells were resuspended at a
10% haematocrit in solution A but with only 20
pM EGTA. When present, the external concentra-
tions of glucose and inosine were 10 mM and that
of iodoacetamide, 6 mM. The cell suspension was
preincubated at 37°C for 15-30 min. Ionophore
A23187 was added to this suspension from con-
centrated stock in ethanol or dimethyl sulfoxide
{DMSO0) to give the reported final concentrations.
Two to five minuies after ionophore addition
aliquots of the cell suspension were disttibuted
into magnetically stirred tubes containing con-
centrated Ca’* solutions to give the different in-
tended final Ca?* concenirations, Time zero for
each condition corresponded to the initiation of
the Ca influx, at the moment of mixing the Ca®*
permeabilized cells with Ca’*. At the indicated
times, 50 pl samples of each suspension were
added to 1.5 ml nominal capacity plastic micro-
fuge tubes containing 0.95 ml of solution A and
0.4 mt of phthalate oils, at room temperature, and
rapidly spun for about 1 min at 14000 x g. It was
important 1o perform the density separations at
about 20°C since the viscosity of the denser
phthalate oils is increased at lower tcmperatures
and this reduces the fraction of cells which could
iraverse the oil within convenient spinning times.
After the spin, the fluids and cells on top of the

cell pellets were aspirated, the tube walls dried
and <leaned with cotton swabs, and the cells in the
pellet lysed in 1.4 ml of Drabkin’s solution for
haemaglobin measurements. The phthalate oils
used were dibutylphthalate of relative density
1.042, through which alt cells would spin, diethyl-
phthalate of relative density 1.117-1.118, through
which only cells that have lost over 36% of their
originat K content [3,12] would spin, and mixtures
prepared a2d hoc to give intermediate densities as
illustrated in the experiment of Fig. 3. The
haemoglobin in dense cell pellets was divided by
the total haemoglobin in dibutylphthalate pellets
from comparahle samples in order to calculate the
reported fractions of dense cells. This automati-
caly corrects for lysis since the haemoglobin in the
dense cells is referred to that in unlysed cells at
each time.

To measure the ionophore-induced Ca influx
responsible for dense cell generation it was neces-
sary to inhibit the Ca’*-pump mediated fluxes.
Pump inhibition was achieved by deplating red
cell ATP by preincubation with inosine and
iodoacetamide, as described previously [13). The
ATP-depleted cells were resuspended in similar
conditions to those used for the normal-ATP cells
except for the presence of ©Ca (specific activity
about 107 cpm/gmol). Ca influx and Ca-induced
changes in density distribution were always mea-
sured in parallel in cells from the same batch, as
illustrated in the experiment of Fig. 4. At selected
times, 50 pl samples were delivered to microfuge
tubes with solution A and dibutylphthalate oil as
before but at 0°C to prevent loss of Ca from the
cells through residual ionopaore permeability (cell
pelleting through dibutylphthalate is not reduced
at low temperature even during short spins [14].
The Ca content of the cells was determined by
measuring the **Ca activity in trichloroacetic acid
extracts of the cell pellets [24,14).

Resuits

Preliminary experiments such as that of Fig, 1
indicated the ranpge of ionophore and external
Ca®* concentrations required for submaximal
dense cell formation using, the density of diethyl-
phthalate oil (1.117-1.118) as the cut-off point.
The results in Fig. 1, with inosine-fed red cells
from five different donors, are representative of
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Fig. 1. Time course of Ca influx-induced dense cell formation in red cells from five different donors. Donor codes: a, SOA (blood
bank); b, WN {blood bank); ¢, YLE; &, CIF; ¢, JTT.

six similar experiments, The ionophore concentra- donors. In all, however, despite regular incraments
tion in the suspension used was 0.1 M, equiv- in external Ca®*, the distribution of submaximal
alent to about 1 pmol /Hisre cells [15]. The external intermediate curves was such that few could be

Ca?* concentration range in which dense cells found in the middle range, suggesting that the
formed was 30-500 pM. At submaximal dense range of Ca influx. from minimal to maximal
cell formation the fraction of dense cells lavelled effect, is rather narrow, and that the response to
off in time and showed no tendency to rise pro- such influx is non-linear. The steepness of the

gressively to maximal levels. The lowest measured response is illusirated in Fig. 2, drawn using the
steady dense cell fractions were reached in 90-120 maximal dense cell fractions from each of the
min whereas the highest were atiained in less than curves in Fig. 1.

30 min. The roaximal fraction of dense cells Formed Under conditions of rapid and high dense ceil
comprised 80 to 100% of the cells in samples from formation, the fraction of dense cells showed a
different donors. Incressing the external Ca®* variable tendency to decline with time (Figs. 1. 4a

concentration increased both the rate of dense cell and 6, but see also Fig. 3), probably due to both
formation and the final fraction of dense cells. In time ané Ca**-dependent lysis of ionophore-
comparable conditions, the fractions of dense c2lls treated cells [16]. Lysis was allowed for in the

varied somewhat among cells from different present experiments (sce Methods). Prelytic re-
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Fig. 2. Maximal dense cell fraction 2s a functicn of ICaz"' lo-
Each point is fiom one of the curves in Fig. 1. Inset: donor
codes (as in Fig. 1) and cemesponding symbols.

swelling of some of the shrunken cells or activa-
tiep of Na influx through the Na* /H* exchanger
by the increased [Ca**); and the lowered internal
pH within the shrunken cells may also contribute
to explain the observed decline [12,17,18}, but this
vsas not investigated here.

Formation of dense cells in the experilnent of
Fig. 1 was followed with reference to z single
arbitrary density cut-off point. In the experiment

of Fig. 3 the Ca®*-induced changes in cell density
were measured for three density cut-off points.
The results show that the dense cell fraction
formed at each Ca influx is larger the lower the oil
density used for separating dehydrated cells. This
indicates the existence of intermediate density
shifts which persist in time, suggesting that the
increased Ca influx generates stable subpopula-
tions of cells with different levels of dehydration.

The precise refation between cell ionophore
eoncentration and ionophore-induced Ca influx
was determined in the past for ATP-depleted cslis
suspended in high-K media, in conditinns which
prevented cell volume and ion composition
changes [19,20]. A rovgh cstimate of the likely Ca
influx range in the experimeat of Fig. 1 based on
the equilibiium measurements suggests that dense
celis may form when Ca influx is as low as 0.2-0.3
mmol/litre cells per h. This is far below the
saturated Ca®*-pump extrusion capacity (approx.
30 mmol / litre cels per h [21)), and only 4-10-times
the physiological Ca influx (approx. 50 pmol/litre
cells per h [22]). In conditions in which Ca®*-per-
meabilized cells become dehydrated, the relation
between cell ionophore concentration and Ca in-
flux has not been investigated. Since the iono-
phore is a striet Ca®*/2H* exchanger [23], and
the proton concentration ratio increases in dehy-
drated cells [3,12,14,21,24,25], Ca influx and the
final {Ca?"); level may be expected to be higher in
dehydrated cells. It is therefore important to di-
rectly measure Ca influx in low-K media.
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Fig. 3. Time caurse of Ca infiux-induced dense cefl formation at three different densilies. The stock solution of ionophore used in this
experiment (0.2 mM in ethanol) was about two years old and induced aboul 4-fold slower Ca {*>Ca) influxes into ATP-depleted cells
than equivalent nominal concentrations of ionophore from the stacks used for the other experiments {not shown).
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Fig, 4. Time course of Ca influx-induced dense ccl! formaticn (a3, and Ca (** Ca) influx into the same cells after ATP depletion (b).

This was done in the experiments illustrated in
Figs. 4 and 5. Ca**-induced dense cell formation
{Fig. 4a) and Ca influx (Fig. 4b) were determined
in parallel in the same cells. Ca influx was mea-
sured after ATP depletion. Otherwise, the condi-
tions were ihe same as those in the experiments
shown in Fig. 1. The results in Fig. 4b report
initia] Ca influx values of between 0.7 and 1.2
mmol/litre cells per h for the range of Ca®*

concentrations spanning minimal to maximal levels
of dense cell formation in the inosine-fed cells
(Fig. 4a).

Ca influx was simultaneously measured in high-
K and low-K conditions for comparison (Fig. 5).
The inophare and initial external Ca?* con-
centrations were identical for both groups. At
comparable external Ca* concentrations, both
the initial Ca influx and the finat cell Ca** con-
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Fig. 5. Comparison between ionophore-induced Ca influx into
ATPdepleted cells suspended in high-K (coatinugus line) or
low-K (dashed line) media, at two differemt externs! Ca**
concentrations.

ieni were higher in the low-K conditions. Ca
inflox in iow-K media was about twice that in
equilibrium conditions. The detailed mechanism
of these differences as well as the study of both Ca
influx and cytoplasmic Ca buffering is outside the
scope and aims of the present work, and will be
reported separately. The relevant resuit here is
that Ca influx in low-K media is at most only
twice that in equilibrium conditions.

In two pilot experiments using *Ca, it was not
possible to detect any significant increase in the
mean total Ca content of dehydrated cells ((CaT];)
exposed to ionophore induced Ca infiux in any
submaximal condition (not shown). With the pre-
cision of such measurements [14,24} [Ca"), must
have increased by less than 1 pmol/litre cells.
This means that the Ca®* pump sustained a
pump-leak baiance with minimal total Ca gain in
all but maximally permeabilized cells. This is in
line with the low Ca influx found to be required to
form dense cells, hardly a challenge to the Ca®*
pump in fed cells. With a Ca®*/ATP stoichiome-
trv of about 1:1 [26,27], the increased ATP con-
sumption by the Ca?* pump required to balance
the ionophore-induced Ca influx, of up to about
L5 mmoi/litre celis per B, may however pose a
small metabolic overload on the normally shuggish

glycolytic metabolism of the red cells. The extent
to which this may affect dense cell formation was
investigated in the experiment illustrated in Fig. 6.
The fractions of dense cells formed at different Ca
influx in the absence of substrates, were compared
with those formed in the presence of glucose or
inosine. The protocol was otherwise identical to
that of Fig, 1. The results show that the presence
or absence of subsirates has little effect on the
range of Ca influx able to generaie submaximal
dense cell populations, and that, within the theee
hour period during which densc ccll formation
was followed, there was no late tendency for the
fraction of dense cells to increase. There was a
minor trend to form higher fractions of dense cells
at comparable influx in glucose relative to inosine,
and slightly more, in the absence of substrate
relative 1o the conditions with glucose or inosine.
This, and the stability of the submaximal fractions
of dense cells formed, suggest that whatever the
effect of substrate presence or absence might be, it
occurs initially, and does not intensify within the
three hour period explored.

Discussion

The present results offer a first characterization
of the conditions required for submaximal Ca-in-
duced dehydration. The main findings are (i) that
for dense cells to form within 1-3 h of Ca permea-
bilization, sustained increases in Ca influx of aboui
0.7 mmol/ litre cells per h are required, (ii) that
maximal dehydration is elicited when Ca influx is
increased further to about 1.2 mmol/ litre cells per
b, and (iil) that as Ca influx is increased within
this range both the rate of dehydration and the
fraction of cells within each density fraction in-
crease. At submaximal Ca influx each dense ceil
fraction formed would tend 10 remain stable in
time. This means that despite uniform increases in
Ca influx, different cells dehydrate initially to
different extent and then tend to remain in a
partially dehydrated state.

The dehydration process investigated here rep-
resents a complex multistep reaction [26). The
sequential steps in Ca2*-induced red cell dehydra-
tion are: (i), increased Ca influx, (ii) increased
[Ca?®*1,. (ii) activation of Ca®*-sensitive K. ™ chan-
nels, (iv}, net loss of K, largely with an accompa-
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nying diffusible anion, but partly also in exchange
for protons [3,12], and (v), loss of a slightly al-
katine, hypertonic fluid [3,12]. We may now at-
fempt to interpret the present results in terms of
the information they provide on some inter-
mediate steps of the dehydration process, as it
may occur in physiological conditions.

It is possible to estimate the pump-leak steady-
state value of [(a?*]; in the Ca influx range where
submaximal dense cell fractions were generated.
Ca efflux through the Ca?* pump in the physio-
logical [Ca®*]; range, far below saturation kinet-

ics, was found to be adequately described by the
equation [22]

Ca efflux = 4-(|Ca?* };)?

In pump-leak steady-state, by definition,
L=a((ca** )’
where L represents the inward leak flux of Ca. If

L' represents the ionophore-induced Ca influx in
which dense cells are formed, and L and [Ca®*];



164

the physiological Ca influx and [Ca®*]; level, re-
spectively, we may estimate [Ca>");, the increased
[Ca®*], expected in the measured L’ range from

(G ) = (27/L) 2 {Ca* |

With values of L', I and [Ca?*]; of 0.7 to 1.2 and
0.05 mmol itre cells per h, and 10 to 30 nM,
respectively, as obtained from Ref. 22 and from
the present results, the predicted increased [Ca®™);
would be in the range 40 to 150 nM. This means,
for instance, that in cells with physiological [Ca®*},
levels around 10 nM, and in the present experi-
mental conditions, minimal dehydration may be
triggered by a {Ca®*); rise to about 40 nM, and
maximat dehydration by a further {Ca*"]; rise 1o
about 50-60 nM. The threshold [Ca?*]; values
and the [Ca*]; range 10 maximal response com-
pare to the lower values found to activate K*
channels in inside-out vesicles, in Mg?*-contain-
ing resealed ghosts and in intact cells under differ-
ent experitnental conditions [21,27-32]. The ob-
served cell heterogeneity of the dehydration re-
sponse precludes any direct assessment of the
kinetics of K" channel activation. However, the
narrow activation range of Ca influxes and esti-
mated [Ca**]; values suggests a steep response of
the K* permeability to [Ca®*]..

The increase in Ca influx caused by polymeri-
zation of hemoglobin § in sickle cell anaemia red
cells. was estimated previously in Benz-2-loaded
discocytes, suspended in autologous plasma, and
exposed to rapid and complete deoxygenation un-
der argon in a ionomeicr [9). The values found
varied from 60 to 200 upmol/liter cells per h,
These represent mean values in the cell popula-
tion, and could be much higher in some cells than
in others. Since the Ca influx range from minimal
to maximal dense cell formation in normal red
cells is so narrow, there is a distinet possibility
that sickling can generate a sufficiently high Ca
influx in some cells, which even if it persists for
brief periods at a time, may lead to cumulative
dehydration. If, as recent experiments suggest [2],
only 5-30% of sickie cell anaemia red cells be-
come highly permeable te Ca during each sickling
pulse, and if most of the measured mean Ca influx
is into such ceils, [Ca?*]; may easily reach values
shown fo have maximal dehydrating effects in
normal cells.

There is a characteristic tendency for the frac-
tions of dense cells to level off in time at submaxi-
mal Ca influx, before the cells had been maxi-
mally dehydrated. This means either that the de-
hydration process has been halted or that it has
been balanced by oposing hydrating processes.
The overall effect resembles a kind of all or none
response [33-36} Although in principle many di-
verse factors may cause such a response, the steep
[Ca®*)-dependence of the K* permeability dis-
cussed above suggests that minor timed reductions
in [Ca?*); may offer the simplest explanation for
the observed effects, and ought to be considered
first in subsequent studies. The reasons why some
cells dehydrate more than others, and some not at
all, may be due to differences in pump-leak
steady-state [Ca®*]; among cells due to dii-
ferences in pumping, or to coordinated differences
in the [Ca®™]; thresholds of the channels belong-
ing to different cells [34,35,37,38]. Further work is
needed to resolve these options.

In conclusion, uniform increases in Ca influx
within the narrow range 0.7-1.2 mmol /litre cells
per h cause minimal to maximal dehydration of
normal human red cells suspended in plasma-like
media. The dehydration response to Ca®™ permea-
bilization is therefore extremely steep and would
seem to occur within the estimated range of [Ca?*];
from 40 to 150 nM. At submaximal Ca influx the
dehydration response i heterogeneons, either all
or none or transient.
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