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We studied the effect of varying the rate of ionophore A23187-induced calcium influx on the mean calcium
content of inosine-fed human red cells in pump-leak steady state. Slow calcium infusion caused only a
marginal reduction in the mean calcium content of cells in the steady state relative to their content after

sudden calcium addition.

The divalent cation ionophore A23187 has been
extensively used to identify and characterize
calcium effects and calcium transport in a variety
of cells. In red cells, the ionophore-permeabiliza-
tion method, alone or in conjunction with non-dis-
ruptively incorporated calcium chelators, has en-
abled measurement of cytoplasmic Ca and Mg
buffering, physiological Ca’* levels, the char-
acterization of active and passive calcium trans-
port, and the effects of intracellular Ca’* on other
ion transport systems and on cell metabolism
[1-20]. A common experimental feature in all
these previous studies was that the increase in
calcium influx mediated by the ionophore was
implemented suddenly, either by addition of
calcium in the presence of ionophore or by ad-
dition of ionophore in the presence of Ca. When
the ionophore-induced calcium influx was below
about 30 mmol/1 cells per h, the mean calcium
content of inosine-fed red cells was found to reach
steady levels which were lower than those in
ATP-depleted cells [1,7,18,19]. Such steady states
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were interpreted as representing the balance be-
tween ionophore-induced passive calcium influx
and active calcium extrusion by the powerful red
cell calcium pump [1,18]. Recent results [21], how-
ever, suggest that despite the well documented
uniformity of ionophore-induced calcium permea-
bility [16], the distribution of calcium in those
steady-states is extremely heterogeneous. Most of
the cell-associated calcium was found to be con-
tained near equilibrium within a fraction of cells
whose ATP production failed to match consump-
tion by the pump and thus became ATP depleted.
Brown and Johnston [17] found that a rise in
internal calcium stimulated lactic acid production
but with delays of up to 20 min and with a
biphasic Ca?*-concentration dependence. This
suggests that the rate at which ionophore-induced
calcium influx is raised, or that at which Ca?™*
changes within the cells, may critically influence
their ability to sustain ATP synthesis rates that
would match ATP breakdown by the pump. It has
therefore become necessary to investigate whether
more gradual increases in ionophore-induced
calcium influx would allow a larger proportion of
cells to balance the metabolic demand of the
calcium pump, thus reducing the fraction of
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ATP-depleted cells and consequently the mean
calcium content of the cells in steady state. In the
experiments reported here, we investigate this
point by comparing the steady-state mean calcium
content of ionophore-treated, inosine-fed red cells,
suspended in media to which calcium was infused
at different rates, but to the same final concentra-
tion.

Red cells from fresh, heparinized blood were
washed twice with a medium containing, in mM:
KCl, 80; NaCl, 70; Hepes-Na (pH 7.55), 10;
MgCl,, 0.2; EGTA, 0.1, and twice more with the
same medium but without EGTA. After these

washes the cells were suspended at 10% hematocrit *

in the same medium, containing in addition 10
mM inosine and the concentrations of EGTA
shown in Table I for each of the experiments
performed. This suspension was preincubated for
about 15 min at 37°C before addition of iono-
phore A23187 (2 mM stock solution in DMSO),
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under vigorous magnetic stirring, and then divided
into three or four equal parts for addition of
calcium in the amounts and at the rates indicated
in Table I. The same concentrated **Ca stock
solution, with a specific activity of about 107
cpm/pmol, was used in all experiments. Sudden
addition of calcium was done by means of a
one-step dispensing pipette. Continuous infusion
was performed by a pump-driven syringe at a
constant rate. The concentration of calcium in the
infusion solution varied from 2.5 to 50 mM and
the volumes delivered to 2 ml of cell suspension
from 20 to 50 pl. The rate of calcium infusion was
monitored in 10 ul samples taken at regular inter-
vals during the infusion. The measured rate of
change in calcium concentration in the suspension
is reported in Table I for all the experiments. The
mean calcium content of the cells was measured
between 15 and 40 min after the onset of calcium
infusion or sudden calcium addition in 0.05 ml
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Fig. 1. Effect of the rate of calcium infusion on the mean cell calcium level at low calcium influx. The experiment corresponds to that
reported second in Table 1. Panel A shows the measured change with time in the total calcium level of suspensions (B) (O) and C (®).
In suspension A (O), calcium was added at zero-time in one step, to the same final level as in suspensions B and C. Panel B shows the
change with time in the mean total calcium content of the cells in the three suspensions. In all instances the first samples were taken
after calcium infusion was completed. Note the break in the ordinate scale to accomodate the points after extra ionophore addition.
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Fig. 2. Effect of the rate of calcium infusion on the mean cell
calcium content of the cells at high calcium influx. The experi-
ment corresponds to that reported last in Table I. The infusion
rate shown in Panel A corresponds to that applied in condi-
tions C (@) and and D (O). In conditions A (@) and B (O)
calcium was delivered at zero-time in one rapid step and to the
same final level as in C and D. The meaning of the panels is as
in Fig. 1.

samples of the cell suspension, after separating the
cells by centrifugation through dibutylphthalate
oil as described before [1,18). At 40 min, ad-
ditional ionophore was added to the suspension to
increase its concentration by 10 uM in order to
induce calcium equilibration in all the cells. The
condition with high ionophore yields a, the frac-
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tion of ionized calcium within the cells, from
a= (et et

where r is the ratio of internal to external proton
concentrations, and the second factor represents
the ratio of external to total cell calcium con-



centrations at equilibrium [1,8]. With a, the ex-
pected [CaTi]eq may be computed for any [Cal]
(penultimate column, Table I). In the first three
experiments of Table I, the combination of iono-
phore and calcium concentrations was set to pro-
vide calcium influxes from 2 to 8 mmol /1 cells per
h, a range well below the maximal metabolic and
calcium extrusion capacity of most cells. Except
for one condition (curve B in the experiment of
Fig. 1), the rate of change in calcium influx had
no meaningful effect on the mean calcium content
of the cells in the steady-state.

When the concentrations of ionophore and fi-
nal calcium in the suspension were at levels which
produced more than 20% of Ca-equilibrated cells
after sudden addition of Ca, as in the last three
experiments of Table I, slow calcium influx re-
duced the fraction of Ca-equilibrated cells in all
but one of the six conditions investigated (curve D
of Fig. 2). This exception, as well as the noticed
differences between carefully duplicated condi-
tions at low (first three experiments) and high (last
three experiments) Ca influx values, seem to indi-
cate the operation of subtle, highly unstable fac-
tors determining the fraction of Ca®*-equilibrated
cells.

The results reported here show that large
changes in the rate at which ionophore-mediated
calcium influx is increased have relatively little
predictive effect on the steady-state calcium con-
tent of inosine-fed human red cells. It would seem
that when the final calcium influx exceeds 10
mmol /1 cells per h, a slow increase in calcium
influx tends to improve, if only marginally, the
ability of a larger proportion of cells to sustain
higher metabolic rates of ATP synthesis. The ab-
solute value of the final calcium influx within each
experiment still appears to be the main factor
which determines the fraction of cells able to
match the inosine-sustained metabolic production
of ATP to the rate of ATP breakdown by the
calcium pump.
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