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Abstract

Elevated [Ca2I11 in deoxygenated sickle cell anemia (SS) red
cells (RBCs) could trigger a major dehydration pathway via the
Ca2+-sensitive KV channel. But apart from an increase in cal-
cium permeability, the effects of deoxygenation on the Ca21
metabolism of sickle cells have not been previously docu-
mented. With the application of 45Ca2+-tracer flux methods and
the combined use of the ionophore A23187, Co2+ ions, and
intracellular incorporation of the Ca2+ chelator benz-2, in den-
sity-fractionated SSRBCs, we show here for the first time that
upon deoxygenation, the mean ICa211i level of SS discocytes
was significantly increased, two- to threefold, from a normal
range of 9.4 to 11.4 nMin the oxygenated cells, to a range of
21.8 to 31.7 nMin the deoxygenated cells, closer to KV channel
activatory levels. Unlike normal RBCs, deoxygenated SS
RBCs showed a two- to fourfold increase in pump-leak Ca2+
turnover. Deoxygenation of the SS RBCs reduced their Ca2+
pump V., more so in reticulocyte- and discocyte-rich than in
dense cell fractions, and decreased their cytoplasmic Ca2' buf-
fering. Analysis of these results suggests that both increased
Ca2+ influx and reduced Ca2+ pump extrusion contribute to the
[Ca2+1i elevation. (J. Clin. Invest. 1993. 92:2489-2498.) Key
words: deoxygenation * sickle cell anemia * red cells * cytoplas-
mic Ca2' buffering * Ca2+ pump * hemoglobin S

Introduction

Circulating sickle cell anemia (SS)' red blood cells (RBCs)
have a well recognized heterogeneity of age, morphology, vol-
ume, composition, membrane structure, and ion transport ( 1-
3). Much of this heterogeneity is the direct or indirect result of
the intracellular polymerization of hemoglobin (Hb) S on
deoxygenation. Sickling permeabilizes the cell membranes to
mono- and divalent cations (2, 4-7) producing secondary ab-
normalities of RBCion and water contents. The ion and water
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1. Abbreviations used in this paper: deoxy, deoxygenated; Hb, hemoglo-
bin; ISC, irreversibly sickled cell; oxy, oxygenated; SS, sickle cell ane-
mia or homozygous hemoglobin S disease.

shifts are mediated mostly by large-capacity K+ transporters,
such as Ca2 -sensitive Kchannels and K:C1 carriers, which can
both be directly or indirectly stimulated by increased intracel-
lular ionized Ca2" concentration (QCa2+]j), resulting in rapid
net loss of KCl and water (8).

SS RBCs have abnormally high total calcium contents
([CaTjI) (9, 10), which is lowest in the light, reticulocyte-rich
cell fraction containing the youngest RBCs, higher in the mid-
dle-density discocyte-rich fraction, and highest in the densest
RBCs, predominantly irreversibly sickled cells (ISC; reference
11 ). The elevated calcium is contained within intracellular vesi-
cles capable of ATP-dependent Ca2" accumulation (12-14).
Normal (AA) RBCs also have endocytic vesicles, whose sub-
stantial calcium accumulating capacity can be demonstrated
experimentally by increasing the Ca2" permeability of the
outer cell membrane (12); but these RBCs are virtually cal-
cium-free ( 15, 16). These comparisons suggest that an increase
in Ca2" permeability is a prerequisite for calcium accumula-
tion within RBCs, and that either the Ca2+ permeability of
normal RBCs is not increased in the circulation or else that
vesicles with accumulated calcium are rapidly and selectively
removed. Since SS RBCshave normal Ca2+ permeability in the
oxygenated (oxy) state in vitro (2), their calcium accumula-
tion must result from deoxygenation-induced episodes of in-
creased Ca2" permeabilization in the circulation, with tran-
sient elevations of [Ca2+] i.

Despite growing evidence for its relevance in triggering SS
RBCdehydration, this predicted deoxygenation-induced in-
crease in [Ca2+]i had not yet been successfully measured ( 17).
Werecently showed (18) that in AA RBCs, deoxygenation
reduced both the saturated Ca2' extrusion rate through the
Ca2" pump (V.,) and the cytoplasmic Ca2' buffering. Those
results prompt the additional question of whether Ca2" pump
inhibition might also occur in deoxygenated (deoxy) SS RBCs
and, together with the observed increase in Ca2" permeability,
could contribute to an elevated [Ca2+]J in those cells. The pres-
ent study examines the effects of deoxygenation on the Ca2+
pump Vn,. of density-separated SS cell fractions, and on the
pump-leak Ca2+ fluxes and [Ca2+]i levels of SS discocytes.

Methods

Composition of solutions. Solution A contained, in mM: KCI, 80;
NaCl, 70; MgCl2, 0.15; Na-Hepes, pH 7.4-7.5 at 37°C, 10, and NaOH-
neutralized EGTA, 0.1. Solution B was the same as solution A but
without Na-EGTA. Solution C was the same as solution B but con-
tained, in addition, 10 mMinosine. A 40 mM45CaCl2 stock solution
was prepared, with specific activity of 45Ca2+ between 8 X 106 and 6
X 107 cpm/ mol. Note that the high-K suspending media with 0.15
mMMgCl2 prevents those changes in RBCvolume, ion content, and
pH that occur after exposure to divglent cation ionophores in the pres-
ence of Ca2+, due to Ca2 -induced K+-permeabilization ( 19-21 ).
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Preparation of density-fractionated SSRBCs. Heparinized venous
blood was obtained after informed consent from sickle cell anemia
patients with established genotype, and kept at 40C for no more than 1
h before processing, to isolate RBCdensity fractions as previously de-
scribed (22, 23). Briefly, after centrifugation (2000 g X 10 min),
plasma was removed and the packed cells were filtered through a nylon
mesh (20 Mm, Nitex nylon; Tetko Inc., Lancaster, NY) to remove
white cells with minimal loss of reticulocytes. The RBCswere washed
thrice in solution A, with filtering after each wash, resuspended in A at

- 40%hematocrit (Hct), and layered onto a discontinuous gradient of
arabinogalactan (Larex-L.O.; Consulting Associates, Inc., Tacoma,
WA) using three density (6) layers, 1.087, 1.091, 1.118, and a cushion
of 6 = 1.170. Four fractions of RBCs were harvested: cells with 6
< 1.087 (RI) and with 1.087 < 6 . 1.091 (R2) were rich in reticulo-
cytes (R2 usually had fewer than RI ); cells with 1.091 < 6 < 1.1 18 were
primarily discocytes (D), and the dense cells, with 6 > 1.1 18, were
mainly ISC. The RBCswere washed twice in solution A and twice in
solution B before use in the procedures below.

Measurement of Ca2" pump V,,.,. The effect of deoxygenation on
the Vn. of the Ca2" pump was measured by the method of Tiffert et al.
( 18 ). Briefly, density-fractionated SS RBCswere suspended at about
10% Hct in solution C, and 2 ml of each RBCsuspension were equili-
brated in a tonometer (model 237; Instrumentation Laboratory Inc.,
Lexington, MA) at 370C with water-saturated oxygen (02) or nitrogen
(N2) gas for about 10 min. 5 gl of the 40 mM45CaC12 stock solution
were added to the suspension during this period, to give a final total
calcium concentration in the suspension ([CaT]S) of about 100 MM. At
t = 0, 10 Mil of a 2 mMA23187 stock solution in ethanol:DMSO (4:1 )
were added to give a final concentration of 100 ,mol/l RBCs (since
most of the ionophore forms partitions in the cells' membrane [24,
25 ]). After 2 min, 5 Mul of a 70 mMCoC12 solution were added to the
RBCsuspension to give - 200 MMfinal Co2+ concentration, which
blocks all passive fluxes of Ca2+ through the ionophore, with no signifi-
cant effects on Ca2+ pump fluxes (26). Frequent 50 MI samples were
taken after ionophore and Co2" additions, as indicated in the Figs. 1-4
and processed for measurement of [CaT]j, as described previously
(26). Triplicate 20 ,l samples of each cell suspension were mixed with
1 ml Drabkin's reagent for spectrophotometric measurement of Hb as
cyanmetHb.

Estimates ofcytoplasmic Ca2" buffering. These were performed on
the measurements reported in Fig. 3 (oxy RBCs only), and refer to
results in Table IV. The method analyzes transmembrane Ca2' equilib-
ria induced by the divalent cation ionophore A23187, a specific
M2+:2H' exchanger (27). The above concentrations of A23187
(. 100 Mtmol/l cells) mediate RBCCa2+ fluxes far beyond those of
saturated Ca2+ pumps, ensuring rapid and nearly total Ca2+ equilibra-
tion, even in substrate-fed cells (28, 29) (see Fig. 1 ). The ionophore-in-
duced equilibrium is given by:

([Ca2+]i)E/( [Ca 2+])Eq = ([H+]i/[H+]0)2 = r2 (reference 27),
where ([Ca21 ]i)E and ([Ca2+])Eq are the intra- and extracellular con-
centrations of ionized calcium at equilibrium, and r is the intra- to
extracellular proton concentration ratio. The fraction of total RBC
calcium which is in ionized form, a, is defined by (references 19 and
20):

a = QCa2+]i)E,/([CaT]i)Eq,
where ([CaT]i)Eq is the total RBCcalcium concentration at equilib-
rium. By dividing these two equations, we obtain (reference 19):
r2/a = ([CaT]i)Eq/([Ca2+]o)Eq
from which a can be estimated by measuring r and the ionophore-in-
duced equilibrium concentrations of Ca2+ in the medium
((lCa2+ ])Eq) and of total calcium in the RBCs (([CaT]j) ). Thus,
a = r2/((ICaT]i)Eq/([Ca2+]O)Eq).

An estimate of r in representative oxy and deoxy suspensions of
density-fractionated SS RBCs was obtained by measurements of sus-

pension pH (pH,; preliminary measurements showed that with the low
Hct suspensions used, pH, and medium pH (pH.) were not distinguish-
able) and of intracellular pH (pHi). For measurements of pHi, RBC
suspensions were spun for 2 min in a microcentrifuge (on deoxy cells,
the suspensions were transferred with a gas-tight syringe to the micro-
centrifuge tubes under oil); after removal of the supernatant, the
packed RBCwere frozen and thawed in liquid nitrogen and (after
aspiration of the oil if present) the hemolysate pH was measured at
370C using a Radiometer PHM71 MK2meter and a glass microcapil-
lary electrode unit, type E5021a. Medium pH (pH.) was measured
with the same electrode at 370C. These measurements provide r
= [H+]i/[H+ ]. With the deoxygenated dense SS red cells, pH, could
not be measured this way because of the high viscosity of the cyto-
plasm; as noted in the legend of Table IV, the r value for the ISC
fraction was taken as the mean of several previous measurements made
determining the chloride ratio [Cl ]O/[Cl+]j directly using a chlorido-
meter (7).

Measurement of the pump-leak turnover of Ca2` and steady-state
[Ca2+]i in SSRBCs. The effect of deoxygenation on the physiological
pump-leak turnover of Ca2+, and on [Ca2+]j, was measured by the
method of Lew et al. (30). The RBCswere preloaded nondisruptively
with the high affinity Ca2` chelator benz-2 by incubation for 90 min at
37°C with the acetomethoxy derivative (benz-2-AM) in the presence
of 5 mMsodium pyruvate to bypass the ATP-depleting effects of form-
aldehyde released during benz-2 incorporation (31-33). These experi-
ments were done only with the SS discocyte fractions (D), because the
cells were sufficiently abundant, and because, unlike the cells from
reticulocyte-rich fractions, they were found to withstand the prolonged
benz-2 loading and postincubation procedures with minimal lysis. The
RBCswere suspended at 10% Hct in autologous plasma containing 5
mMsodium pyruvate and 5 mMinosine, and equilibrated in the to-
nometer with humidified N2 or 02, each containing 5.6% CO2. Intra-
cellular benz-2 concentrations were estimated on aliquots of RBCsrap-
idly depleted of ATP by incubation with inosine and iodoacetamide
and suspended in solution B with added 45Ca2+ and EGTA, as de-
scribed previously ( 30, 31 ). The intracellular concentration of benz-2
([benz-2J]) was obtained from the equilibrium distribution of [CaT]j/
[CaT]. induced by the ionophore A23187 (31).

Results

Effects of deoxygenation and SSRBCdensity on ionophore-in-
duced Ca2+ distribution and on Co2+-exposed Ca2+ efflux
through the Ca2" pump. The results of typical experiments are
shown in Figs. 1-3, and the combined Ca2` efflux results from
four experiments are reported in Table I. The protocol fol-
lowed in these experiments can be seen in Fig. 1. The iono-
phore was added at t =0 to induce a large Ca2` load and after 2
min, Co2+ was added, which blocks the ionophore-induced
Ca2+ permeability, and exposes the uphill Ca2+ efflux through
the Ca2+ pump. In the experiment of Fig. 1, Ca2+ effiux was
followed for 2 min to allow estimate of Vm.,; in that of Fig. 2,
Ca2+ efflux was followed for 10 min (after adding Co2+) to
assess, besides V,.,, whether the tail-off pattern of the Ca2+
efflux curves differed among the various RBCdensity frac-
tions.

The results showed that: (a) addition of ionophore trig-
gered a rapid net Ca2+ influx of 30 to 70 mmol/(340 g Hb h),
which led to near Ca2+ equilibration across the membrane
within about 60-90 s in all density fractions (Fig. 1); (b) in
each RBC fraction, the total cell calcium content at equilib-
rium (([CaT]j)Eq) was lower in deoxy than in oxy conditions
(Figs. 1 and 3); (c) ([CaT]i)E declined with increased RBC
density (Figs. 1 and 3); (d) Ca2+ pump V. in oxy conditions
showed moderate variation, both among RBCs from different
donors, as seen before with normal (AA) RBCs (26), and also
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Figure 1. Effects of deoxygenation on ionophore-induced Ca"+ equil-
ibration and on the V. of the Ca"+ pump in four SS RBCfractions.
[CaTI] is plotted as a function of time in oxy and deoxy conditions.
A23187 was added at time 0, and Co"+ at 2 min. V values were

obtained as the initial Ca2' effluxes after Co'2 addition, from the
slopes of first order regression lines through those experimental points
(see lines). All correlation coefficients were > 0.9. This experiment
corresponds to donor 3 in Table I.

among the different RBCfractions from the same donor; there
was no consistent pattern in this variation, except for a ten-
dency to lower values in the ISC-rich cell fraction than in the
discocyte fraction of the same donor (Table I); (e) deoxygena-
tion of SSdensity fractions from four donors resulted in a mod-
est reduction in Ca24 pump V., which was significant for the
reticulocyte-rich fraction and discocyte fractions, but inconsis-
tent in the dense SS cells (Table I); (f) the tail-off pattern of
the Ca2' efflux curves differed among the SS RBCfractions, as
seen in the curves of [CaT]i vs. time in the experiment of Fig. 2,
and in two additional experiments (not shown), in the follow-
ing way: With the Rl fraction, the late reduction in the slope of
the Ca2' efflux curve began at the highest [CaT]I level and
showed the most gradual further reduction; the extent of these
features followed the sequence R1 > ISC 2 R2 > D. This tail-
off pattern is compatible with retention of Ca2 in intracellular
pools ( 12, 34), maximal in the light SS reticulocytes and least
in the discocytes.

Deoxygenation-induced pH changes. Deoxygenation of
RBCsuspensions alkalinizes both the cells and medium due to
the binding of Bohr protons to deoxy-Hb (35, 36). These pH
shifts must be measured to assess their possible contribution to
the observed changes in Ca2 pump Vm. on deoxygenation.
The approach used in our recent studies of AARBCs( 18) was

applied here to SS RBCs.
Isoelectric focusing of pure Hb A and S solutions had

shown that the pI of human Hb A increases on deoxygenation

from 6.95 to 7.10 (35), and that of Hb S from about 7.2 to
7.35. These are both increased by 0. 15 units. The method pro-
vided reliable oxy-deoxy differentials, but only approximate
absolute values (Bunn, H. F., personal communication) .
When intact AA RBCswere deoxygenated, analysis of the ob-
served pH shifts, using a modification of our red cell model
( 18), suggested that the oxy-deoxy ApI of Hb A was between
0.2 and 0.4 units. The results of a similar analysis of SS RBCs
are shown in Table II, which compares measured and predicted
changes in cell and medium pH on deoxygenation of SS RBCs
in one representative experiment. The observed deoxy-induced
pHi changes in eight similar experiments of this series could be
accounted for by an oxy-deoxy ApI of 0.172±0.013
(mean±SEM), with a range of 0.13 to 0.23, not significantly
different from that obtained in pure solutions of Hb A or S.

Effect of deoxygenation on passive Ca2" influx and pump-
leak steady-state [ Ca2" I, level in SS discocytes. The results of
three similar experiments are shown in Table III. In agreement
with earlier results (2, 13, 17), deoxygenation of unfraction-
ated SS RBCs or the discocyte fraction alone was associated
with a three- to fivefold increase in passive Ca2" influx. The
main new finding was the documentation of a substantial in-
crease in [CaT]j, and therefore in [Ca2+]i, in the pump-leak
steady-state of the deoxy SS discocytes. These results are dis-
tinctly different from those recently obtained with AA RBCs
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Figure 2. Effect of deoxygenation on the Co"4-exposed Ca'4 pump
efflux from SS RBCfractions. [CaT] is plotted as a function of time
in oxy and deoxy conditions. Ca'4 effilux (against an inward Ca'4
gradient) was followed for 10 minutes after Co'4 addition to detect
differences in tail-off pattern among the fractions. The results are

representative of three similar experiments. This experiment corre-

sponds to donor 2 in Table I. Note that in this experiment, unlike
that in Figs. 1 and 3, in which samples were taken to determine

(QCaT]j)E4, the initial (2 min) measurements of [CaT]i do not repre-
sent equilibrium values.
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( 18 ), in which deoxygenation did not significantly alter Ca
influx or steady-state [Ca2+ ]i levels,2 despite a consistent 1
32% reduction in Ca2"-pump V..

To see if the above changes on deoxygenation could be d
solely to increased Ca2" influx, or whether Ca2+ pump inhil
tion played a role, we developed pump-leak kinetic models th
fit the oxy curve, and tested whether changes in the Ca2+ le
alone would allow them to fit the deoxy curve, or if changes
pump fluxes were also required. The results of such an analy
are shown in Fig. 4. The equation used to fit pump-leaks was
the general form

d[CaT]i/dt =XL -P

where BT is the total benz-2 content of the RBCs ( 143 Amol/
(340 g Hb)) in the experiment in Fig. 4) and Kd is the Ca2"
dissociation constant of benz-2 ( - 50 nM, (30)). Eq. (1) was
solved numerically for [CaT]i as a function of time, using a
computer program developed ad hoc. The program first ad-
justed Vm,., Km, and n to fit best the oxy curve, and then at-
tempted best fits of the deoxy curve by changing only XL within
the allowed (±20%) range. After this it tested whether addi-
tional changes in Vm,, (3 to 25 mmol/(340 g Hb h); per refer-
ence 26), and Km(50 nM to 5 AM), would significantly im-
prove the curve fit and, if so, it would further explore best fit
values of Vm,, and Km.

The results of this analysis indicated that several kinetic
models of the pump fitted the oxy curve well. Those kinetics
could be loosely grouped in two broad categories, low Ca2+-af-
finity, low cooperativity models with n < 2 and Km2 1 AM
(LA, dotted lines), and high Ca2"-affinity, high cooperativity
models with n 2.5-3.5 and Km - 40-80 nM (HA, solid
lines). But when the leak was increased from oxy to deoxy
values while maintaining the oxy-pump parameters (dash-dot-
ted lines), neither model could fit the steady-state [CaT]i levels
measured in the deoxy conditions; In relation to the measured
[CaT]i values, LA models leveled off far too high ( - 70 Mmol/
(340 g Hb)) in the example of Fig. 4) and HAmodels too low

his (- 38 /mol/(340 g Hb)). To improve the fit, a large increase
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where XL and Op are Ca2+ leak and pump fluxes, respectively.
L was assumed to be constant, but was allowed to fluctuate

±20% about its measured value (Table III, donor 2) during
model fitting (Fig. 4). qp was of the form:

Op = Vma,(([Ca2+Ji)n/(([Ca2]i)n + Km)). (2)
The relation between [Ca2+]i and [CaT]i in the benz-2-loaded
RBCs, in which [Ca2+]i < calcium bound to benz-2, was ob-
tained from

[Ca ]J = Kd[CaT]i/(BT [CaT]i) (3)

2. In the recent study cited, benz-2-loaded rbc from three normal do-
nors, suspended in autologous plasma, showed a Ca2+ influx (in ,mol/
340 g Hb) of 33±3.3 oxy and 37±4.5 deoxy (P > 0.35); the pump-leak
steady-state [Ca2+]i was 11±1.2 nM oxy and 13±1.2 nM deoxy (P
> 0.10).

40 60 80 100 120

Time (min)

Figure 4. Effect of deoxygenation on Ca"+ influx and pump-leak
steady-state [Ca'+]i level in SS discocytes (donor 2, Table III). [CaT],
is plotted as a function of time in oxy and deoxy conditions. The
different lines represent theoretical fits of pump-leak models with dif-
ferent Ca2" pump kinetics (described in the text of Results). LA and
HA identify the lines predicted by low and highCa'+-affinity models,
respectively. The lower solid and dotted lines represent best fits in
oxy conditions. Values of pump (Eq. 2) and leak parameters, in the
examples chosen for this figure, are as follows. For HApumps, Km
= 0.07 ,M, n = 3.5 and V.ma = 10 mmol/(340 g Hb h); XL was in-
creased from 26 (oxy) to 90 (deoxy) Mmol/(340 g Hb h), either with
a compensating decrease in V,.. from 10 (oxy) to 6 (deoxy) mmol/
(340 g Hb h) (HA, upper solid line) or with V.,, unchanged (HA,
lower dash-dotted line). For LA pumps, Km= 4.0 MM, n = 1 and
V.. = 10 mmol/(340 g Hb h); /L was increased from 35 (oxy) to
120 (deoxy) Mmol/( 340 g Hb h), either with a compensating increase
in V,'.. ,from 10 (oxy) to 22 (deoxy) mmol/(340 g Hb h) (LA, upper
dotted line) or with Vn,. unchanged (LA, upper dash-dotted line).
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Table I. Effect of Deoxygenation on the Ca"+ Pump Vma,: in SSRBCFractions

Donor Condition RI R2 D ISC

Ca2+* % Ca2+* % Ca2+* ca2+*
efflux Retics efflux Retics efflux efflux

Oxy 4.0 8.0 5.0
1 (CW) Deoxy 3.2 30.9 7.4 4.3

(O-D)/O -20% -7.5% -14%

Oxy 6.9 14.8 12.3 7.1
2 (WR) Deoxy 5.7 81.8 10.6 69.8 10.5 7.2

(O-D)/O -17% -28% -15% 1.4%

Oxy 9.0 6.6 5.7 3.6
3 (EM) Deoxy 7.5 53.5 6.2 36.1 5.2 2.6

(O-D)/O -17% -6.1% -9% -28%

Oxy 10.5 9.4 7.8 4.9
4 (BW) Deoxy 9.8 12.6 7.9 6.8 6.0 4.8

(O-D)/O -6.7% -16% -23% -2.0%

* Ca2+ efflux in (mmol/(340 g Hb h)). (O-D): Oxy-deoxy differences; (O-D)/O: Deoxy-induced fractional change in Ca2+ pump Vm.
Mean values (±SEM) for the reticulocyte-rich (RI + R2) fractions were 8.7±1.3 (oxy) and 7.3±1.0 (deoxy), for the discocyte fraction, 8.5±1.4
(oxy) and 7.3±1.2 (deoxy), and for the ISC-rich fraction, 5.2±0.7 (oxy) and 4.7±0.9 (deoxy). A paired t statistic indicates that the differences
between the oxy and deoxy values are significant for the reticulocyte-rich fractions (P < 0.01) and for the discocyte fraction (P < 0.025) but not
for the dense, ISC-rich fraction (P > 0.05).

in pump Vmax was needed for the LA pump models, and a mild
(20 to 50%) decrease in Vma, for the HApump models (Fig. 4).
The correction has this inverse pattern because the response of
the LA models' oxy pump to the deoxy-increase in [Ca2+]i is
too weak to lower the steady-state [CaT]i to levels near those
measured unless the Ca2+-pump Vma. increases on deoxygena-
tion. On the other hand, the oxy-pump of the HAmodels re-
sponds too strongly to the increase in [Ca2+]i on deoxygena-
tion, and its Vm.. requires mild inhibition to fit the observed
deoxy steady-state [CaT]j. Thus, only high affinity models are
consistent with the measured Vmas values and with the ob-
served reductions in pump Vm. on deoxygenation (Figs. 1-3
and Table I). However, the scatter of the experimental points

Table II. Effect of Deoxygenation on Cell
and Suspension pH (pHi, pHJ

Predicted pHdeoxy for given initial pHoy
Measured and indicated ApI

ApI: 7.20 to 7.40

pHs-oxy 7.41 7.41
pHi-oxy 7.21 7.21
pHs-deoxy 7.49 7.49
pHi-deoxy 7.33 7.31
pH -deoxy -pHxy 0.08 0.08
pHi _&xy - pHi-xy 0.12 0.10

The extended red cell model (18) was used to estimate the change of
pI (ApI) providing the nearest fit of the measured deoxygenation-in-
duced pH shifts. The fractionated RBCswere suspended in solution
B at Hct - 6%, and pH was measured at 37°C as described in Meth-
ods (note that pHo pHs). The example chosen for this Table (frac-
tion R2 of donor EM) is representative of nine similar measurements
with R1, R2, and D fractions from three different patients.

in the three experiments of this series was too large to allow
precise kinetic descriptions of the pump from the analysis illus-
trated in Fig. 4.

Differences in cytoplasmic Ca2" buffering among SSRBC
subpopulations. In the experiment of Fig. 3, the higher the den-
sity of the SS RBCfraction, the lower the ( [CaT]i)Eq, both in
oxy and deoxy conditions. Since the cell fractions were sus-
pended at similar Hct, initial [Ca2"]. and pH, their different
([CaT]i)Eq levels could reflect differences in cytoplasmic Ca2"
buffering, but would also be affected by differences in cell vol-
ume and proton ratios. Each of these factors was considered in
the analysis of the data in Fig. 3 (oxy conditions) shown in
Table IV.

The progressive decrease in cell volumes (in liters per 340 g
Hb) from the lightest Rl reticulocyte-rich fraction to the dense,
ISC-rich cells would contribute to a corresponding decrease in
([CaT]i)Eq (expressed per 340 g Hb) even if the total calcium
contents in the density fractions (per volume RBCs) were the
same. Cell volume differences can be discounted by expressing
([CaT]i)Eq per 1 cells, but conversion from the measured value
of ([CaT])Eq per 340 g Hb requires knowledge of the mean cell
volume of each density fraction. Since the distribution of cell
volumes within each fraction was unknown, we considered the
possible extremes within each range, as explained in the legend
of Table IV. Over the full range of values which take the hetero-
geneity of cell volumes and proton ratios (r) into account, the
ionized fraction of total cell calcium (a) increased with each
cell density fraction, from reticulocytes to ISCs. Values of a
similarly calculated from SS density fractions in six similar
experiments are shown in Table V. Taking the two high-reticu-
locyte fractions (Rl and R2) together for comparisons, the
results show that within each sample, the values of a in the
reticulocyte-rich fractions were significantly lower than those
in the discocytes or the dense SS cells. A lower fraction of ion-
ized calcium means that the reticulocyte-rich fractions have a
relatively higher Ca2+-binding capacity than the other frac-
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Table III. Effect of Deoxygenation on the Passive Ca"2 Influx and Pump-Leak Steady-State Concentrations of Calcium in SSDiscocytes

Donor Condition [benz-2]i Ca2+ influx ([CaT]i)ss, ([Ca2 L)sS,
(Amol/340 g Hb) (lsmol/340 g Hb h) ('umol/340 g Hb) (nM)

1 (WR) Oxy 187 37.2 34.5±2.7 11.3±0.96
Deoxy 153 72.5±1.7 31.7±1.3

2 (EM) Oxy 143 34.6 26.5±1.4 11.4±0.59
Deoxy 82.8 43.4±0.61 21.8±0.45

3 (AM) Oxy 128 28.7 20.1±1.4 9.4±0.76
Deoxy 112 48.0±0.74 30.0±0.75

Steady-state levels of total, ([CaT]i)sts, and free ionized calcium, ([Ca2+])i)sst, were determined in SS discocytes preloaded with benz-2 and sus-
pended in autologous plasma. In each experiment, measured [CaT], was plotted as a function of time (as shown for donor 2 in Fig. 4), and Ca2+
influx was calculated from the linear regression slope of the first four or five experimental points (t < 20 min); for each curve, the correlation
coefficient was > 0.9. Each value of ([CaT]ji)sst represents the mean±SEMof four to six measurements in the "steady state" portions of the data
curves such as those as shown in Fig. 4. ([Ca2+]i)s ss was calculated for each of the data points (see Eq. 3 in Results) and the means±SEMare
shown. Application of a t statistic to each set of oxy and deoxy concentration values shows that the increase in ([Ca2+]i)sst on deoxygenation is
highly significant for each experiment (P < 0.0005).

tions. In three of four samples, a in the dense SS cells was
substantially higher than in the discocytes, indicating a trend,
but not sufficient to establish statistical significance.

Discussion

The results above show that deoxygenation of SS RBCsled to
specific changes in their cytoplasmic Ca2" buffering, cell pH,
passive Ca2" permeability, Ca2+ pump, and in their pump-leak
steady-state [Ca2+] i levels. In addition, regardless of their oxy-
genation state, the various SS RBCdensity fractions showed
differences in residual Ca2+ retention after brief Ca2+ loads,
and in their cytoplasmic Ca2' buffering. These results and dif-
ferences are analyzed below.

Differences in cytoplasmic Ca2' buffering among SSRBC
subpopulations. When normal RBCs are loaded in vitro with
nonphysiological Ca2" levels above 10 ,umol/(340 g Hb),
the cytoplasmic calcium is loosely bound, as if there were a
single, large capacity, low affinity Ca2" buffer ( 19), with 12 to
35% of the total cell calcium in the ionized form (a = 0.12-
0.35; reference 37). Available evidence suggests that the main
low affinity Ca2' buffer is Hb (38), with additional buffering
by organic and inorganic phosphates (20). Previous measure-
ments of a in unfractionated SS RBCsgave values within the
range for normal RBCs ( 16 ). The results in Tables IV and V
suggest that within each SS blood sample, the Ca2" binding
capacity of the reticulocytes exceeds those of the more mature
discocytes and of the dense cells. Since the ionophore permea-

Table IV. Analysis of Differences in Cytoplasmic Ca2" Buffering in SSRBCDensity Fractions

Density a
fraction Hct V ([CaT]i)F, ([Ca2+])F r2/a r r2 (range)

% timol/340 g Hb Amol/l cells 1sM

R1 9.10 1.07 938 877 22.2 39.5 1.58 2.51 0.064
(0.062-0.068)

R2 8.38 1.01 843 835 32.8 25.5 1.58 2.51 0.099
(0.096-0.101)

D 7.57 0.85 686 807 42.1 19.2 1.70 2.88 0.15
(0.13-0.18)

ISC 8.03 0.75 539 719 45.9 15.7 2.00 4.00 0.26
(0.25-0.26)

Vr is defined as the mean RBCvolume within each density fraction, expressed relative to the volume of a "normal" RBCwith an MCHCof 34
g/dl (340 g/liter packed cells). Vr was calculated in RBCfractions with mean densities of 1.084 (RI), 1.089 (R2), 1.105 (D) and 1.120 (ISC),
using previously reported relationships between density and cell volumes (8), based on the specific volume of Hb of 0.74 ml/g Hb (8, 57). With
Vr, the measured ([CaT])Eq per 340 g Hb can be expressed per liter cells, using: ([CaT]i)Eq (per 1 cells) = ([CaT]i)Eq (per 340 g Hb)/Vr. This is
needed to calculated ([Ca2]0)Eq, from: ([Ca2]0)Eq = [CaT]. - Hct ([CaTI)Eq (per 1 cells))/( l-Hct). From this, r2/a and a can be calculated as de-
scribed in Methods. The values used for the proton ratios (r) for fractions R1, R2, and D were derived from direct measurements of cell and
medium pH (as shown for the same sample's fraction R2 in Table II). The r value for the ISC fraction was taken as the mean of several previous
measurements, ranging between 1.90 to 2.12 (7). The range of a values given in parenthesis was obtained using two extreme density values for
each fraction: 1.080 and 1.087 for R1, 1.087 and 1.091 for R2, 1.091 and 1.118 for D, and 1.118 and 1.125 for ISCs. Note that the measured
values of ([CaTI)Eq expressed as ,umol/(340 g Hb) are taken from the experiment shown in Figs. 1 and 3 (oxy RBConly), and error bars are
shown in Fig. 3.
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Table V. Ionized Fraction of Cytoplasmic Ca2" (a) in Oxygenated SSRBCDensity Fractions

Donor R D ISC D-R ISC-R ISC-D

EM RI 0.064 0.15 0.26 0.086 0.20 0.11
R2 0.099 0.051 0.16

BW RI 0.17 0.30 0.31 0.13 0.14 0.010
R2 0.19 0.11 0.12

WR 0.15 0.29 0.14

EM2 R2 0.24 0.38 0.14

BB RI 0.43 0.67 0.24

RD 0.28 0.65 0.37

MEAN 0.199 0.220 0.427 0.094 0.166 0.158
SEM 0.053 0.041 0.076 0.017 0.018 0.076
P < 0.005 < 0.0005 > 0.05

This table summarizes all measurements of a in RBCdensity fractions from six separate blood samples from five SS donors, calculated from data
such as that shown for donor EMin Table IV. RI, R2, D, and ISC refer to the density fractions described in the text. For the purposes of this
analysis, both reticulocyte-rich density fractions, RI and R2, are listed together under column R. The paired differences between a values of
different fractions from the same sample are shown (columns D-R, ISC-R, and ISC-D) and the significance of the differences tested using a paired
t statistic.

bilizes the membranes of organelles and endocytic vesicles as
well as cells, we cannot distinguish between the contribution of
cytosolic and organelle components to the higher Ca2" binding
of the reticulocyte-rich SS cell fractions.

Previous findings that the dense ISC-rich fractions of SS
RBCshave relatively low concentrations of 2,3-diphosphogly-
ceric acid (2,3-DPG; reference 7), the main organic phosphate
buffer of Ca2 , may help explain the relatively low Ca2+ buffer-
ing (high a) observed in this cell fraction.

Effects of deoxygenation on cytoplasmic Ca2" buffering.
For all density fractions of SS RBCs, ( [CaT]i)E was lower in the
deoxy than in the oxy suspensions (Figs. 1-3). A similar obser-
vation in AARBCs ( 18) was explained by changes in both the
proton ratio (r), which determines the equilibrium partition of
[Ca2+ ]1 and [Ca2+ ]i, and in the ionized fraction of cell cal-
cium, a, which reflects Ca2' buffering. The change in r on RBC
deoxygenation can be calculated from measurements of cell
and medium pH. For instance, from the pH values in Table II
(for fraction R2, donor EM):

roxy = 1OpHsoxy-pHiOxy = 107.41-7.21 = 1.58,

roxy2= 2.51;

rdeoxy = -OpHsvdmxy-pHideoxy = 107.49-7.33 = 1.45, and

rdoxy = 2.09.

For the same fraction and donor in the experiment of Fig. 3, a
(calculated as described in Methods) was 0.099 in oxy (Table
IV) and 0.13 in deoxy conditions. Similar differences were ob-
tained with other SS RBCdensity fractions (not shown). Thus
the deoxygenation-induced fall in ( [CaT]i)E apparently results
from both a reduced proton ratio and decreased cytoplasmic
Ca2" binding (increased a). Further attempts at more quanti-
tative analysis are not justified, because of the heterogeneities
within each SS RBCdensity fraction.

These results indicate that like AA RBCs (18), SS RBCs
bind less Ca2" in deoxy than in oxy conditions, and the reduced

binding may result from increased protonation of deoxy-Hb
and/or its increased binding of organic phosphates.

Ca2+ pump V,,,, in density-fractionated SS RBCs. In the
present studies, the Ca2" pump V. of the oxy SS cells from
different donors and their density-fractions showed only mod-
erate variation (between about 4 and 12 mmol/(340 g Hb));
the only pattern evident was a tendency for a lower Vim with
the dense SS cells than with the discocytes from the same sam-
ples (Figs. 1 and 2, Table I); since our recent measurements of
the passive Ca2+ influxes in SS reticulocyte and discocyte frac-
tions also showed little differences (2), it would appear that the
pump-leak Ca2+ turnover changes little during the maturation
of the SS reticulocytes.

These results appear to differ from earlier measurements by
Wiley and Shaller (39) on blood samples from diverse patients
with reticulocytosis, which suggested that the Ca2+ permeabil-
ity of AA reticulocytes was over 40-fold that in mature RBCs.
Concomitant findings of no increase in total RBCcalcium in
the high-reticulocyte samples carried the implication that the
reticulocytes' steady-state Ca2+ pumping (not measured di-
rectly) had to be proportionately high to balance the increased
leaks. At first, those findings seemed consistent with the pat-
tern of decreasing transporter activity and ionic traffic during
RBCmaturation which had been well documented for Na-
pump and K:Cl-mediated transport in RBCs from different
species (40-43). But further considerations raise the possibility
that the increased passive Ca2" influx in high-reticulocyte AA
RBCsuspensions might have resulted from the experimental
conditions. The present studies employed Ca2` chelators,
which can be incorporated nondisruptively into intact cells
(30), allowing subsequent measurement of passive Ca2+ fluxes
in metabolically competent RBCswith functional pumps (see
Fig. 4). Before the synthesis of these Ca2+ chelators, such fluxes
were measured in cells whose Ca2+ pumps were inhibited by
ATP depletion. It is possible that the different conditions of
Wiley and Shaller's measurements, which included ATPdeple-
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tion, may have caused the markedly increased Ca2" leak they
observed in reticulocytes.

The results described here suggest that by the reticulocyte
stage, the expression and function of the Ca2" pump is already
set at the levels found in mature RBCs. The absence of high
Ca2" turnover in the reticulocytes would be understandable if
passive Ca2" dissipators did not participate in cell signaling
beyond the erythroblast stage. By contrast, the gradual decline
in the activity of transporters which dissipate Na' and K+ gra-
dients may reflect their continued need during reticulocyte mat-
uration, both for volume regulation and to provide essential
substrates for metabolism and protein synthesis. It seems un-
likely that such an explanation would apply only to SS cells. In
view of the uncertainties concerning Ca2" transport in AAretic-
ulocytes, and the present results in SS RBCs, further experi-
ments will be needed to reassess the state of Ca2+ transport
during AA RBCmaturation.

Measurements of the Ca2+ pump V. in the SS RBCden-
sity fractions from four donors revealed that in each case, there
was slight inhibition of the Ca2` pump in the dense, ISC-rich
fraction as compared with the discocytes (Table I). This may
be related to differences in [Mg2+]i and [Mg2+ ]i/ [ATP]i ratios
in these SS subpopulations, as discussed below.

Effects of deoxygenation on Ca2" pump V,,,,. Recent stud-
ies showed that in AA RBCs, deoxygenation reduced the V.
of the Ca2" pumpby 18-32%,3 and that the inhibition was not
explained by the deoxy-shifts in cell pH ( 18). Similar measure-
ments in a larger number of oxygenated fresh normal RBC
showed a wide variation in saturated Ca2" pump effluxes, be-
tween 4 and 25 mmol/( 1 cells/h), (26). The Vm.x values were
highly reproducible within each RBC sample, but was very
variable among different samples, even from the same donor
on different days. The variability suggested the operation of
factors that control the fraction of active pumps, the pump
turnover, or both, as discussed below. Those results justified
comparisons of experimental conditions on the V. of RBC
from the same sample (e.g., deoxygenation), but comparisons
of values among different samples must acknowledge these
normal variations. Thus the V. values found in all SS cell
fractions were well within the range observed in normal RBC.

In the present experiments, SS RBCCa2+ pumps were also
inhibited on deoxygenation. With the exception of the dense
fractions, in which the inhibition was minimal or absent in two
of the four samples and oxy-deoxy differences were not signifi-
cant, the Ca2" pump inhibition on deoxygenation ranged be-
tween 7 and 28%, and was statistically significant for the reticu-
locyte-rich fractions and the discocyte fraction. However, the
extent of Ca2+ pump inhibition did not correlate with either the
density fraction or the proportion of reticulocytes, and varied
considerably among the donors (Table I).

These marked variations among SS RBCfractions and do-
nors suggest that deoxygenation affects the Ca2+ pump indi-
rectly, through pump controlling factors in SS cells that may
vary among both individuals and their RBCsubpopulations,
i.e., Mg2+, 2,3-DPG, and ATP. [Mg2+]i is a cofactor essential
for pump dephosphorylation at physiological levels of ATP

3. In that recent study of normal RBC, V. of the Ca2+ pump in five
blood samples was (in mmol/340 g Hb±SEM) 14.0±1.4 in the oxy
and 10.5±0.8 in the deoxy cells. Statistical (paired t) analysis gave P
< 0.005.

(44). Upon deoxygenation of RBCs, [Mg2+]i increases sub-
stantially (45-48); this increase is most dramatic in dense,
ISC-rich SS RBCfractions, in which the normal inward electro-
chemical gradient of Mg2+ is reversed on deoxygenation (7).
The main phosphate compounds which bind Mg2' are 2,3-
DPGand ATP; due to their increased binding to deoxy-Hb,
their availability for Mg2+ buffering decreases on RBCdeoxy-
genation with consequent increase in [Mg2+]i (45-48). The
total cell contents of Mg2+, 2,3-DPG, and ATPvary among SS
cell subpopulations; they are all highest in the lightest reticulo-
cyte-rich fractions and lowest in the dense ISC-rich fractions
(7); 2,3-DPG content in particular is very low in dense SS
RBCs, with large variations among donors (7).

In addition, a [Mg2+]i/[ATP]i ratio near one is optimal for
Ca2+-Mg2+-ATPase and Na' + K+-ATPase activities, with
inhibition at higher and lower ratios (49-51). Hence, differ-
ences in this ratio may contribute to the observed variations in
Ca2+ pump V. among RBCs from different SS donors and
among the SSRBCsubpopulations, before and after deoxygen-
ation. However, further studies relating intracellular Mg2+ and
nucleotide levels to Ca2+ pump activity (such as those attempt-
ing to explain the Na' pump inhibition in dense SS cells (7))
will be needed to test this possibility.

Deoxygenation-induced increase in [Ca2+ ]i in SS disco-
cytes: implication for SSRBCsdehydration, and contributions
of Ca2+ leak andpump. The present experiments document for
the first time that full deoxygenation of SS discocytes increases
[Ca2+]i from physiological levels of - 10 nM to mean values
of 20-30 nM. The threshold for activating Ca2"-sensitive K
channels in normal RBCswas examined by Tiffert et al. (52),
who raised Ca2` influx into normal RBCsin small steps (using
low A23187 concentrations), and showed that with [Ca2+ ]
levels estimated at - 40 nM, a fraction of dehydrated, dense
cells formed within 1 or 2 h of incubation at 37°C. Those
measurements were made in metabolically replete, intact
RBCs in order to approximate physiological conditions, but
the precise kinetics of the K channel have yet to be determined
in such conditions.

In assessing the pathophysiological relevance of the deoxy-
induced increase in [Ca2+]i in SS discocytes, however, we
should recognize that they are unlikely to become fully deoxy-
genated in vivo, and the extent of their Ca2+ permeabilization
on partial deoxygenation is unknown. While the fraction of Hb
S polymer formed at partial levels of RBCoxygen saturation
has been measured (53, 54), the relation between the extent
and organization of the Hb S polymers in the SS RBCsubpo-
pulations and increased Ca2+ permeability is unknown. Fur-
ther studies are needed to help predict whether the increased
Ca2+ influx observed here occurs in vivo, or only represents
maximal values for fully deoxygenated SS discocytes.

It should also be recognized that even after density-fraction-
ation, the SS discocyte fraction is heterogeneous; it includes at
least one subpopulation of reticulocytes on a fast dehydration
track, traversing the density stage of discocytes (2). The ob-
served deoxy increase in [Ca2"]i is a mean value, and it is very
likely that in some of these deoxygenated SS cells, [Ca2+]i ex-
ceeds the activation threshold of Ca2+-sensitive K channels
(- 40 nM [Ca2+]i) which can rapidly dehydrate AAcells (52).
In the circulation, however, sickling and Ca2+ permeabiliza-
tion would probably be intermittent, and dehydration by this
mechanism should then be much slower than in experimental
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conditions with sustained channel activation. In any case, the
present results establish that deoxygenation of SS cells can in-
deed generate [Ca2+]i levels that activate Ca2"-sensitive K+
channels.

The analysis in Fig. 4 indicated that the observed deoxygen-
ation-induced rise in [Ca2+]i could not be explained by the
increased Ca2" permeability alone; it was also necessary to pos-
tulate changes in pump V... Two kinetic pump-models were
considered, with high or low Ca2" affinity, and opposite
changes in their Vmax were required to fit the data. But for the
low affinity model, the large increases in pump Vm. needed to
fit the deoxy conditions were inconsistent with the experimen-
tal observations that deoxygenation inhibited the Vm. of SS
discocytes (Table I). The kinetic properties of the pump at
physiological [Ca2+]i levels corresponds to a high Ca2+-affin-
ity, high Vm, pump with marked sigmoidicity in the shape of
the activation curve with increasing [Ca2 ]i (30), comparable
to that described by Kosk-Kosicka et al. (55, 56) for pump
oligomers. These considerations suggest that V,,. inhibition of
high Ca2"-affinity Ca2+ pumps contributes to the increased
[Ca2+ ]i after deoxygenation of SS cells.
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