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SUMMARY

The divalent cation ionophore, A23137, was employed as a means to load
fresh human erythrocytes with calcium, and the capacity for accumulation was
characterized. Erythracytes exposed to A23187 in calcium-containing media rapidly
accumulated calcium in millimolar quantities. The final cellular concentration was
dependent upon medium calcium concentration and the size of the cellular organo-
phosphate pool. When ATP and 2 Sdlphosphoglymrate contents were depleted or
repleted, the cellul t ch proporf lly. Calcium loading of
fresh erythrocytes produced no discernible change in the celtul rations of
ATP or 2,3-diphosphoglycerate. Calcium accumulation was also accompanied by loss
of cellular potassium and H,O, detevioration of celt filterability, and spheroechinacy-
tic transformation.

INTRODUCTION

It is well known that erythrocytes normally contain very small quantities of
calcium and excess intracellnlar calcium is deleterious to cefl function and survival [i].
Calcium accumulation in the erythrocyte, e.g. 2s a conseq of ATP depletion, has
been shown to initiate a series of chemical and structural alterations which include
the selective loss of potassium, volume contraction, spherocytic transformation and
deterioration of cell membrane deformability [2-5]. The majority of previous studies
which have examined these effects have utilized the ATP-depleted, intact cell or
the resealed erythrecyte ghost [2-7]. Both methods have inherent limitations and other
means to toad the erythrocyte with calcium have been sought [8].

In the studies reported here, the divalert cation-selective ionophore, A23187,
has been employed as a means io alter the size of the intraerythrocytic pool of calcium.
This ionophore has been shown to alter calcium flux and to effect equilibration of
calcium across biological and artificial membranes [9, 10]. Conseguently, the calcium-
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accumulating capacity of the cell and the effects; of calcium-loading could be evaluated
in the intact cell containing the normal complement of ATP. The capacity for cellular
accumulation under the influence of the ionophore is showa to vary dircctly with the
size of the organic phosrhate pool. The changes which accompany calcium influx in
ATP-depleted cells are observed also in the freshly isolated cells,

MATERIALS AND METHODS

Preparation of erythrocytes

Human erythrocytes were collected by venipuncture in heparinized tubes,
separated from the plasma and buffy coat layer and washed with isotonic NaCl. Six-
week-old erythrocytes were prcpnred similarly. The cells were resuspended in isosmo-
tic media of vatying calcium ionic The d: di ined 140 mM
Na*, 10mM K*, 20mM Mg**, 1.0mM Ca?* and 10mM Tris - HCl. Sodium
content was varied to maintain isosmolarity.

In other expenments, freshly collected cells were rapidly depleted of their

ATP bation with ic {in and of 2, Bdlphosphoglycerale by
incubation wnh NaHSO, [12). The 2,3-diphosphogly t of erythrocytes
can also be augmented by incubation in media ining inosi pyruvate and P,

[13] In thls manner, physro]oglc and supraphysiologic concentrations of 2,3.di-
phoglycerate in outdated and freshly collected erythrocytes, respectively, were
prepared as described by Denticke et al. [14].

Erpthrocyte calcium accumulation

The erythrocytic concentrations of calcium were quantified isotopically by the
use of tracer amounts of 3Ca2* (0.05 uCi/ml) in the medium. The appearance of
**Ca in the cell fraction was d after ion 3 times with trichloroacetic
acid (final concentration, 5% wj/v). The total calcium coatent of the media and the
washed cell fractions was also measured by atomic absorpticn spectrophotometry.
Good agreement was obtained between the two methods. Because calcium influx was

d with changes in cellular water content and, at times, hemolysxs, correction
for these factors was made: the dsgree of hemolysis was d ac ing to
Palek et al. [5], while the ch in cellular water were determined with the
use of an extracellular marker, [U-*Clsucrose. These methods together with the
microhematocrit were used to quantify original cell volumes and their changes.

To ascertain the time course of calci lation, the ion media
and celis were rapidly separated by centrifuging the cells through a layr-r of silicone
fluid of specific gravity 1.004 in an Eppendorf’ Microfuge. Isotopic counting was
performed in Aguasol {(New England Nuclear). Internal standardization was used for
quench corzection.

Biochemical assays

Eiythrocyte ATP o« ions were d by the luciferin-luciferase
assay [15 16). However, <alcium interfered with the assay in ditect propottion to the
t of cal P Thus the addition of 0.7 gmol of CaCl; to 0,25 umol

ATP in the 2.3 ml reaction mixture produced a 509 fall in measursd ATF content.
The addition of a 2-fold mofar excess of EGTA totally prevented the inhibitory effect



of calcium and was jtself wnthout effect on the assay. The method of Bzgmskl et al.

[17] was used 1o z P ts of 2,3-diph 5§ hogl ,.‘...w.- were perform-
ed enzymatically [18] and h lobin was » D D ically as
f yanmcthemoglobm 191

The of calcium for ATP and 2,3-diphosphoglycerate

were determined at an ionic strength of 0.15, pH 7.30 2nd 37 °C by the addition of in-
creasmg amounts of CaClz to ATP (1.5 mM) and to 2,3-diphosphoglycerate (4.0 mM)
i molar ratios ranging from 1:10 to 1:1 [20]. The Ca** concentiation of each
niixture was meastred with a calcium ion-selective electrade (Orion Research, Inc.,
Model 99-20). For these studies, the sodium and Tris salts of ATP aad 2,3-diphos-
phoglycerate, respectively, were employed.

Reagents

Analytical grade reagents were used in all experiments. **Ca?* and [U-1*C)
sucrose were purchased from New England Nuclear. The divalent cation ionophore,
AZ23187, was a gift from Eli Lilly and Co. Media and reagents were stored in Nalgeae
plastic ware and prepared in distilled, deicnized water. Stock solutions of A23187
were dissolved in absolute ethanol.

RESULTS

The time cou:se of calcium accumulation. At pH 7.4 and 37 °C, the addition to
erythrocyte suspensions of A23187 (dissolved in ethanol) resulted in a time-dependent
disappearance of calcium from the medium and its i incorporation into
the cell fraction (Fig. I). Steady-state accumulation was reached in about i 5 min. By
contcast, calcium uptake did not achieve steady-state at 10 and 4 °C even after 120
and 240 min of incubation, respectively. No disccrnible calcium accumulation was
obsesved with ethanol alone nor with ionophore concentrations less thar 1 pM.

Determination of the erythrocyie’s capacity for calcium accumulation. In fresily
collected cells exposed to the ionophore, the steady-state calcium content (measured
after 120 min of incubation) increased curvilinearly as the external calciura concentra-
tion was i d. At ions above 2.5 mM, the refationship became linear
(Fig. 2). Saturation ¥ calcium influx did not occur even with medium calciur con-
centrations in excess of 10 mM, at which point sigaificant hemolysis (> 5 %) develop-
ed. N> discernible differences in rates of calcium influx or the steady-state levels of
intracellular calcium were observed when sodium in the medium was replaced with
potassium, when isosmotic sucrose was used, or when 5 mM glucose was added to the
mediva,

Influence of organic phosph on calci fation. Fresh erythro-~
cytes rormally contam millimolar amounts of ATP and 2,3-diphosphoglycerate. By
ion with icd ate. the cellular ATP content was depleted from 3.11 to

0.75 ymiol/g hemoglobin. Calcium accumulation by these cellsvas significantly lower
(Fig. 2} Furthermore, the 2,3-diphosphoglycerate content of erythrocytes may be
rapidly depleted by NaHSO0,. Erythrocytes depleted of both ATP and 2,3-diphos-
phoglycerute by prior incubation with iod and NaHSO, exhibited a calcium
accumulation capacity which was considerably smaller than that produced hy ATP
depletion alone (Fig. 2). Of importance, is that when both ATP and 2,3-diphospho-
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The Na* content of the medium, 140 mM, was decreased as the nw‘mm <alcium umtent was -

creased in order to maintain isosmolarity, Cellular calcium d a3 & functd

of time after the addition of 10 4M A23187 suspended in a volume of absol\.\e ethanol which was

0.1 % that of tite incubation volome.

glycerate were depleted, internal and external caleium cc Hoearly
related over the entire range of calcium cc i ined
To further defize the relationship between the erythrocyte’s calei i

tion capacity and its organic phosph puul size, outdated erythrocytes which had
been depleted of ATP and 2,3-diphosph by sty [21] were studied. The
profile of the cellular calcivan accumulation capamy of these cells was supzrimposable
on that observed following acute ATP and 2,3-diphosphoglyceratz depletion (Fig. 3).
Moreover, the organic phosphate stores of erythrocyles can be augmented by incuba-
tion with inosine, pyruvate, and P; [13, 14]. In this manner, the content of organic
phosphates in outdated erythrocytes was repleted to normal valves and that of fresh
cells to supraphysiologic Again a prediztable and direct relatlomhxp
between the cellular calcium accumulation capacny and the size of the organic phos-
phate pool was observed (Table I).

Stability of the complexes of calcium with ATP and 2.3-diphospho-
egcerale. The stability for the interaction of calcium with ATP and 2,3-
were d under conditivns mimicking the intraceiiutar

envxronment of the crythrocyte. At pH 7.30 and in & solution of ionic strength
0.15 containing 100 mM K*, the stability constants of the Ca ATP*~ and Ca
2,3-diphosphoglycerate®~ complexes were determined o be 4.97-+093 - 10° 1/mol
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TABLE }

IONOPHORE-INITIATED CALCIUM ACCUMULATION BY ERYTHROCYTES WITH
MODIFIED ORGANIC PHOSPHATE CONTENTS

The conditions of incubation are as described for Fir 2, The results ave the mean 4:8.D. of 4 experi-
ments.

Medium Cakcium Cellular Calcium (umol/ml cell)

M

{m) Fresh Depleted Reploted

1 6032050  L67LOI0Y 6561044  BITLO2I*

5 16605125  BI0A0.44% 15023088 35431113

10 29005432 14685039% 24304214 43814164
* P < 0.001.

and 7.061£0.61 + 10* 1/mol, respectively. With the use of these stability constants
and the molar concentrations of ATP and 2,3-diphosphoglycerate found in freshly
collected erythrocytes, 80 % of the calcium uptake in the non-linear segment of the
calcium accumulation profile of freshly collected cells (medium [Ca?*] < 2.5mM,
Fig. 2) could be accounted for by complexation of calcium with ATP and 2,3-diphos-
phoglycerate.

D ination of the location of cellular calcium infle. To substantiate that
A23187 was, in fact, effecting the translocation of calcium into cytosol, cells incubated
with 10 uM jonophore and 5.0 mM Ca?* were hemolyzed bty hypotonic lysis. The
calcium recovered with the cell membrane fraction ranged between 0.38 and 0.80 gmol
per mt of cells. Thus, less than 1.4 % of the cellular calcium accumulated was mem-
brane-associated. Dialysis of the hemoiysate at pH 7.4 confirmed that the calcium
was not protein-bound.,

Effect of calcium influx on cellular ATP and 2,3-diphosphogly I h
mediated calcium influx produced only small changes in cellutar 2,3-dip hosph
glycerate, Ir. 120 min of incubation, ionophore treated cells lost less 2,3-d|pb.ospho-
glycerate than cells incubated in the absence of A23187, —1.04:£0.31 and —2.754
0.35 pmol/g hemoglobin, respectively (mean-tS.E., P < 0.05). Morcover, over 120

‘TABLE II

EFFECT OF A23187 ON CELLULAR ATP

Freshly collected eryth ircubated at h it 10% in medium

1.0 mM Ca?*, Where mdmned. A23181 (lo yM) a.nd EG’I‘A [r3 mM) were added to the incubation
medium and cellular ATP was d at the and ing 15 min of incubation at

37 °C, The results are expressed as umol/g of hemoglobin.

Omin 15 min

No additions 5.1 52
A23187+EGTA 5.1 50
A23187 52 1.6
A23IBT* 54 53

* Measured with 1 gmol EGTA in the 2.3 ml assay mixture.
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min of incubation, the rate of release of P; was not significantly different in ionophore
treated and untreated cells (1.5 and 1.3 ymol/ml cell/h, respectively). In accordance
with this observaiion, there was no perceptible difference in celtular ATP content. It is
noteworthy that there was inhibition by Ca?* of the assay of ATP which can be
obviated by the inclusion of EGTA in the assay (Table II).

DISCUSSION

These studizs demonstrate that very high intracellular calcium concentrations
are attainable in erythrocytes with A23187. A recent report by Kirkpatrick et al. [22]
had also examined the effects of this jonophore on fresh erythrocytes. However,
their study was confined to extracellular concentrations of Ca?* of (.5 mM or less and
the fuli calcium accumulating potential of the cells was not investigated. The studies
reported here not only document the effects of A23187 on cellular calcium uptake in
greater detail and over a wider calcium concentration range bur also provide an
explanation for the unique calcium accumulating properties of the fresh erythrocyte.

In erythrocyies which were depleted of their organic phosphate stores, the
relationship of intra- to extracellular calcium concentration was linear (Figs. 2,3), a
finding which is consistent with the known action of the ionophom, which is to in-
crease the permeabil 'ty of the cell membrane to Ca®*. However, in freshly collected
cells or in cells whose: 2 Sdlphosphoglyocrate stores had been augmented, the profile
of celiul lat'on as a function of extracell lcium concentration became
curvilinear (Fig. 2) and the steady-state concentrations of intracellular calcium were
higher than those of the depleted cells (Table I). These resuits suggssted that com-
plexation of calcium by ATP and 2,3-diphosphoglycerate contributed in a significant
nanner 1o calcium accumulation. This Tusion was sub iated by the compl
imetric titrations of ATP and 2,3-diphosphoglycerate with Ca2*. While the stability
constants indicate low affinity (4.9-10° 1/mol and 7.0-10? 1/mo), respectively),
their presence in millimolar concentrations in fresh erythrocytes would render their
elfect appreciable. Thus 70-80 %; of the calcium uptake in the non-linear segments of
the various calcium accumulation profiles could be readily accounted for by com-
plexation with ATP and 2,3-diphosphoglycerate.

Schatzmann had previously observed that erythrocytes loaded with calcium by
ATP-depletion and subsequently repleted of their energy stores centained a caleium
buffer [23]. This unidentified, nony in buffer d for the binding of 50 %, of
the intracellular calcium. Based upon the data in this report, it may be concluded that
the organic phosphate compounds are this buffer.

‘When compared ‘vith untreated erythrocytes, the ionophore, either in the
presence or absence of caleium, was found not to significantly aiter the cellutar content
of 2,3-diphosphoglycerate: and ATP. These results are at variance with those of
Kirkpatrick et al. [22], who observed that the ionophore itself depleted cellular ATP.
However, the experimental conditions employed in the two studies differ considerably.
Moreover, it was found that calcium was an inhibitor in the Juciferin-luciferase assay
for ATP (Table II), and its removal with EGTA was necessary before reliable ATP
measurements could be mrde.

In accordance with the observations of Kirkpatrick et al. [22], A23187 and
Ca?* were found to cause K* efffux, decrease in cell water content and mzmbrane
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rigidity. With 1.0:aM Ca?* and 10 uM A23187 in the medium, cell potassium
decreased from 99 to 80 mequiv/1, csll water decreased 20 %, and filt2 rabxhty d:creas—
ed markvdly. Moreover, the cells underwent sph hinocytic transfor as

Y electron microscopy. All these ch»  sos were prevented by
the addition of 2mM EGTA to the medium and were largely independent of the
extracellular Ca** concentration. Such findings are not surprising in view of the fact
that the amount of intracellular calcium achieved here was markedly in excess of that
necessary to produce these changes.

ADDENDUM

Since the submission of this papsr, a report has appeared which used the jono-
phore to study cytoplasmic Ca?* buffering and Ca?* pump activity [24].
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