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SUMMARY 

The divalent cation ionopbore, A231:~]7, was employed as a means to load 
fresh human erythrocytes with calcium, and the capacity for accumulation was 
characterized. Erythrocytes exposed to A2311i7 in calcium-contalning 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 ~ooi. When ATP and 2,3-diphosl~hoglyeerate contents were depleted or 
tepleted, the cellular calcium content changed proportionally. Calcium loading of 
fresh erythrocytas produced no discernible change !n the cellular concentrations of 
ATP or 2,3-diphosphoglycerate. Calcium accumulation was also accompanied by loss 
of cellular potassium and H20, deterioration of cell filterability, and spherocchinocy- 
tie transformation, 

INTRODUCTION 

It is well known that erythrnc3"tes non~aally contain very small quantities of 
calcium and excess intracellular calcium is delelerious to ceil function and survival [i ]. 
Culcium accumulation in the ¢rythrocyte, e.g. s~s a eons¢o, uence of ATP depletion, has 
been shown to initiate a series of chemical and structural alterations which include 
the selective loss of potassium, volume contra~tion, spherocytic tran:;formation and 
deterioration of cell membrane deformability [12-5]. Tile majority of l)revious studies 
which have examined these effects have utilized the ATP-depleted, intact cell or 
the resealoderythrccyte ghost [2-7]. Both methods have inherent limitations and other 
means to load the erythrocyte with ¢~lcium have been sought [8]. 

In the studies reported here, the divalertt cation.selective ionophore, A23187, 
has been employed as a means to alter the size at'the intraerythrocytic pool of calcium. 
This ionophore has been shown to alter calcium flux and to effect equilibration of 
calcium across biological and artificial membrartes [9, 10]. Consequently, the calcium- 

Abb~viatlon: EGTA, ethyienegly¢ol bis-~8-aminoethyl)-N,N'-tetraa~tate. 
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accumulating capacity of the cell and the effects; of culcium-loadin.~I could he evah~ed 
in the intact cell containing the no,'~al complement of ATP. The capacity for cellular 
accumulation under the influence of the ionophore is shown to vary directly wi~ the 
size of the organic phosl~hate pool. The chu,tges which at~ompany calcium influx in 
ATP-depleted cells are observed also in the freshly isolated cells, 

MATERIALS AND METHODS 

Preparation of erythroeytes 
Haman cvythrocytes were collected by ~¢nipm3cture in heparialzed tubes, 

separated from the plasma and huffy coat htyer and washed with isotonic NaCl. Six- 
wcek-old erythrocytes were prepared similarly. The cells were resaspended in iso~mo- 
tie media of  varying calcium ionic content. The stand~-c medium contained 140 mM 
Na +, 10mM K +, 2.0raM Mg 2÷, L0mM Ca 2÷ and 10ram Tris. HCL Sodium 
content was varied to maintain isosmolarity. 

In other experiments, freshly collected cells wet~e rapidly depleted of  their 
ATP content by preiueubation with ieduacetate [11 ] and of 2,3.diphosphoglyeerat • by 
incubation with NaHSO3 [12]. The 2,3-diphospho~lycerate content of crythrocy~'s 
can also he augmented by incubation in medial containing, inosiue, pyruvatc and P, 
[13]. In this m,'mner, physiologic and supraphy~iologic concentrations of  2,3-di- 
phosphogiycerate in outdated and freshly collected erythsocytes, respectively~ were 
prepared as described by Deuticke e~. at. [14]. 

Erythroeyte calcimn accumulation 
The erythrocytie concentrations of calchan were quantified isotoplcally by the 

use of tracer amounts of  *SCa2+ (0.05 pCi/ml) in the medium. The appearance of  
4SCa in the cell fraction was measured after e.~ttrartion 3 times with triehloro,~etic 
acid (final c~ncentration, 5 ~  w/v). The total calcium content of the media and the 
washed cell fractions was also measured by atomic absorption spectrophotometry. 
Good agreement was obtained between the two methods. Because calciusa influx was 
associated with changes in cellular water content and, at times, hemolysis, correction 
for these factors was made: the degree of hemolysis was estimated a~or~ng  to 
Palek et el. [5], while the changes in cellular water content were determined with the 
use of an extmcellu]ar marker, [U-:4C]suerose. These methods together with the 
microhematc~:.rit were used to quantify original cell volumes uud their changes. 

To asce;taln the time course of calcium accnmalution, the suspension media 
and cells weye rapidly separated by centrifuging the cells through a layer of silicone 
fluid of specific gravity 1.004 in an Eppendorf Microfuge. Isotopic counting was 
performed i~1 Aquasol (New England Nuclear). Internal standardization was used for 
quench cor~ction. 

Biochemical assays 
E~Tthrocyte ATP concentrations were measured by the luelferin-lncit'erase 

assay [15, 16]. However, calcium interfered with the assay in direct proportion to the 
amount of  calcium present, Thus the addition of 0.7 lanol of  CaCl~ to 0.25 pmol 
ATP in the 2.3 ml reaction mixture produced a 5 0 ~  fall in u,.easur~ ATP content. 
The addition of  a 2-fold molar excess of EGTA totally pre~uted the inblbitor~ effect 
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of calcium and was itself without effect on the assay. The method of B~ginski et al. 
[17] was ~sed ~:o measure Pi- Measurements of 2,3-diphosphoglycerate were perform- 
~.'d enzymatically [18] end hemoglobin was measured spectrophotometri~.lly as 
,:yanmethemoglobin [19], 

The association constants of  calcium for ATP and 2,3~iiphosphogiycerate 
were determined at an ionic strength of 0.15, pH 7.30 and 37 °C by the addition of in- 
c teasing amounts of CaC[2 to ATP (1.5 raM) and to 2,3-dipbosphoglycerate (4.0 raM) 
i::t molar ratios ranging from I : 10 to 1 : 1 [20]. The Ca 2÷ concent~at;on &each  
mixture was measured with a calcium ion-selective electrode (Orion I~search, l~c., 
Model 99-20). For these studies, the sodium and "Iris salts of ATP and 2,3-diphos- 
phosly~erate, respectively, were employed. 

R-*c~gems 
Analytical grade reagents were used in all experiment~. '~5Ca2+ and [U-1'C] 

sucrose w'ere purehesed from New England Nuele~tr. The divalent cation ionophore, 
A23187, was a gift fro:xt Eli Lilly and Co. Media and reagents were stored in Nalge~te 
plastic ware and prepared in distilled, deiunized water. Stock solutions of A23187 
we~ dissolved in absolute ethanol. 

RESULTS 

The time cou~'se ofcoleinm acc~onulation. At pH 7,4 and 37 °C, the addition to 
erythrncyte suspensions ofA23187 (dissolved in ethanol) resulted in a time-depeodent 
disappearance of calcium from the medium and its concomitant incorporation into 
the ,~ell fraction (Fig. 1 ). Steady-state accumulation was reached in e bout i 5 rain. By 
contrast, calcium uptake did not ach.~eve steady-state at 10 and 4 °C even after t20 
and 240 rain of  ineubation~ respectively. No discernible calcium accumulation was 
observed with ethanol alone nor with ionophore concentrations less than I ~M. 

Determi~;ation o f  the erythrocyte " s cap~tcity for ealeiwn, accumulation. In freshly 
collected cells exposed to the ionophor¢, the steady-state calcium content (measured 
after 120 mln of  incubation) increased curvilinearly as the external calcima concentra- 
tion was increased. At ,concentrations above 2.5 raM, the relationship became linear 
(Fig. 2). Saturation - f  cPlcium influx did not occur even with medimn calcium con- 
ccvtrations in excess of 10 raM, at which point significant hemolysis (>  5 %) develop- 
ed. N.) discernible differences in rates of calcium influx or the steady.stile levels of 
intracellular calcium w~.re observed when sodium in the medium was replaced with 
potassium, when isosmot~c sucrose was used, or when 5 mM glucose was added to the 
mediu:n. 

Influence of  oroanic phosphate content on calcium accronulation. Fresh erythro- 
cytes r~ormally contain minlmolar amounts of ATP ~ld 2,3-diphosphoglycerate. By 
incubation with iodoacatate, the cellular ATP content was depleted from 3.11 to 
0.75/~ml/g hemoglobin. Calcium accumulation by these cells ~as significantly lower 
(Fig. 2). Furthermore, tile 2,3-diphosphogiycerate content of erythrocytas may b¢ 
rapidly depleted by NaHSO 3. Erythrocytas depleted of both ATP and 2,3-diphos- 
phog!ycerate by prior incubation with iodoacetate and NaHSO~ exhibited a calcium 
accumulation capacity which was considerably smaller than tba~ produced by ATP 
depletion alone (Fig. 2). Of importance, is that when both ATP and 2,3-dipbospho- 



t ~  

~E~0- 

I /  [ o ~.o, ,o'~ i 

I /  ~ o ~o.o ~ ~o'~ _ _ J  

= : S a • 

I I I I I I I 3~ I 
3,0 4,0 6.0 8.0 10.0 1 | ,0  14.0 l ~  

M I N U T E S  

Fig. I. Time course of A23187-initiaged calci ,t~tl i~qux into el~ ~hrocy~'s. Freshly isolated e~yt htc~tc.s 
(he marne tit, I0 ~) w~ re incubated at pit 7.4 and 37 ~ C in ra~liu conUt~,ing tire calcium ~ c  '.~trttk~s 
indicated. The K ÷, Mg a % and Tris concentratiotxs of the media were 10.2, and 10raM, ~l~'cti~Iy. 
The N'a* con'.ent or" the medium, 140 raM, was decre,lsed as the m~ium calcium ~ntent w~ ~- 
crea~ed in order to maintain isosmolarity. Cellular calcium accmnulation was mc~ured ~s a fu~c~  
o£time after the ~ddition of lO/tM A2318"/suspended in a Volume of a~iute ethanol ~hi~h was 
O.1% that of the incubation vohm~te. 

glyoerate were depicted, internal and exte~a| calcium con~ntrationa ~ a e  |:,m:at|y 
related over the entire range of calcium concentrations examined. 

To further define the relationship between the erythrc:cyte's calciu~z accamuJa- 
tion capacity and its organic phosphate pool size, outdated er~throcytas which had 
been depleted of ATP and 2,3.dipbosphoglycemte by storage [2! ] were st~-d~. 
profile of t he ce!lular calcium accumulation capacity of these cells was sup.~rlmp~able 
on that observed following acute ATP and 2, 3-diphosphnglyccrat v depletion (Fig. 3). 
Moreover, the organic phosphate stores of er~lhrocytes can be augmented by incuba- 
tion with inosine, pyruvate, and Pt [13, 14]. In this manner, the content of organic: 
phosphates in outdated erythrocytes was repleted to normal vah.,es and that of fresh 
cells to snpraphysiologi¢ concentrations. Again a predictable and direct relation,~hip 
between the cellular ear~'ium accumulation capacity and the size of the organic phos- 
phate poor was observed (Table I). 

Stabilio' constoms o f  the complexes of  calclmn ~¢lth ATP and 23-dit~sflto- 
glycerate. The stability constants for the interaction of calcium with ATP and 2,3- 
diphosphoglyceratc were measured under conditions mimick~g the intraceUalar 
environment of the erythrocyte. At pH %30 and in a sohttion of ionic strength 
0.15 containing 100 mM K 4-, the stability constants of the Ca ATP 2- and Ca 
2,3-diphosphoglycerate ~- complexes wet:e determined ~o be 4.97~0.93- 10 ~ ffmol 
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Fig. 3. Cellular calcium accumulation in  freshly collected and  outdated erythrocytes. The conditions 
o f  incubation are those indicaled in Fig. 1. The measurements represent determinations at 120 mln  o f  
incubation, and  for outdated e~Jthroeytes are the mean 4-S.D. o f  5 experJn~ents. 

Fig, 2. Cellular calcium a¢cumula6on in fresh cells, A T P  deplele,I cells and cells depleted o f  both 
A T P  and 2,3-(tiphospboglycerate. The renditions o f  incubatlon are identical to those o f  Fig, I .  The 
crythmcyte ca!cium concenlralioe%expressed in 1¢~ms o(or ig ina] sell volumes, represent m~asere- 
ments detcrmin.*d at 120 rain o f  incuballon, and are the mean ~:S.D, o f  S-I7 experiments. 
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TABLE 1 

IONOPHORE-1NITIATED CALCIUM ACCUMULATION B~" ERYTHROCYTES WITH 
MODIFIED ORGANIC PHOSPHATE CONTENTS 

The conditions o f in~'ubation are a,'t described for F~ ~, Tho ~"sults are the m~t  :[:S.D. of 4 cxl~ri- 
ments. 

Medium Calcium Cellular Calcium 0~mol/ml cell) 
(raM) 

Fresh Depleted Rep le ted  Suprephysioiogic 

I 6.03-4-0.50 1.67:E0,19" 6,56~0.44. 8.T/:E0.21* 
5 16.60-~ 1.25 8,10 :[:0.44 t 15.02-~-0,B8 35.43 :[: 1.23* 

lO 29.~:[:4.32 14.68 :E0.39" 24.30~:2.14 43.$1 ~L64" 

* P < 0.001. 

and 7.06~0.61. l0 t l/tool, respectively. With the use of thes~ stability constants 
and the molar concentrations of ATP and 2,3-diphosphogl:~ccrate folm~ in freshly 
collected erythrocytes, 80 ~o of the calcium uptake in the non-linea~ segment of the 
calcium accumulation profile of freshly coltceted cells (medium [C~+] < 2.5 raM, 
Fig. 2) could he accounted for by ¢omplexation of calcium with ATP ~ d  2,3-diphos- 
phoglyccrate. 

Determination of the location of cellul~ calciwn influx. To substantiate that 
A23187 was, in fact, effecting the translocation of calcium into cytusol, cells incubated 
with 10 pM ionophore and 5.0raM Ca d+ were hemolyzed by hypotonic tysis. The 
calcium recovered with the cell membrane fraction ranged hetwcen 0.38 and 0.80 b~aol 
per ml of cells. Thus, less than 1.4 ~o of the cellular calcium accumulated was memo 
brane-assneiated. Dialysis of the hemoiysate at pH 7.4 con f i~ ' d  that the c a l c i ~  
was not protein-bound. 

Effect of calcium influx on cellular ATP and 2~-dip~u,glycerate. Ionophote- 
mediatee, calcimn influx produted only small changes in c¢,Hular 2,3-dipbospho- 
glycerate. It, 120 rain of incubation, ionophore treated cells lost less 2,3-diphospbo- 
glycerate than cells incubated in the absence of A2318"/, --l.O~.::E0.31 and --2.75=[= 
0.35/~mol/g hemoglobin, respectively (mean.-ES.E., P < 0.05). Moreover, over 120 

TABLE II 

EFFECT Or" A2318"/ON CELLULAR ATP 
[;reshly collected erythtocytes were incubated at hemathcrit 10 ~ in stancard medimn containing 
l,O mM Ca =+. Where indicated, A23187 (I0/~M) and EGTA (2 raM) we~ added to the inc-t~bation 
medium and oelledar ATP was mean,eyed at the benioning and following 15 rain of incubation at 
37 °C. The results are expressed as/~mul/$ of hemo$Iobin, 

0 rain 15 rain 

NO additions 5.1 5.2 
A23187+EGTA 5.1 5.0 
A23187 5.2 1.6 
A231B7 k 5.4 5.3 

Mens~l with 1/*mol EGTA in the 2.3 ntl as,~ay mi:~tut~ 
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mln oflneubatio ~, the rate of ralease of P, was not significantly different in ionophore 
treated and untmared cells (1.5 and 1.3 ~ o l / m l  cell/h, respectively). In accordanca 
with this observalion, there was no perceptible difference in cellular ATP content. It is 
noteworthy that there was inhibition by Ca 2+ of the assay of ATP which can be 
obviated by the inclusion of EGTA in the assay (Table lI). 

DISCUSSION 

These studi~s demonstrate that very high intracellular calc.'um concentrations 
are attainable in etythrueytes with A23187. A recent report by Kirk'patrick et al. [22] 
had also examined the effects of this ionophore on fresh erythrocytes. However, 
their study was con fined to extracellular concentrations c f  Ca 2+ of 0.5 mM or less and 
the fuli calcium acoanulating 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 bul: also provide an 
explanation for the unique calcium accumulating properties of the fresh erythrocyte. 

In erythrueyies which were depleted of their organic phosphate stores, the 
relationship of imra. to extraccllular calcium concentration was linear (Figs. 2,3), a 
finding which is consistent with the known action of tbe ionophore, which is to in- 
crease the permeabiL'ty of the cell membrane to Ca 2 ÷. However, in freshly collected 
cells or in cells whose 2,3-diphosphoglycerate stores had been augmt~nted, the profile 
of cellular aceumltlatioa as a function of extracelhilas calcium concentration became 
curvilinear (Fig. 2) attd the ~teady-state concentrations of intracellular calcium were 
higher than those of  h e  depleted cells (Table I). These results suggested that com- 
plexation of calcium by ATP and 2,3-diphosphoglyccrate contributed in a significant 
manner to calcium uecumulation. This conclusion was substantiated by the complex- 
imetric titrations of ATP and 2,3-dlphosphoglycerate with Ca 2 +. While the stability 
constants indicate low affinity (4,9.103 l/tool and 7.0.102 I/tool, respectively), 
their presence in millimolar concentrations in fresh erythrocytes would reader their 
effect appreciable. Thu~ 70-80 ~o of the calcium uptake in the non-linear s e~en t s  of 
the various calcium accumulation profiles could be readily accounte¢l for by com- 
plexation with ATP an¢~ 2,3-diphosphoglycerate. 

Schatzmann had previously observed that erythrocytes loaded wi*.h calcimn by 
ATP-deptetion and subsequently repleted of their energy store; ct, ntained a calcium 
buffer [23]. This unidentified, nonprotein buffer accounted for the binding of 50 % of 
the intrueeilular calcium. Based upon the data in this report, it may he concluded that 
the organic phosphate compounds are this buffer. 

When compared '~ith untreated erythrocytes, the ionophore, either in the 
presence or absence of cal~.'ium, was found not to significantly alter the cellular content 
of 2,3-diphosphoglycerat(~ and ATP, These results are at variance with those of 
KirI~patrick et al. [22], who observed that the ionophore itself depleted cellular ATP. 
However) the experimental conditions employed in the ~wo studies differ considerably. 
Moreover, it was found that calcium was an inhibitor in the lucifcrin-lucifi;rase assay 
for A TP (Table ll), and it:; removal with EGTA was necessary before reliable ATP 
measm'cments could be m~de. 

In accordance with the observations of Kirkpatrick et al. [22], A23187 and 
Ca 2÷ were found to cause K ÷ efiiux, decrease in cell water content and m.embrane 
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rigidity. With L 0 m M  Ca 2+ and  1 0 # M  A23187 in the medhtrn, cell potassium 
decreased from 99 to 80 mequiv/I ,  cell water  decreased 20 ~ ,  and filterability decreas- 
ed  markedly. Moreover,  the cells underwent spheroechinoeyti¢ tr~msformation, as 
visualized by stereoscanning electron mlcroseopy. All these ¢h ~ ~ s  were preventad by 
the addition of  2 m M  E G T A  to the medium and were lah~ely independent o f  the 
extracall~lar Ca 2+ concentration. Such findings are not  surprising in view o f  the fact 
that  the amount  ofintracel lular  calcium aphieved here was markedly in excess of  that  
necessary to produce these changes. 

ADDENDUM 

Since the submission of  this papvr, a report  has appeared "~hich used the iono- 
phore to study cytoplasmic Ca 2 + buffering and Ca 2 ÷ pump activity [?A]. 
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