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Summary. To study the possible role of intracellular Ca (Ca) in
controlling the activities of the Na*-K* pump, the Na*-K" co-
transport and the Na*/Li* exchange system of human erythro-
cytes, a method was developed to measure the amount of Ca
embodied within the red cell. For complete removal of Ca associ-
ated with the outer aspect of the membrane, it proved to be
essential to wash the cells in buffers containing less than 20 nm
Ca. Ca was extracted by HC1O, in Teflon® vessels boiled in acid
to avoid Ca contaminations and quantitated by flameless atomic
absorption. Ca; of fresh human erythrocytes of apparently
healthy donors ranged between 0.9 and 2.8 umol/liter cells. The
mean value found in females was significantly higher than in
males. The interindividual different Ca contents remained con-
stant over periods of more than one year. Sixty to 9% of Ca;
could be removed by incubation of the cells with A23187 and
EGTA. The activities of the Na*-K* pump, of Na*-K* cotran-
sport and Na*/Li* exchange and the mean cellular hemoglobin
content fell with rising Ca;; the red cell Na* and K* contents rose
with Ca;. Ca depletion by A23187 plus EGTA as well as chelation
of intracellular Ca?* by quin-2 did not significantly enhance the
transport rates. It is concluded that the large scatter of the values
of Ca; of normal human erythrocytes reported in the literature
mainly results from a widely differing removal of Ca associated
with the outer aspect of the membrane.

Key Words Na*-K* pump - Nat-K* cotransport - Na*/Li*
exchange - Ca depletion

Introduction

The first thorough analysis of the intracellular cal-
cium content (Ca;) of human erythrocytes was per-
formed by Harrison and Long in 1968 [20]. These
authors reported a mean value of 16 umol/liter cells
for the total Ca content of normal red blood cells.
About 90% of the total Ca was removed by washing
the cells in media containing 5 mm EDTA, indicat-
ing that only 1.6 of the 16 umol/liter cells are lo-
cated intracellularly, the remainder being bound to
the outer aspect of the membrane. This finding dem-
onstrated that one has to distinguish between total
“cellular’® Ca content, including intracellular Ca

and a fraction associated with the extracellular half
of the membrane, and the “‘intracellular’” Ca em-
bodied within the cell.

Since then, several studies on total red cell Ca
content were performed reporting values ranging
between 0.8 and 40 uwmol Ca/liter cells. In studies in
which the washing solutions were purified from Ca
contaminations by prior passage over chelex-100
and/or in which Ca chelators were added to the
washing solutions [3, 20, 26, 32, 43-45] lower Ca
contents (0.8 to 19 umol/liter cells) were obtained
than in those where such precautions seemingly
were not taken (6 to 40 wmol/liter cells, ref. 11, 12,
16, 31, 37-39). These findings indicate that the Ca
concentrations in solutions nominally free of Ca,
ranging between 0.2 and 10 uM, may cause a sub-
stantial contamination of the intracellular Ca by ex-
tracellular Ca. At a Ca concentration of 10 uM, for
instance, the external high-affinity Ca binding sites
(exhibiting binding constants of 6 X 10*[27] to 1.6 X
106 liter/mole [5]) would be saturated with Ca by 40
to 96%. If the capacity of these binding sites is
taken to be 16 wmol/liter cells [27], about 6.4 to 15.4
wmol Ca/liter cells would be bound to the outer
aspect of the membrane at 10 um Ca in the medium.
The conclusion to be drawn from these consider-
ations is that many of the data reported in the litera-
ture for the total red cell Ca content probably in-
clude a considerable fraction of Ca not located
intracellularly but rather associated with the outside
of the membrane.

Most of the Ca present inside the cells is pre-
sumably bound to the inner aspect of the membrane
[16, 26]. Binding sites include unspecific low-affin-
ity sites (10° [33]), phospholipids, the Ca pump (10°
(1D, the Na*-K* pump (10° [4, 11]), proteins phos-
phorylated in the presence of ATP (6 X 107 [33]),
and the resealing site (2 x 10° [33]) (binding con-
stants given in liter/mole in parentheses). Cytosolic
binding sites are calmodulin (2 x 10°[7]), ATP (10*
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[40]) and other Ca chelators such as 2,3-DPG (10°
[6]). Possibly, a fraction of total intracellular Ca is
stored in intracellular vesicles [24].

The cytosolic concentration of ionized Ca?* in
human red blood cells is maintained below 300 nm
by the action of the ATP-dependent Ca pump; at
higher concentrations the Ca?*-dependent K* chan-
nel opens [21, 35, 41]. By an indirect method, an
upper estimate of 400 nM for the free Ca’>" concen-
tration in normal human erythrocytes was obtained
by Simons [42]. Murphy et al. [30] and Lew et al.
[25] reported values as low as 61 and 26 nM, respec-
tively. Accordingly, ionized Ca?* comprises only a
small fraction of total intracellular Ca.

In the present paper an attempt is made to de-
termine the amount of Ca embodied within the inte-
rior of normal erythrocytes (Ca;) and not contami-
nated by Ca associated with external high-affinity
Ca binding sites.

Intracellular Ca is known to inhibit a number of
red cell ion transport systems, including the Na*-
K* pump [4], the Na*-K* cotransport system [17]
and the anion exchanger [29]. Accordingly, it could
well be that the interindividually different activities
of the Na*-K* cotransport and the Na*-Li* ex-
change system in human erythrocytes [9] may be
related to the individual Ca content. Therefore, the
relation between the individual Ca contents and the
Na' transport rates was examined, as well as the
potential effect of a Ca depletion on the transport
systems.

Preliminary accounts of this work have ap-
peared elsewhere [13, 14].

Materials and Methods

MATERIALS

Ca contaminations of the plastic tubes, vessels, bottles and pi-
pettes used [Teflon® (PFA or PTFE) and polypropylene] were
removed by prior boiling in 3 N HCI and extensive washing.
Teflon tubes and vessels were obtained from Reichelt, Heidel-
berg, and from Bohlender, Lauda-Kdénigshofen. The water used
for washing and preparing the solutions was distilled twice over
quartz, its Ca content being below the detection limit of 10 nm.
Chelex-100 (Na-form, 200 to 400 mesh) was from BioRad,
Munich, A23187, quin-2-acetoxymethylester, and fatty acid-free
serum albumin were from Sigma, Deisenhofen, and all other
chemicals were obtained from Merck AG, Darmstadt.

METHODS

Blood was anaerobically drawn from antecubital veins of appar-
ently healthy donors without using a tourniquet into plastic sy-
ringes and anticoagulated by 5 IU heparin/ml. Whole blood was

analyzed for hemoglobin content (cyanmethemoglobin method)
and hematocrit, and the mean cellular hemoglobin content
(MCHC) was calculated. The blood samples were immediately
centrifuged in Teflon tubes (10 ml, PTFE) for 5 min at 4°C (4500
X g). Plasma was removed for analysis of ionized calcium (mea-
sured together with plasma pH at 37°C using a Radiometer ICA
1, the values being corrected for a pH of 7.4) and total plasma Ca
(atomic absorption).

The buffy coat was carefully aspirated together with the
most upper layer of red cells. 2.5 ml of packed cells were washed
seven times within 60 min at 4°C with a 10-fold excess of a 145
mM NaCl (suprapur) —5 mm glycylglycine (gly-gly) buffer (pH
7.4 at room temperature) in 30-ml Teflon vessels (PFA, inner
diameter 25 mm, closed by screw caps). Glycylglycine was used
as buffer because its Ca content was much lower than that of
other buffers (e.g., morpholino propane-sulfonic acid, tris hy-
droxy-methyl-aminomethane or Na-phosphate). The calcium
content of the NaCl-gly-gly buffer was lowered from 200 nm to
less than 20 nM (usually 15 nM) by a prior passage over a chelex-
100 column as described below.

REMovaL oF Ca FrRoM THE NaCl-gly-gly BUFFER

The chelex-100 column was processed essentially as described
by Blinks et al. [2]. Briefly, the resin was washed twice with 1 N
NaOH, once with 1 N HCI, five times with water, twice with I N
NaOH, once with 1 N HCl, and finally twice with water (room
temperature). The pH of the resin suspension was then adjusted
to 8.3 using 1 N NaOH previously passed over the resin. A 12-cm
column was formed (inner diameter: 2 ¢m) and washed with
about 200 ml of the 145 mm NaCl (suprapur) —5 mM gly-gly buffer
until the pH of the eluate dropped to 7.4. Then about 1 liter of the
buffer was collected and stored at 4°C in polypropylene bottles.
The resin was subsequently regenerated as described above.

PeErcCHLORIC AcID EXTRACTION OF RED CELLS

The washed cells were suspended in the purified NaCl-gly-gly
buffer at a hematocrit of 0.65 (0.5 to 0.7) and the hemoglobin
concentration of the suspension was determined. In the standard
procedure, six 300-ul aliquots were transferred to round-bottom
Teflon tubes (8 ml, PFA, inner diameter 9 mm, closed by screw-
caps). In three of the tubes the red cells were hemolyzed by
adding 1 ml of water and vortexing. Subsequently, 3 ml of I N
HCIO, (suprapur) was added to each of the six tubes. The tubes
were vortexed and left standing for 30 min. After 15 min of
centrifugation at 4500 X g the supernatants were decanted into 2-
ml Teflon vessels (PTFE) which were sealed using Parafilm. All
procedures were carried out at room temperature.

Ca DETERMINATIONS

The Ca content of the perchloric acid extracts was determined at
422.7 nm by flameless atomic absorption (Perkin Elmer 420,
graphite cell HGA 76). Fifty-ul samples were injected into pyro-
lytic graphite cuvettes using the sample injector ASI. The Teflon
vessels containing the extract were opened only for about 30 sec
and closed thereafter because prolonged opening caused a sub-
stantial Ca contamination by air-borne Ca. Prior to the measure-
ments the graphite cuvette was heated several times at 2700°C
for 5 sec until the absorption reached a zero value. The samples
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were heated to 180°C within 16 sec and dried at 180°C for 25 sec,
heated to 1250°C within 90 sec and washed at that temperature
for 20 sec. The extracts were finally atomized at 2650°C for S sec
at areduced gas flow and the maximum peak height of absorption
was recorded. The inert gas used was purified nitrogen. Prior to
the next measurement, the cuvette was heated at 2700°C for 5 sec
to remove any residual Ca.

Ca standard solutions were prepared from Ca Titrisol
(Merck 9943) by dilution with the 1 N HCIO, (suprapur) used for
extraction of the cells and stored in polypropylene bottles.

The Ca content of the 1 N HCIO, (suprapur) was about 40
nM, i.e., more than ten times lower then that of trichloracetic
acid, HNO; and H,SO, of the highest purity available. The stan-
dard curve for Ca was linear between 15 and 200 nM, encompass-
ing the entire range of Ca concentrations in the perchloric acid
extracts of normal erythrocytes. A 125-nm Ca standard gave an
average absorption of 0.074 = 0.010 (sp) after subtraction of the
background value of 0.024 = 0.007 resulting from the Ca present
in the 1 N perchloric acid. The measurements on each extract
were done in duplicates (mean deviation within the duplicates +
5.3%). The standard curve (0, 62.5, 125 and 250 nM added Ca in
HCIO,) was repeated after every fourth duplicate to take account
of a possible deterioration of the graphite cuvette. The cuvettes
were usually discarded after 60 measurements. Within the tripli-
cate extracts of each, the hemodlyzed and the nonhemolyzed
cells, the standard deviation accounted to * 6.4%. The triplicate
of the hemolyzed cells, yielding about a 25% reduction of the
absorption relative to the nonhemolyzed cells, served as an inter-
nal control. The red cell Ca contents calculated from the two
triplicates corresponded to each other within + 7.2%. Single
values in the triplicates exceeding the other two by more than
20% were considered to contain Ca contaminations and were
excluded. The data given in Results are mean values of the two
triplicates.

The perchloric acid background value was subtracted from
the absorption of the extracts, and the red cell Ca contents were
calculated taking into account the standard curve, the dilution
and the MCHC of the original cells.

Duplicate determinations of red cell Ca content of individ-
ual donors coincided within + 9.7% when done on the same day,
and within + 7.9% when performed at subsequent days (Fig. 3).
The recovery of Ca added to the cell suspensions prior to per-
chloric acid extraction was 96.5 % 6.4%.

DETERMINATION OF THE ACTIVITIES
oF Rep CELL Nat TRANSPORT SYSTEMS

The activities of red cell cation transport systems were deter-
mined as previously described [9]. In brief, the Na*-K* pump
was assessed by measuring ouabain-sensitive Rb* uptake in 145
mM Na*-5 mMm Rb* media. Furosemide-sensitive Rb* uptake in
the same media containing ouabain served as a measure of Na*-
K* cotransport. Na*/Li* exchange was determined as phloretin-
sensitive Li* uptake in isotonic 75 mM Mg-sucrose media (0.5
mM phloretin). The Na* and K+ leaks were assessed by measure-
ments of Na* and Rb* uptake in the presence of ouabain (0.2
mM) plus furosemide (0.5 mm). All media contained 5 mm giu-
cose, 1 mM inorganic phosphate and 10 mM trishydroxy-methyl-
aminomethane-morpholino-propanesulfonic acid buffer (pH 7.4
at 37°C). Transport rates and red cell Na* and K+ contents refer
to the MCHC of the original cells. The data for Nat/Lit ex-
change and for Na*-K* pump rates given in Fig. 5 and Table 3
are corrected for the interindividually different concentrations of
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Fig. 1. Dependence of the total red cell Ca content (Car) on the
Ca concentration of the washing solution. Ca contents were de-
termined according to the standard procedure on celis washed in
the Na-gly-gly buffer passed over the chelex-100 column (about
15 nM Ca) containing increasing amounts of added Ca. The he-
matocrit of the cell suspensions extracted with HCIO, was 0.5 to
0.7. Single values obtained in three experiments on red cells of
one donor. Open circles: Uncorrected (assuming that the wash-
ing buffer is free of Ca). Filled circles: Corrected for the Ca
contamination of the washing solution by subtracting (1-hct)het !
- Ca, from the measured values (hct = hematocrit of the cell
suspension subjected to perchloric acid extraction)

Na* in cell water by assuming simple Michaelis-Menten kinetics
and apparent K, values of 10 mMm intracellular Na* for both
transport systems.

STATISTICS

Statistical analyses were performed by unpaired Students z-test
and linear regression analysis. P values exceeding 0.05 were
considered not significant.

Results

INTRACELLULAR RED CELL CALCIUM
CoNTENT (Ca;)

To remove Ca reversibly bound to the outer aspect
of the membrane, red cells were washed several
times in a 10-fold excess of a sodium-gly-gly buffer
containing less than 20 nm Ca after passage over a
chelex-100 column. The washings were performed
at 4°C to minimize Ca extrusion from the cells by
the ATP-dependent Ca pump. After five washings,
a baseline Ca content was obtained which did not
further decrease with subsequent washings. There-
fore, the cells were washed seven times in the stan-
dard procedure.

The effect of the Ca concentration in the wash-
ing buffer on the total Ca content determined with a
50 to 70% red cell suspension is shown in Fig. 1.
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Table 1. Ca; is not affected by adding 1 mM EGTA to the wash-
ing buffer during the last three washings in the standard proce-
dure

Donor Sex Ca; (wmol/liter cells)
Washing solution Washing solution
— EGTA + EGTA

1 3 1.28 1.28

2 3 1.34 1.17

3 é 1.70 2.00

4 ? 1.77 1.42

5 ) 2.19 2.07

6 ? 2.25 2.30

7 é 2.33 2.00

Mean values (1 sp) 1.84 (+0.43) 1.75 (20.45)
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Fig. 2. Ca; in 30 apparently healthy donors. The 19 male and 11
female individuals were matched with respect to age (39 + 12 and
38 + 13 years, respectively)

The upper curve depicts the results obtained assum-
ing that all of the Ca present in the extracts apper-
tains to the red cells. Obviously, the total Ca con-
tent calculated under this assumption increased
from 1.3 to 13 wmol/liter cells upon elevation of the
Ca concentration from 15 nM to 10 uM. When the
Ca present in the washing buffer was subtracted

(lower curve in Fig. 1) the red cell Ca content in- .

creased from 1.3 to 6.5 umol/liter, indicating that
the high affinity binding sites on the outside of the
red cell membrane [27] can bind substantial
amounts of Ca even at low extracellnlar Ca concen-
trations. The two regression lines of Fig. 1 converge
at 15 nMm Ca in the washing buffer, a concentration
where the contribution of the contaminating Ca in
the medium to total red cell Ca is less than 1%.
To exclude that a substantial fraction of the Ca
associated with the erythrocytes washed in a me-
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Fig. 3. Reproducibility of the determination of Ca; (umol/liter
cells) in repeated determinations. The second determination was
performed two weeks to fifteen months after the first determina-
tion (mean 5.2 months). The three individuals with the highest
Ca,; were two women taking oral contraceptives and one woman
suffering from an ovarian cyst. The mean reproducibility was
+7.9 (+5.9 sp) %

dium containing 15 nM Ca is still bound to the outer
side of the membrane, either 1 mm Mn?*, Co?* or
Mg?* was added to the washing buffer to displace
extracellular Ca. Addition of the divalent cations
did not reduce the Ca content (data not shown).
Lowering the free Ca’?* concentration from 1.5 X
1078 M to about 1013 M by addition of 1 mM EGTA
to the washing buffer (assuming an apparent disso-
ciation constant K’ = 10-73 of the Ca-EGTA com-
plex [35]), did not reduce significantly the red cell
Ca content of seven donors (Table 1). Accordingly,
essentially all Ca reversibly bound to the outer as-
pect of the red cell membrane is removed in the
standard procedure.

Ca; in erythrocytes from 30 apparently healthy
donors varied by a factor of three between 0.88 and
2.77 umol/liter cells. Male subjects exhibited a sig-
nificantly lower mean Ca; (1.42 =+ 0.38) than females
taking no contraceptives (1.85 = 0.44) (Fig. 2). In
both groups, there was a tendency for an increase of
Ca; with age, the trends, however, being not signifi-
cant.

The interindividually different values for Ca; re-
mained constant within = 8% on repeated determi-
nations over more than one year (Fig. 3).

There was a slight trend towards a lowering of
Ca; at higher values of total and ionized plasma Ca.
However, the negative correlations seen between
total and ionized plasma Ca and Ca; were not signifi-
cant (data not shown).
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Fig. 4. Time-course of Ca; depletion during incubation of red
cells in a 140 mm Na-5 mM gly-gly buffer containing 5 mm glu-
cose, 0.2 mM Mg, 1 mm EGTA, without (broken lines) and with
(solid line} 10 uM A23187 added after 10 min (arrow) (pH 7.4,
37°C, hct 0.1). Different symbols refer to different donors

DEPLETION OF Ca; BY EGTA AND A23187

Incubation of erythrocytes with 1 mm EGTA for 60
min at 37°C reduced Ca; by 10 to 15% in three do-
nors. In 1 mM EGTA solutions additionally contain-
ing 10 uM A23187, Ca; decreased by 83 to 90% of its
original value within 60 min (Table 2). The amount
of residual Ca; was not significantly related to the
initial Ca content in Table 2.

The time-course of Ca depletion by prolonged
incubations with 1 mm EGTA at 37°C is shown in
Fig. 4. Ca; fell by 0.1 to 0.3 umol/liter cells during
the first 10 min of incubation in three donors. After
3 hr, Ca; was reduced by about 20% in one specimen
with high initial Ca;, and by about 55% in another
with low initial Ca; (broken lines in Fig. 4). Upon
addition of A23187, Ca; dropped to a low value
within 10 min, the residual Ca being largely inde-
pendent of the initial Ca content. Extending the in-
cubation time in the presence of EGTA and A23187
up to 3 hr (Fig. 4, solid line) or 24 hr (not shown) did
not further reduce Ca;. Lowering the extracellular
pH to 6.6 did not enhance Ca depletion by EGTA
plus ionophore. Residual Ca; after 3 hr of incubation
was not affected by increasing the ionophore con-
centration from 10 to 30 uM (data not shown). Re-
moval of A23187 from the cells by washing with 1%
albumin demonstrated that the residual Ca was not
associated with the ionophore.

RELATIONS BETWEEN Ca; AND THE ACTIVITIES OF
Na* TRANSPORT SYSTEMS

The activities of the Na*-K* pump, the Na*-K+*
cotransport and the Na*/Li* exchange system are
plotted as a function of Ca; in Fig. 5. Obviously, the

Na-K PUMP . ne 2t
¢ r=-033
20t n.s 4
1.6L 00\.\&\ _
» N o
12t ° o

F

S)

£

]

a

)

@

0

9 =20

= 12¢ Tl T

W . 2p <005

@

g 08t 1

T 4

_E. ‘ O,

A . oo O o0 |

E L]

= | ]

& : ' '

o Na-Li EXCHANGE n=2

o [ 2

oy 0.1 2 ° [ r=-0.864 B

z 2p<00

<C

o

= 007( .
004t . o\' .

05 15 25

Cajlumoles/liter cells]

Fig. 5. Relations between the individual red cell Ca; and the
activities of three Na transport systems. For determination of the
transport rates see Materials and Methods. @ males, O females

activities of the three transport systems fell by
about 50% with Ca; rising from 0.9 to 2.4 gmol/liter
cells. The relation between Ca; and the Na™-K*
pump just failed to be significant.

The rates of the inward Na™ and Rb™* leak deter-
mined in the presence of ouabain plus furosemide
tended to decrease with rising Ca;, the relations be-
ing not significant (data not shown).

EFFECT oF Ca DEPLETION ON TRANSPORT RATES

To examine whether the negative relations between
Ca; and the Nat transport rates shown in Fig. 5 are
somehow causal, the effect of Ca depletion on the
transport rates was investigated. Treatment with
A23187 and EGTA caused a 56% reduction of Ca; in
the five donors studied in Table 3. The rates of the
Na*-K* pump, the Na*-K* cotransport and the
Na't/Li* exchange, however, were not significantly
altered by the Ca depletion.

The lack of an effect of Ca depletion on the
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Table 2. Reduction of Ca; (umol/liter cells) by a 60-min incuba-
tion in a 140-nmM Na-gly-gly buffer containing 1 mm EGTA with-
out and with 10 umM A23187 (37°C, pH 7.4, 0.2 mM Mg, 5 mM
glucose, hct 0.1)

Table 3. Effect of Ca depletion by A23187 and EGTA (40 min,
hct 0.1) and intracellular Ca?* chelation by quin-2 (90-min prein-
cubation with 1.5 uM quin-2-acetoxymethylester, hct 0.01, ac-
cording to [28]) on three Na* transport systems (transport rates
in mmol/liter cells per hour, mean values + sp from five experi-

Donor Sex Initial Ca; 60-min Ca; Decrease (%) ments)
1 mm EGTA Ca content (um/liter cells)
1 3 1.32 1.17 11% Control 1.42 +0.24
2 3 2.00 1.76 12% A23187 and EGTA 0.63 +0.19
3 ? 2.76 2.35 15% Nat-K* pump?
Control 1.82 = 0.36
1 mm EGTA + 10 pum A23187 A23187 and EGTA 176 +0.29
4 3 1.08 0.13 88% X
Quin-2 1.94 =+ 0.20
5 3 1.12 0.19 83%
Na*-K* cotransport®
1 3 1.25 0.21 83%
6 9 1.94 0.29 85% Control 0.60 =+ 0.11
7 ° 230 0.22 0% A23187 and EGTA 0.59 +0.11
) ’ Quin-2 0.60 = 0.10
Na*/Li* exchange®
Control 0.074 + 0.038
A23187 and EGTA 0.072 + 0.034
. . in- . + (.
Nat-K* pump, Na*/Li* exchange and furosemide- Nguéznztemd 0.075 = 0.035
_sensitive_ Rb* uptake 'in Na.+ media was c'onﬁ'rmed Control 952 +2.60
in experiments in which quin-2, an effective intra- A23187 and EGTA 10.60 =+ 2.71
cellular Ca chelator [28], was used to reduce the Quin-2 931 =+ 1.93
1onized Ca concentration within the cells (Table 3). ATPe
Red cell ATP and 2,3-DPG contents were not signifi- Control 119 % 0.07
. . ‘
cantly altered by Ca depletion with A23187 plus A23187 and EGTA 120 =003
. . Quin-2 1.24 = 0.10
EGTA and treatment with 1.5 uM quin-2-acetoxy- 2. 3-DPGe
methylester, respectively (Table 3). Control 4.42 + 0.80
A23187 and EGTA 490 = 0.03
Quin-2 464 = 1.17

RELATIONS BETWEEN Ca; AND RED CELL Na, K
AND HEMOGLOBIN CONTENT

The red cell Nat and K* contents were positively
related (P < 0.01) to Ca; (Fig. 6). The mean cellular
hemoglobin content fell with increasing Ca;, indi-
cating that the red cell water content increases with
Ca,'.

Discussion

THE INTRACELLULAR Ca CONTENT OF HUMAN
ERYTHROCYTES

The calcium content of normal human erythrocytes
is much lower than in all other cell types because
red cells of healthy donors contain very little [24] or
no {36] intracellular organelles storing Ca. Most of
the Ca embodied within human erythrocytes is
thought to be bound to the inner side of the mem-
brane [16, 26]. Accordingly, a determination of the
total intracellular Ca content (Ca;) seems to be a
good estimate of Ca binding to the inner aspect of
the membrane of intact cells.

It is well known that the extracellular aspect of

2 Quabain-sensitive Rb* uptake in 145 mm Na-5 mmM Rb.

b Furosemide-sensitive Rb* uptake in 145 mm Na-5 mM Rb.

¢ Phloretin-sensitive Li* uptake in 2 mM Li-Mg-sucrose.

4 mmol/liter cells.

¢ mmol/liter cells, determined according to refs. [18] and [19].

human erythrocytes exhibits high-, medium- and
low-affinity binding sites with a total capacity of
about 500 wmol/liter cells [27]. Therefore, the cells
were washed seven times with a 10-fold excess of a
NaCl-gly-gly buffer purified using chelex-100 (con-
taining less than 20 nMm Ca), a procedure that proved
to be effective in displacing almost all of the Ca
reversibly bound to the outer membrane. Lowering
the Ca in the washing solution to 10~ M by adding
1 mMm EGTA did not further reduce the red cell Ca
content significantly (Table 1). A similar result was
obtained by Wiley and Shaller [44]. On the other
hand it was observed that adding 1 to 10 uM Ca to
the washing solution (a range which covers the Ca
concentrations usually present in isotonic solutions
of analytical grade) caused an up to sixfold increase
in apparent Ca; even when the Ca contamination
present in the medium of the cell suspensions sub-
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Fig. 6. Relations between Ca; and red cell Na*, K* and hemoglo-
bin contents. MCHC units are expressed in mmol hemoglobin
tetramer per liter cells. @ males, O females

jected to perchloric acid extraction was considered
(Fig. 1). It seems safe to conclude, therefore, that a
noteworthy fraction of the scatter of the Ca; values
reported in the literature is due to i) incomplete
removal of Ca from the outer aspect of the mem-
brane, and ii) Ca present in the extracellular volume
of the cell suspensions extracted.

A second aspect is the signal-to-noise ratio and
sensitivity of the method applied to quantitate Ca in
the red cell extracts. The use of pyrolytic graphite
cuvettes in the method of flameless atomic absorp-
tion employed in the present experiments resulted
in a 10-fold increase of the Ca signals recorded as
compared to ordinary graphite cuvettes. Thereby it
became possible to determine Ca concentrations in
the extracts (20 to 250 nM) with an analytical error
below 10% (see Materials and Methods).

The interindividual variability of Ca;, already
earlier noticed [12, 20, 32], was confirmed in the
present study. The absolute values obtained (0.9 to
2.8 umol Calliter cells) are comparable to values
reported for cells washed in buffers purified using

chelex-100 or containing Ca chelators [3, 20, 43~
45]. The question arises, however, whether the Ca
contents determined after removal of extracellular
Ca are true measures of ‘‘native”’ intracellular Ca of
the circulating erythrocytes. An increase of the red
cell Ca content, e.g., could occur during the separa-
tion of the cells from plasma by centrifugation, Con-
versely, a Ca extrusion could be mediated by the
ATP-dependent Ca pump in the course of the sev-
eral washings in media virtually free of Ca. The
latter process was minimized by lowering the tem-
perature to 4°C during the washing procedure. Fur-
thermore, Ca could leave the cells by other mecha-
nisms. Since neither of these possibilities can be
excluded with certainty the Ca contents obtained
after removal of extracellular Ca are considered to
be the best estimate of the ‘‘native’ intracellular Ca
content.

The individual Ca; remained constant over
more than one year (Fig. 3). Further studies are
required to elucidate which reason(s) may be re-
sponsible for the interindividual variability of Ca;,
for the higher Ca; observed in females as compared
to males (Fig. 2) and for the tendency of Ca; to
increase with age. It appears unlikely that the insig-
nificant negative relations found between total and
ionized plasma Ca and Ca; somehow play a causal
role.

Ca DEPLETION IN VITRO

Incubation of erythrocytes at 37°C in solutions con-
taining EGTA (ionized Ca < 1073 M) results in a
reduction of the red cell Ca content by 20 to 50%
within 3 hr, most of which occurs during the first 10
min of incubation (Fig. 4). This Ca loss is probably
the result of Ca extrusion by the ATP-dependent Ca
pump. As the concentration of ionized Ca’* de-
creases, some Ca will be released from intracellular
Ca binding sites. Ca extrusion by the pump almost
ceases, however, when ionized Ca’" within the
cells is lowered to such an extent that the Ca pump
in its low-affinity and velocity state cannot further
expel Ca (see Fig. 4 and ref. 25).

Upon permeabilization of the red cell mem-
brane to Ca by addition of the ionophore A23187 Ca;
fell by 60 to 90% within 10 min (Fig. 4 and ref. 25).
This indicates that the concentration of ionized
Ca?* was lowered by the ionophore below the value
established by the Ca pump, thereby allowing a sub-
stantial release of Ca from intracellular binding
sites. The possibility cannot be excluded, however,
that treatment with A23187 plus EGTA mainly re-
leases Ca originating from intracellular vesicles [24]
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or from a minute fraction of cells with abnormally
high Ca.

Ten to 40% of Ca; could not be displaced by
treatment of the cells with A23187 and EGTA, even
during prolonged incubation with high concentra-
tions of the ionophore. The residual Ca is thus prob-
ably embedded at inaccessible Ca binding sites that
do not exchange with cellular ionized Ca’* or have
extremely high Ca affinities.

Ca; AND THE ACTIVITIES
OF Na' TRANSPORT SYSTEMS

It is well known that intracellular Ca can affect the
activity of a multitude of transport pathways of hu-
man erythrocytes, including the Nat-K* pump [4],
the Na*-K* cotransport system [17] and the anion
exchanger [29] which are inhibited by raising cell
Ca, as well as a K* channel [23] and an amiloride-
sensitive Na* transport pathway [15] which are ac-
tivated by intracellular Ca. Accordingly, the possi-
ble role of differences of Ca; in the interindividual
variability of the activity of the Na*-K™* cotransport
and the Na*/Li* exchange system [9] was investi-
gated. Indeed, negative correlations were found be-
tween Ca; and Na*/Li* exchange, Na*-K* cotran-
sport and Na*-K* pump activities (Fig. 5). This ob-
servation may be related to findings on red cells of
essential hypertensive patients, indicating that a re-
duced Ca binding to the inner aspect of the mem-
brane (8, 34] and a tendency towards a reduced Ca;
[14] may be associated with an accelerated Na*/Li*
exchange and Na*-K* cotransport {14].

Red cell Na* and K* contents rose with Ca;
(Fig. 6), thereby causing an osmotically obliged up-
take of water with concomitant reduction of the he-
moglobin concentration as reflected by the fall of
the mean cellular hemoglobin content. The associa-
tion of a high cellular Na* content with a low activ-
ity of the Na*-K* pump in cells with high Ca; (Fig.
5) corresponds to the pump leak concept. The high
K* content in cells with a low pump activity, in
contrast, is difficult to reconcile with this concept.
Possibly, the steady-state red cell K* content is
more related to the activity of the Nat-K* cotran-
sport system [10] than to that of the Na™-K~* pump.

Lauf [22] has found a several-fold elevation of
chloride-dependent K* transport in Ca-depleted
low K* sheep red cells. In the present work neither
Ca depletion by A23187 and EGTA nor intracellular
Ca buffering by quin-2 did affect the activities of
Na-K cotransport and the other two Na transport
systems of human erythrocytes. Therefore, the ob-
served relations between Ca; and the transport rates
are probably not causal. In view of the above-men-
tioned uncertainties regarding the origin of the re-
leased calcium, however, it cannot be excluded that

the depletion procedure does not remove calcium
from binding sites with functional significance for
the Na* transport systems.

B.E. wishes to thank Mrs. Jutta Kronauer for her skillful techni-
cal assistance and especially for her kind encouragement. The
technical assistance of Renate Bohle is gratefully acknowledged.
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