Retention of Water and Potassium by Erythrocytes
Prevents Calcium-Induced Membrane Rigidity
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Modest increases in intracellular calcium concentrations, in association with ATP
depletion, cause the appearance of pathologic changes in erythrocyte shape and de-
formability. The loss of erythrocyte ATP and simultaneous increase in cellular calcium
have previously been considered the sole requisites for the appearance of erythrocyte
membrane rigidity. We report that red cells suspended in high-potassium buffers may
be simultaneously loaded with calcium (through exposure to the divalent cation iono-
phore A23187) and depleted of ATP without incurring drastic changes in shape or in
membrane stiffness. Incubation of erythrocytes under these conditions effectively
blocks both water and potassium loss normally caused by calcium accumulation.
However, the high external potassium has no influence on either the ionophore-induced
accumulation of calcium or on the concomitant hydrolysis of cellular ATP. These
results suggest the involvement of at least one further parameter, ie, changes in cell
water and cation content, in the development of calcium-induced erythrocyte rigidity.
(Am J Pathol 92:215-226, 1978)

FLEXIBILITY is an important property of the ervthrocvte mem-
brane, being essential for passage of the cell through the micro-
circulation.! Diminished membrane flexibility may contribute to the cir-
culatory incompetence and premature destruction of ervthrocvtes in a
number of congenital and acquired hemolytic diseases.** One possible
cause of decreased membrane flexibility is an increase in red cell calcium
content associated with abnormal rigidity of the cell membrane.* Cal-
cium-induded rigidity may, for example, underlie the permanent mem-
brane stiffening and loss of deformability characteristic of irreversibly
sickled cells which occur in patients with sickle cell anemia.>”?

To develop fundamental information on the role of calcium in erythro-
cyte deformability and pathologic behavior, a series of studies employing
the ionophore A23187 was initiated.*® The ionophore selectively trans-
ports divalent cations across biologic or artificial membranes until equilib-
rium is reached.’® Its value for evaluating the role of calcium in a variety
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of cellular processes has been established by investigations in many cell
systems.'#14

A23187, in the presence of extracellular calcium ions, causes erythro-
cvtes to accumulate calcium, lose substantial amounts of potassium and
water, hyvdrolyze adenosine triphosphate (ATP), convert from biconcave
disks into echinocvtes and spheroechinocyvtes, and become strikingly
rigid.®®1%151 [onophore-calcium treated erythrocytes also develop in-
creased resistance to osmotic lysis, fail to pass polycarbonate filters which
permit the passage of untreated red cells, and become undeformable in
the focusing tube of the Coulter sizing system.*™'** The diminished
flexibility of calcium-loaded, ionophore-treated ervthrocytes has been
further substantiated by recent studies on the plastic behavior of the
stiffened cells, emploving the micropipette aspiration technique. In-
creased resistance to aspiration and decreased ability to recoil after ex-
pulsion from the pipette suggest that A23187-induced calcium uptake
markedly alters membrane fluidity.'*®

The mechanisms through which increased intracellular calcium alters
the properties of erythrocyte membranes is not known. However, in the
present investigation we have found that prevention of calcium-induced
potassium loss may modify a great number of the cellular responses to
calcium influx. Ervthrocytes suspended in high-potassium buffers showed
no evidence of the water and potassium loss normally caused by A23187,
although these cells did accumulate calcium and hydrolyze ATP. The
high-potassium environment also limited the degree of conversion of the
cells to echinocvtes and spheroechinocvtes and, most importantly, pre-
served membrane fluidity despite increased cellular calcium levels.

Materials and Methods

The procedures used in this laboratory to obtain blood from normal adult donors: to mix
the samples with 3.8% trisodium citrate or citrate—citric acid, pH 6.5, in a ratio of 9 parts
blood to one part anticoagulant; to separate platelets and leukocytes from red cells by
differential centrifugation at room temperature: and to multiply wash and resuspend the
ervthrocytes in buffered salt solutions were described in detail in previous communica-
tions.>*1#17 In the present study the cells were washed three times and resuspended in
either sodium- or potassium-rich Hanks" balanced salt solution (HBSS), free of both
calcium and magnesium but containing 0.1% bovine serum albumin, pH 7.4. In potas-
sium-rich HBSS the concentrations of potassium salts and sodium salts were reversed,
vielding a final ratio of 130 mEq of potassium to 10 mEq of sodium. This ratio of potassium
to sodium is very close to that found within the cell water of normal human eryvthrocytes.
The washed ervthrocytes in different buffers were incubated with and without the iono-
phore A23187, with or without calcium, and in buffer alone or buffer with the ionophore
diluent dimethylsulfoxide (DMSO) under conditions identical to those described in earlier
reports.®*151718 The jonophore A23187 was dissolved in DMSO to a concentration of 10*
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M. Stock solution of A23187 was further diluted in distilled water to a concentration of 5 X
10* M. The addition of 0.1 ml of this dilution to red blood cell suspensions vielded an
ionophore concentration of 5 X 10°* M. Control samples containing the same final DMSO
concentration without ionophore were included in each experiment. In many experiments
calcium chloride was added to a final concentration of 5 X 10® M. The concentrations of
ionophore and calcium chloride were varied in each set of experiments and, when critical
to interpretation, the precise concentrations of the two are provided in results, texts. and
legends. Samples of ervthrocytes exposed to the test conditions were fixed, dehvdrated,
critical-point dried, and evaluated in the scanning electron microscope by the methods
described in detail previously.*!* The micropipette aspiration procedure established in our
laboratory was the subject of complete description in an earlier publication.’ In the
present study we employed pipettes of different internal diameters, but in all other
respects the procedure was employed in the manner reported. Ervthrocyte calcium con-
tent was measured by atomic absorption spectroscopy on extracts of red cells washed
rapidly in saline, as published earlier.* Ervthrocyvte sodium and potassium concentrations
were determined by flame photometry on lysates prepared from cells washed three times
in 110 mM MgCl,. Mean corpuscular hemoglobin concentration was calculated from
hemoglobin (measured as cyanmethemoglobin) and microhematocrit determination.
Analysis of ATP was carried out by the method of Beutler.!* All of the results obtained in
the study are based on a minimum of four separate experiments. In all of the replicate
biochemical analyses the values obtained varied less than 10%. Therefore, for the sake of
simplicity, the results presented in the text-figures represent values from single experi-
ments. .

Results
Control Samples

Ervthrocytes washed and resuspended in either sodium- or potassium-
rich HBSS with or without DMSO and A23187, but in the absence of
added calcium, retained their biconcave discoid form (Figures 1 and 2).
Mean corpuscular hemoglobin concentrations (MCHC), sodium, potas-
sium, calcium, and ATP levels remained normal during periods of in-
cubation up to 1 hour (Text-figures 1 through 5). In addition, the ervthro-
cvtes exposed to either buffer with and without ionophore and DMSO
exhibited identical behavior when aspirated into or discharged from a 1.5-
u diameter pipette (Table 1). After 30 minutes of incubation at 37 C,
ervthrocytes in both buffer solutions fragmented within 1 second after
aspiration at a negative pressure of —120 cm of water and, at a pressure of
—50 cm of water, produced 10- to 12-u tongues which recoiled abruptly
when the cells were extruded back into the medium. The discharged cells
converted immediately into crenated forms. Aspiration into a slightly
larger pipette (2-u internal diameter) also demonstrated the similarity of
ervthrocytes suspended in either the sodium- or potassium-rich buffers. At
negative pressures of —150 to 200 cm of water the cells in either medium
extended 11- to 13-y tongues on aspiration and subsequently lysed.
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Sodium-Rich Buffer, A23187, and Caicium

Erythrocytes incubated for 30 minutes in sodium-rich HBSS were con-
verted from typical biconcave forms into echinocytes and spheroechi-
nocytes *'® (Figure 3). Exposure to the ionophore and calcium ions in
high-sodium buffer resulted in uptake of calcium and in losses of ATP,
potassium, and cell volume (Text-figures 1 through 5). On aspiration into
the micropipette, the cells did not fragment at high negative pressures
that regularly fragmented control erythrocytes, and they exhibited pro-
longed tongue relaxation times after extrusion from the pipette (Figures 5
and 6; Table 1). Cells incubated for 60 minutes were predominantly
spheroechinocytes which required higher negative pressures for deforma-
tion and produced shorter tongues. In the 2.0-u pipette, residual dis-
cocytes extended 12- to 14-u tongues and passed through the pipette at
negative pressures of —100 to 150 cm of water. Echinocytes 1 (E,) and
echinocytes 2 (E,;) extended 20- to 22-u tongues on aspiration into the
pipette and passed through it at —50 cm of water pressure. In the 1.5-u
pipette, ionophore-calcium-treated discocytes extended 10- to 12-u
tongues and fragmented at a negative pressure of —50 cm of H;O. E, and
E, cells extended 15- to 17-u tongues and lysed or fragmented at the same
negative pressure. In both the larger and smaller diameter pipettes,
aspirated and ejected discocytes incubated with calcium and A23187 in
sodium-rich HBSS had a relaxation time of 1 to 3 seconds; E,, 5 to 12
seconds; E,, 65 to 85 seconds; and spheroechinocytes, 25 to 35 seconds
(Table 1).

Potassium-Rich Buffer, A23187, and Calcium

Most erythrocytes incubated in potassium-rich HBSS with A23187 and
calcium lost their biconcave discoid form and became oval or lenticular

025

Q20+
Text-FictRE 1—Changes in intracellular calcium in )
ervthrocytes incubated with (solid symbols) and with- € QIS
out (open symbols) A23187. Samples suspended in po- o
tassium-rich Hanks’ balanced salt solution are in- z
dicated by circles, and those in sodium-rich Hanks’ ;5 oo
balanced salt solution are indicated by triangles. Cal- to)
cium concentration of the suspending medium (5 X
10 M) was the same in all samples. 005~
o 1 | 1 1
(o] 15 30 45 60

Time (minutes)
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Text-FiGtRE 2—Changes in mean cell hemoglobin
concentration (MCHC) in red cells incubated with
(solid symbols) and without (open symbols) A23187.
Whereas ervthrocytes incubated in sodium-rich Hanks’
balanced salt solution with A23187 (solid triangles)
showed large increases in MCHC, similarly treated red
cells in potassium-rich Hanks' balanced salt solution
(solid circles) did not. Erythrocytes incubated without
A23187 in either sodium-rich (open triangles) or potas-
sium-rich (open circles) Hanks™ balanced salt solution
underwent no changes in MCHC. Calcium concentra-

5 & 3 &
(% I I

Mean Cell Hemoglobin Concentration
(gm/100 mi)

| | | | tion (5 X 10®* M) in the medium outside the cells was
% 15 30 45 60 the same in all samples.
Time (minutes)

(Figure 4). A few spike-like pseudopods were evident on many cells, but
their altered morphology did not approach the changes observed in red
cells exposed to calcium and A23187 in sodium-rich HBSS. Levels of ATP
were sharply reduced in ionophore-calcium-treated erythrocytes sus-
pended in potassium-rich HBSS, and the calcium concentration was in-
creased to the same level found in red cells suspended in sodium solutions.
However, the MCHC of ionophore-calcium-treated erythrocytes in po-
tassium HBSS was increased slightly and there were no changes in the
concentrations of intracellular sodium and potassium compared with con-
trol cells (Text-figures 1 through 5). The membrane plasticity and elastic-
ity of the calcium-loaded cells in high-potassium buffer remained very
similar to normal untreated erythrocytes (Table 1). Thus, on aspiration
into a 1.5-u pipette, the cells formed 8- to 10-u tongues and fragmented at
negative pressures greater than —50 cm of water. When aspirated at
negative pressures up to —50 cm of water and released into the medium,
the cells immediately returned to their original form (Figures 7 and 8).
The A23187-calcium-treated red cells in potassium HBSS lysed when

5.0

a0k Text-FictRE 3—Erythrocyte ATP concentrations dur-
ing incubations with (closed symbols) and without
(open symbols) A23187. Note that the ATP within red
cells exposed to A23187 in either sodium-rich (closed
triangles) or potassium-rich (closed circles) Hanks’ bal-
anced salt solution (HBSS) underwent rapid hvdrolysis.
whereas the ATP content of eryvthrocytes incubated
without A23187 in either sodium-rich (open triangles)
or potassium-rich (open circles) Hanks' balanced salt
solution was unchanged. Calcium concentration (5 X
10®* M) was the same for all samples.

ATP (uM/gm Hb)

(0] 15 30 45 60
Time (minutes)
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40 —
H
TexT-FIGtRE 4—Sodium content of eryvthrocytes in- E,’ 0F
cubated with (closed symbols) and without (open sym- E
bols) A23187 in either sodium-rich (triangles) or potas- ® 20+
sium-rich (circles) Hanks™ balanced salt solution. Note i
o©
3

the lack of significant changes in erythrocyte sodium
content. Calcium concentration (3 X 10° M) in the 10
medium outside the cells was constant for all samples.

0 1 | 1
[o] 15 30 45 60
Time (minutes)

aspirated into a 2-u pipette at negative pressures in the range of —150 to
200 cm of water. This behavior in the micropipette was nearly identical to
that of control cells.

Discussion

Results of the present study demonstrate that exchanging potassium for
sodium as the major monovalent cation in the suspending medium drasti-
cally alters ervthrocyte response to the calcium influx induced by the
ionophore A23187. In sodium-rich buffers, the loading of erythrocytes
with calcium was associated with loss of water, potassium, and ATP; a
marked decrease in cell volume; conversion of discocytes to echinocytes
and spheroechinocytes; development of rigidity as measured by several
methods; and significant changes in membrane plasticity as determined
by micropipette aspiration.®*®!:15!® Reversing the concentrations of potas-
sium and sodium did not affect all of the responses of the red cells to the
ionophore. Exposure to A23187 and calcium in the potassium-rich buffer
resulted in the expected uptake of calcium, hydrolysis of ATP, and some

100
|
TexT-FIGLRE 5—Changes in the potassium content of i~ w@
envthrocytes incubated with (solid symbols) and with- s
out (open symbols) A23187 in either sodium-rich (tri- > el
angles) or potassium-rich (circles) Hanks™ balanced salt €
solution. The potassium content of red cells incubated .
with A23187 in sodium-rich Hanks™ balanced salt solu- X a0k
tion (closed triangles) fell markedly during the in- 2
cubation, while that of cells in the other treatment «
groups was unchanged. Calcium concentration (5 X 20}
10* M) outside the cells was the same in all samples.
° I I I !
[0} 15 30 a5 60

Time (minutes)
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alterations in morphology. However, cells in potassium-rich buffer did not
lose potassium or water and developed a slight increase in volume rather
than undergoing the marked shrinkage observed in sodium-rich buffers.
The morphologic alterations observed in calcium-loaded erythrocytes sus-
pended in potassium- or sodium-rich buffers also differed. In contrast to
echinocytes 1 and 2, and spheroechinocytes with multiple spiky pseudo-
pods found when erythrocytes in sodium solutions were exposed to cal-
cium and A23187,%® the cells in potassium solutions for the most part
became relatively spherical with only a few short spicules. The changes in
morphology were always far less dramatic when potassium was the major
monovalent cation in the buffer than when sodium solutions were em-
ployed as the suspension medium.

The outstanding difference between calcium-ionophore-treated
ervthrocytes in either sodium or potassium solutions was demonstrated by
the micropipette aspiration technique. Calcium-loaded red cells in potas-
sium-rich medium retained their deformability. When aspirated and then
ejected from the pipette, the cells recovered their original form within 1
second. The recovery time was similar to that of control erythrocytes in
either potassium- or sodium-rich buffers which had not been exposed to
calcium and A23187. However, the cells suspended in potassium with
ionophore and calcium did not show an increased number of spikes or loss
of volume and subsequent crenation following extrusion from the pipette,
a phenomenon which occurred regularly in the control cells with either
buffer.

The ability of the A23187-calcium-treated erythrocytes in potassium
solution to deform in the same manner as normal cells in the micro-
pipettes and to recover as rapidly after ejection indicates that neither
loading of the erythrocyte with calcium nor complete hydrolysis of cellu-
lar ATP is sufficient to significantly alter membrane plasticity. Con-
comitant losses of potassium and water must be crucial factors in the
development of erythrocyte rigidity, which occurs regularly in red cells
suspended in sodium-rich solution after treatment with calcium and
A23187.

The development of rigidity in erythrocytes loaded with calcium has
previously been attributed to calcium-induced cross-linking or precipi-
tation of extrinsic membrane proteins. Lorand et al ® suggested that the
increased levels of intracellular calcium activate the enzyme trans-
glutaminase, which, through the formation of 7Y-glutamyl:e-lysine
bridges, cross-links membrane proteins. Although the present study does
not rule out prior explanations for the development of calcium-induced
erythrocyte stiffness, our results suggest that the combination of increased
levels of cellular calcium and loss of ATP is not sufficient to cause the loss
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of deformability. The reductions in potassium, water, and volume, which
occur rapidly in sodium buffer but are prevented in potassium solutions,
appear to be critical events for the calcium-induced changes in erythro-
cyte plasticity. .

In conclusion, results of this study indicate that simultaneous losses of
water, potassium, and ATP are essential for the calcium-induced develop-
ment of erythrocyte rigidity. Suspension of erythrocytes in potassium-rich
buffers before exposure to A23187 and calcium prevents the losses of
water, potassium, volume, and membrane fluidity which occur in iono-
phore-calcium-treated red cells in sodium-rich solutions. Suspension in
potassium-rich solutions does not block uptake of calcium caused by the
ionophore nor does it modify the rapid hydrolysis of ATP or conversion of
cells to mildly spiculated, spherocytic forms. The retention of volume,
potassium, and water appears to be a major factor modifying the influence
of calcium on extrinsic membrane proteins. The results emphasize the
complex nature of the responses of cells and cell membranes to metabolic
and ionic perturbations and suggest further experimental approaches to
understanding the mechanisms of calcium-induced erythrocyte rigidity
and membrane damage. Such experiments are in progress.
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Legends for Figures

Figure 1—Scanning electron micrograph of erythrocytes washed and resuspended in sodium-
rich Hanks’ balanced salt solution (HBSS) prior to fixation. Samples of red cells in the same
buffer incubated with A23187 alone, with dimethyisulfoxide (DMSO) alone, and with added
calcium (5 X 10* M) alone presented an identical appearance. ( X 3600)

Figure 2—Erythrocytes washed and resuspended in potassium-rich HBSS prior to fixation. The
cells have retained their biconcave discoid configuration. Other samples of red blood cells
incubated in the same buffer with A23187 alone, DMSO alone, or calcium (5 X 10-* M) alone
exhibited an identical appearance. (X 3600)

Figure 3—Sample of erythrocytes in sodium-rich HBSS fixed after exposure to both A23187
and calcium for 30 minutes. Most of the cells have converted from discocytes (7) to echin-
ocytes (2) and spheroechinocytes (3). (X 3800)

Figure 4—Sample of red blood cells in potassium-rich HBSS fixed after incubation with A23187
and calcium for 30 minutes. The cells appear slightly swollen (7) and some have a few short
spicules on their surfaces (2). (X 3600)

Figures 5 and 6—Micropipette aspiration of erythrocytes in sodium-rich HBSS after incubation
for 30 minutes with A23187 and calcium. The cell shown in Figure 5 has been drawn into and
extruded from a 2-u pipette. In Figure 6 the cell has been aspirated into and discharged from a
1.5-u pipette. In both examples the erythrocyte retains the deformity imposed by the pipette
(arrows). Eventually the tongues recoil compietely and the cells recover the form they had prior
to aspiration. (The photographs were taken through the phase contrast microscope under
direct observation. Since the cells were in suspension, a slight distortion of the image was
inevitable. However, the specific form of each cell was clearly evident in the microscope
and was recorded to match the photograph. Final magnifications of the printed illustrations
vary from 1100 to 1600 X.)

Figures 7 and 8—Micropipette aspiration of red blood cells suspended in potassium-rich HBSS
and incubated with A23187 and calcium for 30 minutes. Figures 7 and 8 are sequences of the
same cell during aspiration and after extrusion from the pipette (1.5 ). In Figure 7 the extent
of deformation produced during aspiration is apparent (arrow). After extrusion (Figure 8) the
cell assumes the configuration it had prior to aspiration and is similar to other cells in the
medium (evident in Figure 7). (X 1500)






